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Abstract

R. 1. Durbin, ed. Nicotinna: Procedures for Experimental Use, U.8. Department of Agri-
eulture, Technical Bulletin 1586,

Background information and procedures for using the genus Nicotiang as
experimental subjects are presented. Each chapter first surveys a topic, then,
in detail, presents the associated experimental techniques. The topics include
plant propagating and hybridizing; cyfogenetical techniques; organ, tissue, cell
and protoplast culture; protoplast fusion and organetle transfer; selection of
biochemieal cell varients; virology; disease resistance; and bacterial hyper-
sensitivity. In addition, a genetical overview is given of the genus.

Keywords: Nicotiang, tobacco, tissue culture, protoplast, disease resistance,
haploids, protoplast and organelle fusion, organ culture, and bacterial hyper-
sensitivity.

Trade names and the names of commereial companies are used in
this publication solely to provide specifie information. Mention of
& trade name or manufacturer does not constitute a guarantee or
warranty of the product by the US. Department of Agriculture or
an endorsement by the Department over other products not men-
tioned.




Foreword

Advanees in botanical researeh have often depended upen the proper choice
of an experimental plant. In this regard, the genus Nicotiana has been pre-
eminently successful. A few such advances in which it has playved a crucial
role include photoperiodism, whose study has contributed much to our knowl-
edge of flowering and other aspeets of plant growth, and which was first clucidated
in Maryland Mammoth tobacco by Garner and Allard {JTournal Agrieultural Re-
search 18:553) ; the discovery of cytokinins as a class of plant growth substances
depended upon tobacco tissue cultures; and quantitative virus assays were revo-
lutienized by Holmes {Phytopathology 28:553) when he used leaves of N. glu-
tinosa as a local lesion indicator for tobacco mosaie virus. Pioneering research
in haploid plant production, quantitative genetics, incompatibility systems, and
parasexual hybridization also have used tobacco as the experimental plant of
choice,

Because of its many advantages, the prospect for the continued and even
expanded employment of Nicoftana in theoretieal biclogy seems assured, How-
ever, the necessary background information and proeedurcs for taking full ad-
vantage of its attributes have never heen brought together and, in some eases,
are not published. Henee, the reason for this velume. Qur hopes in presenting
this information are that it will benefit experimenters in various diseiplines
and that they will continue to find Nicotiana useful.

Suppliers of the speelalized materials mentiomed (plants, chemicals and ap-
paratus) are listed in the Appendix. The Index contains all references to
Nicotiena spp. in the text, but it does not inelude those mentioned in figures or
tables,

R. D. Durbin

Science and Education Administration
USDA; University of Wisconsin,
Madison, Wis.
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THE GENUS AS A GENETIC RESOURCE
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Intfreduction

The genus ANisotiana has been used widely in genetic
research, and in related botanical diseciplines, largely be-
cause of the great variation and different stages of evolu-
tionary divergence that species offer, Within a species,
genetic studies are aided by the simpliciby of controlled
pollination and the abundant yield of seeds and progeny
{ch. 3}. Between species, hybridizing has revealed dis-
tinetive, cytogenetic relationships, and hereditary char-
actetristics such as penetic tumors, differences in bio-
chemical traits of alkaloids and isozymes, markers for
chloroplast deoxyribonucleic acid (DNA), and certain so-
matic instabilities that are used to demonstrate the genetic
conirol of gene expression. The applications that have
been made in the past suggest that, as new technigues and
concepis evoive, Nicoliana spp. will continue fo find use
n and fo be applied to arising problems.

The favorableness of Nicotiana spp. for experimental re-
search did not escape the notice of the pre-Mendelian hy-
bridizers. Kolreuter, the first {o undertake systematic, sci-
entific hybridizing in plants, succeeded in obtaining the
cross N. rustica X N. paniculate, deseribing it in 1761
more than 100 years before Mendel’s results were pub-
lished {100, 151).2 Throughout the first half of the 20th
century, Nicotiana spp. were used in many studies aimed
at cstablishing the basis of classical genetics. These ad-
vances in genetics included forming the multiple factor
hypothesis, producing new species through amphiploidy and

'Departmoent of Biology, Brookheven Nationa] Laboratory, Uplon,

N.Y. 11973,
Tialic numbers in parentheses in each chapter refer to “Referencos”
listed at the end of each chapter

postulating the origin of N. tabacum, establishing a series
of monosomes, interspecific transierring of genes for disease
resistance, and clarifying cytogenetic and phylogenetic re-
lations ameng species. Reviews on the cylogenetics of the
genus Nicotiana have been published by East (42}, Kos-
toff (76}, Goodspeed {53) and Smith (133, 139).

Throughout the 1950’s and 1960s, paraliel to the study
of {obacco cytogenetics, 3 separate discipline of single cell
culbure was being developed, which made extensive use of
Nicotiana spp. {ch. 7). Several investigators clearly dem-
onstrated that whole fobaceo plants could be differentiated
from single somatic cells (757). Tn the late 1960’s fungal
cellulases, hemicellulases, and pectinases became commer-
cially available from Japan. Techniques for their wide-
seale use in isolating protoplasts rapidly advanced (ch. 8).
In 1969-70 Takebe and his associates (106, 156} isolated
protoplasts from tobacco leaves that underwent mitotic
division and regenerated into whole plants (252},

With the consolidation of the fields of ecell eulture and
plant genetics using such meodel systems as Nicotiana
(138), the significance and potential of somatic cell plant
genetics beeame recognized, Research with tobacco is in s
better position than with any other crop plant to take ad-
vantage of the new developments in genectic engineering
{141}, Not only is this beeause the cells and tissues of to-
bacce are inherently relatively essy to culture, but the
techniques themsclves have been developed to a consider-
able extent by using species of the genus Nicotiana. Also,
as noted sbove, the phylogenetic structure of the genus
provides a rich reservoir of genetic resources for experi-
ments.
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The Species

A taxonomiec monograph of the genus Nicofiane is in-
cluded in Goodspeed’s book (53). It is classified into 3
subgenera, 14 sections, and 60 species. Forty-five of the
gpecies are indigenous to North or South America and 13,
comprising the Suaveolentes section, fo Australia. In a
subsequent revision, Burbidge (18} added five new speeles
to the Australian group and changed N. stenocarpa to N,
rosulata. A minor revision was suggested by Wells (158),
who found a ventinuous intergradation of N. palmeri with
N. trigonophylla and hence questioned the validity of as-
signing species rank fo N. pabineri. The 64 presently recog-
nized species of Nicotiane are listed in table 1-1 with the

chromosome number of each, N. sanderae is not ineluded
in the table because it is a horticultural species that origi-
nated as a hybrid between N. forgetiana and N. alaic.
New collections of N. ecvicola have been shown (162} to
have Zn = 40 instead of the originally reported 2n = 46.

Two tentative new species of Nicotiana have been de-
scribed in recent years. One, N. africana (101), was found
on several isolated mountains in the mddle of Namib
{South-West Africa), Its taxonomic position is obscure,
but the species might best he placed in subgenus Petuni-
oides, although some characteristics are clearly reminiscent
of the subgencra Rustiea and Tabacum. Merxmiiller and

TasLe 1-1.-—Classification of the genus Nicotiana?

Somatlc
chromo-
s0Ie
number

Subgonus Section Species Authority

Somntic
chromo-
BOIIE
number

Subgenus Sectlon Species Authority

Rustica

Tabacum

Petunioides

Paniculatae

Thyrsiflorne

Ruslicae
Tomentosae

Genuinne
Undulatae

Trigonophyl-
lae
Alatae

Repandae

Noeliflorne

glalica
nantenlala
Enighlianu
solanifolia
benavidesii
cordifolin
ratmonds
thyrsiflova

rusgtica
tomenfosa

Lomentosiformis
otonhora
selchellii
glutinosa
tabacum
uncnlata

arentsii
wigandioides

trigonophylin
sylvestris

leagsdorffit
alata
forgetiana

bonariensis
fongiflore
plumbaginifotin
repanda

stockionii
nesophila
nactiflore
petnnioides

acatlis
emeghinoi

Graham 24
Linnacus 24
Cioodspeed 24
Whalpers 24
Goodspeed 24
Philippt 24
Muchride 24
Bitter ox 24

Goodspeed
Linnacus 48
Ruiz and

Pavon
Coodspeed
Srisehach
Goodspeed
Linnacus
Linnaeus
Ruiz and

Pavon
Cloodspeed
Koch and

Fintelman
Daonal

Spegazzini
and Comes
Weinmann
Link and Otio
fZorl, ex
Hemsley
Lehmann
Cavanilles
Viviani
Willdenow ex
Lehmann
Brandegee
Johnston
Hooker
{CGrischach)
Millan
Spegnzzini
Spegnzzini

Petunioides
Continued

Acuminntae

Bigelovinnae

Nudiraules

Suaveolentes

aruninala

paucifinra
allenuoia

langibracteala
miersii
corymbosa
linearis
spagazainit

bigelovii

_elevelandii

nndicoedis

benthamioua
wmbrativa
eavicoln

debneyt
gosset
amplezicauliy
wmaritima
velutina
hesperiy
aretdentatis
stmulans
megalosiphon

rotundifolio
excelsior
suavenlens
ingulba
exigua
goodspeedit
rosulata

fragrans

{CGraham)
Hooker
Romy
Torrey ex
Watson
Philippi
Remy
Remy
Phitippi
Millan

{Torrey)
Watson
Gray

Watson

Pamin
Burbidge
Burbidege

Domin
Domin
Burbidge
Wheeler
Wheeler
Burbidge
Wheeler
Burbidge
Heurek and
Mueller
Lindley
J. M. Black
Lehmann
J. M. Black
Wheeler
Wheeler
{8, Moore)
Domin
Hooker

-ul.l-ldih)!\)(d_
[ e S

-
L=

S = La
oo ®
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D O oo bd ba B3 ChoOh (B

rom Smith (733), after Goodspeed (53).
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Buttler, state that, “It probably, therefore, can be con-
sidered as an endemic relict of considerable age. It may
form a parallel to the section Suaveolentes, endemic to
Australia and the South Pacifie, with which it agrees in
being dysploid (2n = 46).” N. africana is unique—it is
the only member of the genus known from Africa,

The second recently deseribed species has been named
N. kowakamii (108). This species was found hy Japanese
explorers in the Andes of South Ameriea; it appears to fit
in the Tomentosae scction though it lhas some unigue
cytological features and is day neutral,

The origins and evolution of species of the genus Nico-
tana have been presented in detail by CGoodspeed (53)
and Goodspeed and Thompson (57). Goodspeed (53) has

sunnuarized these relations diagrammatically in the form
of three phylogenetic ares. In the first two arcs, the genus
is envisaged as derived from a pregencric reservoir of re-
lated forms with six pairs of ¢hromosomes that evolved in-
to threc complexes at the 12-paired level. These are hyjo-
thetical precursors of the three modern subgencra. The
third arc contains the present-day species, with their vari-
ous degrees of genctic interconnection, at the 12- and 24-
paired chromosome level, The evidence is consistent with
the conclusion that interspecifie hybridization with sub-
scquent amphiploidy, as well as genetie recombination, has
played an important role in the evolution of the genus
Nicotiana.

Polyploidy, Aneuploidy and the Origin of Nicotiana tabacum

Eleven of the known species of Nicotiana have 24 pairs
of chromosomes and henee are of probable amphiploid
origin. In addition, a large number of amphiploids have
been produced, cither spontancously following interspecific
hybridization or by artificial means, principally with col-
chicine.

The main tobacco species of commeree, N, tabacum, is
of amphiploid origin (n = 24), and much interest and re-
search has centered on its derivation from putative wild
progenitors. The original cvidence of Goodspeed and Clau-
sen (56) was interpreted to indicate that N, tabacum arose
from chromosome doubling following hybridization be-
tween a progenitor of N. sylvestris (S genome, n = 12) and
a member of the Tomentosae section, either N. otophora,
N, tomentosiformis or, more likely, an ancestral type simi-
lar te, but not identical with, cither of these present-day
species (T’ genome, n = 12).

To determine genetically whether the cliromosomes of
N. tomentosiformis or those of N. otophora are more nearly
homologous with the T genome of N, tabacum, Gerstel (45)
examined segregation frequencies, which indieated that
N. tomentosiformis is the more closely related, This is
supported by obscrvations on flower morphology (47), iso-
zyme patterns (123), and analysis of Fraction I proteins
(58). Gerstel (47), further notes, “Chremosome pairing in
undoubled F; hybrids between A. sylvesiris and Tomen-
tosae species is very low and multivalent formation in their
amphiploids is near zero, Therefore, a mechanism suppress-
ing homeologous associations like the one found in chromo-
some 5B in the pelypleid wheats is not required in A
tabacum; differential affinity assures regularity of meiosis
here” {46}. The germplasm of progeniter species may still
contain genetic material that can find use in further im-
provement of the cultivated tobaceo (160).

The monosomics of N. fabacum are ancuploid types of
particular inferest because they provide material for a
rapid method of locating genes on specific chromosomoes
{ch. 2). These monosomics have arisen spentaneously (32)

as derivatives from hybridizing N. tabacum and N. sylves-
tris {33} and by using a genctically controlled, asynaptic
condition (37). The 24 monosomic lines have been char-
acterized on the basis of their most readily identifiable
features by Cameron (22). They are listed in table 1-2
and deseribed according to their appearance on a common
genetic background, the so-called Red Russian tobacco.

All primary trisomic types have heen identified only in
N sylvestris (n == 12} (54, 55). Eight of the nine possible
trisomies have been identified in N, langsdorffii (1, 81, 126).
In botl of these species the trisomie types arc readily dis-
tinguishable from the diploid types in morphological fea-
tures of plant, leaf and flower.

Ancuploidy, as well as amphiploidy, has played a part
in the evolution of the genus Nicofiana, as shown by the
occurrence of 9- and 10-paired species in the Alatac section
and 16- and 23-paired speeies in the Suaveolentes scetion
(table 1-1). The former arve considered to have resulted
from chromosomal loss at the 12-paired level and the lat-
ter from loss at the 24-paired level.

In an effort to explore the limits and consequences of
multiple allopolyploidy, a hybrid was produced (72) that
combined the genomes of three distantly related amphiploid
specics: N. bigelovit (n == 24, North America), N. debney:
{n == 24, Ausfralia} and N. tabacum (n =24, South Amer-
ica). In an individual that contained the doubled (by
colehicine) complement of 144 chromosomes, only bivalents
were formed: laggards were observed at metaphase and
anaphase stages of meiosis. Inbreeding and selection were
practiced for 10 generations, which established three mor-
phologically distinet races, each involving a loss of dif-
ferent chromosomes from the original 144 to give 108 == 6
(748}. The phenomenon ohserved in this multiple allopoly-
ploid would scem to offer opportunities for exploitation in
the natural evolution of some plant groups hecause of the
wide variahility in carly gencrations without the serious
loss of fertility usually associated with specics hybridiza-
tion at the diploid level,
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TaprLE 1-2.—The monosomic types ¢f Nicotiana tabacum?®

Deslgnetion

Distinguishing characteristies

Plant Leight

Leaves

Flowers,? length in
mm and
characteristics

Pollen

Monosome

Assoclated
genes

Haplo-A

Haplo-B

Somewhat below
normal

Subnormal;
sparsely
branched

Often taller than
normal; longer
internodes

Normal but.
maturity delaved

Subnormal

Subnormal ; shorter
internodes

Subnormal; meager
inflorescence;
maturity delayed

Normal but stems
and branches
slender ; reducerd
branching

Normal ; slender
brenches; de-
layed maturity

Subnormal ; ma-
turity delayed;
leaves small,
narrow

Subnormal;
maturity delayed

Above normal;
stem heavy; ma-
turity somewhet
delayed

See footnotes ut end of table,

Smaller: basal con-
striction more
proncunced

Smaller; narrow;
basal constriction
less abrupt ; auri-
cles strongly re-
duced

Narrow; basal eon-
striction less
abrupt

Brighter green in
young plants;
leaf base
sernibroad

Bmaller; constric-
tian Jess abrupt

Sraall; more erecl

Bmall with rounded
tips; basal con-
striction pro-
nounced

Small; narrow;
basal constriction

less pronounced

Small; more
sharply pointed

Small and narrow

Semibrord nt hasa

48.6—13.1; some-
what palerin
color, fading
carlier

53.6-410; more
strongly bent;
color darker

38.6—43.7; longer
and broader;
color paler in
tube a2nd throat

50.6-38.7 ; slightly
reduced in size

51301 enlyx
mflated

14.5-37.5, distinetly
shorter limb,
fluted

35,6—42.3, tapering
gradually to
limh; style short;
capsules small
and poarly filled

51.8-38.3; narrow
{ube: limb re-
duced ; enlyx
lohes pointed

53.1-41.2, corolla
lobes pointed ;
capsules long,
narrow, poorly
filled ; calyx
inflated

52.3-42.6, limb
characterizticnlly
wavy at matu-
rity ; color less in-
infense; capsulas
small, poorly
filled

48,3-36.7; tube
short; infundibu-
lum proporticn-
ately longer; nn-
thers small with
delayed dehis-
Ccence

18.6-37.1; tube
shorter and
breader; color
distinetly paler

Essentially normal

TFssentially normal

Marked aborlion

Essentially normal

Essentially normal

Muoderate abortion

Variable ns fo cyto-
plasmic confent
but few grains
completely
ahorted

High abortion but
variabie as to
contents

Low abortion but
dimorphic

High abortion,
sharp distinelion
between stain-
able and nborted
grains

Low abortion;
dimorphic

High aborlion ;
variable in sizc

Medium small

Very small

Medium small

Incorporated in a
trivalent in about
50 percent PMC

Very small

Large with charae-
teristic median

construction

Large

Medium large

Very small

Medium

Very Inrge, medi-
anly constrieted
(ef. 31)

Large with promi-
nent constriction

ki, hairy filaments;
pa, asynaptic;
au’, auren

M1, many leaves;
Pp, purple plant;
yb,, yellow bur-
ley; Pb, purple
buds,

N. otophora®

ed, crinkled dwarf;
if, light filaments;
wh, white flower;
bJ, bent flawer;
Wh-P, pale; we,
white ceater,

N. otophora®

{5, fasciated

¢a, coral flower;
mm,, mammaoth ;
&n,, spontaneous
necrosis

tg, tinged ; vb, vein-
banding; ws,,
white scedling;
vp’, variegiated
plant.

Ne¢, nacrotic, &Y.
glutinosa,” id,
toadskin

ce, catacorolla, rd,
red modifier

cy, calycine, ie,
lacerate,' vi 47,
virescent

al, Ambalema tadl;
b, green buds;
T'r, tube retarder,
N, setchellil?
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TaBLe 1-Z—The monosomic types of Nicotiana tabacum?

Desipnation

Distinguisbhing charueteristics

Plant height

Leaves

Flowers,? lenglh in
mm and
echaracteristies

Pollen

Moncsome

Aszsoeinted
gones

Haplo-M

Haplo-N

Haplo-O

Haplo-P

Haplo-Q

Hapl:-R

Haplo-§

Haplo-T

Haplo-TJ

Haplo-V

Subnormal;
branching at
the base

Distinctly subnor-
mal; short inter-
nodes; compact
inflorescence

Close to normal

Normal ; maturity
delayed

Reduced; little
branching ; ma-
turity delayed

Submormal ; thick
stems; profusely
branched

Normal; maturity
usually retarded

Subnormal; ma-
turity delayed

Subnormal; bushy

Subnormal

Haplo-W  Subnormul; elon-

gnler internodes;

sparsely
branched ; ma-
turity delayed

Large; basal con-
striction less
pronouneced

Small; erect

Slightly smaller;
Iasal constriction
maore pronounced

Smal!; tips
rounded ; semi-
broad at base

Nurrgw ; basal con-
strietion pro-
nounced ; auricles
strongly reduced :
ruffied

Small; darker
green; auricles
reduced

Lighter groen;
surface smooth

Small; darker
green; basal con-
slriction elon-
gated

Large; frequently
with a pro-
nouneed pefiole

Small; basal con-
striction less ab-
rupt; auricles
redueced

Long: narrow;
sharply poinled;
anricles reduced

33.0-40.7; colar
fades to a pur-
plish hue at man-
turity ; calyx con-
spienousty longer

43,0-34.0; visibly
smaller; colar
darker ved

49.2-30.3; size ro-
duced ; palerin
color; stamens
and pistils slight-
Iy exserted; pol-
len shedding de-
layed; capsule
small and poorly
filled

48.3-37.3; limb nar-
row; rorolla lobes
loss pronounced;
enpsules simall
and poorly Alled

34.8-38.2; Lube
longer; limb
spread roduced ;
capsuies pointed,
small, nnd poorly
filled

49.2—11.9; enlarged
infundibulum,
wide throat;
color paler

17.341.7; rolor
more vivid ; ska-
mens and pistils
exserled; polien
shedding delnyed

36,017 ; tube
longer, merging
gradually intothe
infundibulum;
stamens and pis-
tils relatively
short; capsules
small, poorly
fillec

48,5-10.9; corolln
lobes aentely
pointed; tube
pale; limh and
Lhroat strongly
colared

17.0-39.8; tube
slout

52.8—10.8; rolor
lighter; pollen
seanty, some-
times Jacking in
aarly flowers

High ahortion;
varinble in
content

Low ahortion
dimorphic

Low abortion

Marked abortion:
subnormal grains
variable in size

Very high aborlion;
sharply divided
into twa clnsses

High ahortion, but.
completoly
empty grains rare

Low ahorlion;
grains variable
in size

High abortion

High ahortion;
nhorled grains
variable in size

High aborlion, visi-
bly so in freshly
opened Agwrrs

High aherlion;
uborted grains
small

Medium large;
charaeteristically
avoid

Large with median
constrielion (cf.
Haplo-F)

Medium large

Medium large with
charaeterisiic
suhlerminal
constriction

Medium

Very large

Largge, froeuently
assoeinted with a
bivaient

Large, usunlly with
a well-defined
coustriction

Mediwmn large

Medium Inge

Large, bl PMC
frequently uinob-
tninnhle during
carly flowering

Ap,apelalous; Itf.
ruffled ; prob, pro-
gressive vein
banding

mme, mammaoth;
1, spoutaneous
necrosis

hfe, hairy filaments;
wba, vellow bur-
ley; au’’, aurea

Br, bwvoad ; #s;, {as-
ciated ; pk, pink
flower; sp, stig-
maloid; viA”,
vireseent; ye,
yellow eritfenden

mis, mosaje Loler-
ant: Pd, petioloid

e, chimeru!; g,
yellowish green;
s, sulfur

ty, white scelling
wp’’ variegnted
plant
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Tasre 1-2.—The monosomic types of Nicotiana tabacum'—Continued

Distingnishing characteristics

Flowers,? lengih in

Diegignation I'lnnt height Leaves

mm pned
chinracteristios

Associnted

Pollen genes

Mozoesome

Hapio-Z Small; basai con-
striction less pro-
nounced ; aurieles

iess maiHed

Normal; matoriky
eonspieuousiy
delayved

tends to be

open fully

32.9-40.3; styvie

enrved ; limb fre-
quently fals fo

Large

Abortion very high; _—
sharp distinetion

between normal

and aborted

grains

IFrom Smith {739}, after Cameron {22).

*The flower mensurements are averages of 10 representalive flowers and show tube length-limb spread (mm). These are 1o be compared

with normal values of about 33—43.
“Transfers to N. {abacum from other species.
‘Not clear-cut distinet characters.

Bicmetrical Studies

The dimensions of flower parts were used in early ex-
periments on the inheritanee of quantitative characters in
crosses between Nicodlana spp. (41). This material was
especiaily favorable for sueh studies because of the con-
spicuous differences between species in corolla size, the
relative independence of this characteristic from environ-
mental infinences, and the partial fertility of some inter-
specific hybrids. East was able to verify the main tenants
of the multiple facter hypothesis for cxplaining the in-
heritance of continuous variation by noting that experi-
mental results fitted the main postulates of Alendelism
restated in quantitalive terms. Linkage between gualita-
tive and quantifative characters was later demonstrated
in progeny of a cross between N. langsdorffit and N. san-
derae (125}, Additional advantages of this material for
such studics were the large number of interspecifie differ-
ences in genes for flower color (124} and the few linkage
groups because each of the two species has only nine pairs
of chromosomes.

These early genetic studies showed that, with simple
hiometrical techniques, quantitative charaeter inheritance
is explainable on the hasis of the accumnulative action of
many genes, cach with similar cxpression and with small
cffects compared to environmental influences. Because of
the prevalence of these multiple gene systems on the one
hand and the preponderance of repeated sequences of DNA

in eukaryotic genomes on the other, repetitive DNA may
indicate the physical basis of polygenic systems (135).

More advanced biometrical methods were initiated in
the late 1940’s. For example, an analysis of means and
varianee components applied to data from a series of
generations following preseribed breeding programs made
possible interpretations about kinds of gene action, that
is, additive, dominance, and various nonalielic interactions.
The total phenotypic variance for guantitative characters
can be partitioned by appropriate metheds into genetic and
environméntal components, and the genetic component fur-
ther partitioned into the proportionate contribution by
additive, dominance, and various epistatic gene effects.
Informatien gained from such genetical analyses can be
used in designing breeding methods to give maximum ex-
peetations for achleving desired practical goals.

Studies on plant height and other quantitative charac-
ters in N rustica and N. tabacum (89, 00, 112, 128) showed
that, in general, additive gene effects contributed more to
the total varianee than dominant effects {allelic interae-
tion}. Consequently, heritability was high and the ex-
pected cfficacy of selection was great. For most quantila-
tive characters in crosses among varieties of &, tabacum,
most workers reported a preponderance of additive gene
effects and high heritability (91, 92); however, large geno-
type X year interactions may oeccur (93).

Biochemical Genetics

Alkaloids

A characteristic feature of Nicotiena spp. s the presence
of nicotine or other aikaloids, or both. At least 12 different
alkaloids have been obtained and identified from N. taba-
cum {88). However, hittle is known about their inheritance.
The alkaleid composition of at least 52 other species also
has been determined, usually by paper partition chroma-
tography {64, 142}. Most of these speeics contsin predomi-

nantly one of the three identified alkaloids: nicotine, nor-
nicotine and anabasine; other alkaloids, separable by
chromatography, have been found but not yet identified
chemically,

Numercus studies on the site(s) of alkaloid formation
(38, 104, 155) indicate that nicotine is formed in the root
and transloeated apically through the xylem; nornicotine,
a demethylation product of nicotine, is formed in the shoot:
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and anabasine is formed in both root and sheot. Because
all species contain one or more alkaloids, their presence
may have had an adaptive significance early in the evolu-
tion of the genus and the biochemistry of their formation
been fixed with a significant role in metabolism at the
cellular level in present day Nicotiana plants,

When a predominantly “anabasine species” is crossed
with an anabasine, nicotine, or nornicotine species, the
main alkaloid in the hybrid is most frequently anabasine
(142, 145). The biosynthesis of this alkaloid is an essen-
tially dominant, genetic characteristic. The main alkaloid
produced in crosses between predominantly nicotine and
nornicotinc species is most frequently nornicotine. The
genetic factors controlling nornicotine formation are usu-
ally partly dominant over those producing nicotine, but
the relationship is not simple {19, 85, 131).

Most cultivars of N. tebacum produce and retain nicotine
as their primary alkaloid. However, related species, includ-
ing the modern descendents of the prebable progenitors of N,
tabacum as well as certain cultivars of tobaceo, produce and
conver} nicotine to nornicotine (57, 86). There are two
dominant loci for nicotine conversion, C; and C: {87).
Most tobacco types are eie; and, thevefore, arc nonconver-
ters and produce mainly nicotine, but this recessive locus
apparently may mutate to the nicotine-converting allele at
a2 high frequency (7159). The inheritance of the total alka-
lold content in certain strains of burley tobacco has been
reported to be governed by two independent pairs of genes
(36, 82, 83). Many successful efforts have been made to
select high and low nicotine strains of commereial tobacco.

Isozymes

Electrophoretic separation of proteins on starch or poly-
acrylamide gels together with visualization of different
enzymes has provided biochemical markers for genetic and
phylogenetic studies of Nicotiana spp. (111, 122, 149). At
least 61 species have been so analysed. Leaf, root, or sced
exbracts have been used, and the preparations have been
most commonly stained for peroxidases and esterases,
though other enzymes have also been investigated. With
few possible exceptions, cach speeies has an isozyme band
pattern that is different from all other specics. Some
variation in pattern {one or two bands) has been found
among collections within a dipleid species £111).

Beeause most of the species analyzed have been repre-
sented by a singie inbred type, caution should be exercised
in phylogenetic inferpretation. Woe intraspecific variation
has been found among polyploid species (59). No single
1sozyme band is characteristic of all species. One broad
phylegenetic rvelationship that became evident from com-
paring species zymiograms was a significantly more fre-
quent matehing of isozyme band positions among specles
within a taxonomiec section than among those from dif-
ferent sections. Thus, there was general agreement with re-
lationships established on the basis of more conventional
methods of systematics.

On the assumption that matching band mobility indi-
cates genetic equivalency, the isozyme pattern of inter-
specific hybrids compared o the parental species can yield
somn genetic information. A comparison of 17 amphiploid
patterns with those of the parents showed that most of the
bands were found in one parent or the other and therefore
exhibited a dominant or codominant genc action, In view
of this result from synthesized amphiploids, the matching
of band positions was used to assess the probable diploid
progenitor species among putative parents of an established
species of presumed, amphiploid origin. Using polyaeryla-
mide gel clectrophoresis of leaf extracts and staining for
eight enzyme systems, Sheen {7123) found that the band
positions of N, sylvestris X N. tomeniosiformis were more
similar to N. {gbacum than were those of N. sylvestris
X N, otophora. This result supports the hypothesis that
ancestors’ of N. sylvestris and N. fomentosiformis are the
more likely progenifors of N, tabacum.

Genectic studies arc eszential to cestablish the hereditary
hasis of a particular isozyme. Segregation and linkapge
data have been obtained op the inheritance of two peroxi-
dase variants, Pxi-1 and Pxi-I1, in crosses belween N,
langsdorffii and N. sanderae, The varlants behaved as
codominant alleles in the ¥y, In the T2 generation they
gave a 1:2:1 ratio and provided evidence for linkage of
the Pxy locus with two, simply inherited genes for flower
color (61).

Electrophoretic technigues have also been useful in
demonstrating induced bicchemical mutations {(134), dif-
ferences between tumor and normal plant tissues (5, 17},
biochemical effeets of irradiation (3¢, 37) and the influ-
ence of alien chromosomes on isozyme paiterns (135).

Genetic Tumors

Evidence for Genetic Control

The occurrenee of genetic tumors is not unique to inter-
specific hybrids of Nicotiana spp., but the phenomenon is
found more frequently and has heen studied more thor-
oughly in this genus than in any other plant (8, 15, 136).
Genetic tumors are neoplastic growths that arise without
any apparent external cause in organisms of certain geno-

types. They are found within at least seven plant species
and in hybrids between species in at least seven different
genera (136}, In Nicotiana they woere first observed by
Kostoff {74). The genclic constitution of the hybrid de-
termines the potential of the constituent cells to undergo
spontanecus change from normal growth to an abnormal,
relatively undifferentiated profiferation.
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The evidence for genetic control of tumor formation is
extensive and can be summarized as follows:

{} Among more than 300 differen{ inferspecific hybrids
of Nicotiana, about 30 produce spontancous tumors {72).
The restriction of tumor oeccurrence to only certain geno-
typie combinations (105) can be considered as general
evidence for their genetic basis.

{b} No causative agent of external origin has been isolated
from Nicotiana hybrid tumors (77) nor transmitted across
a graft union {150). Wo major differences at the ultra-
strugture level have been cbserved between parenchymal
cells of genetic tumors and their normal counterparts from
stems devoid of tumors (6). Tumors are produced cnly
from cells that are genetically constituted to form them.

(¢} Tumor formation is the same in hybrids from reeipro-
eal crosses, thus indieating that the tumors are caused by
nuclear elements contributed from each parent.

(d) Genetic manipulation of the ratio of genomes of V.
glavca and N, langsdorffii does not alter qualitatively the
potential of hybrid combinations to form tumors so long
as an appropriate contribution of chromosomes from each
parent is present {73).

{e} Location of the tumeor-governing factors on certain
chromosomes is evidenced by the appearance of tumors in
plants with a few N. glauca chromosomes added to dipleid
N. langsdorffii or with 2 single ¥, longiflora chromosome
added to the amphiploid N. debneyi-tabacum {2, 3, 4, 73).
With plants of N. langsdorffiz having one or two selected,
extra chromosomes of N, glaucq, tumor expression is much
reduced, and the tissue cullure requirements differ from
those of the ¥y or amphiploid (Cheng and Smith, unpub-
lished}. This situation appears to present an opporiunity
to “genetically disect” the causative components of genetic
tumors In Nicoliana spp.

(f} The factors that affect tumor formation exhibit fea-
tures that characterize gene control, namely segregation,
linkage (146), recombination (730) and mutation {62}.

Physiological Characteristics

The genetically tumor-prone Nicotiona hybrids show
differences in growth substance levels in the planis and
differences in phytohormone requirements for tissue culture
from nonturnorous genotypes. Abnormal phytohormone re-
lationships have becn associated with tumor formation
in Nigotiana (71). The tumor-forming amphiploid N,
glauca-langsdorffiz is higher in free indoleacetic acid
{TAA}, is more effective in converting tryptophan to IAA,
and has a higher free tryptophan content than either par-
ent (73). Bayer (12, 13} and Bayver and Aluja {(16) also
have shown that tumorcus hybrid genotypes have a higher
level of JAA thar plants of their nontumor-forming pa-
rental specics. Hybrid tissues show an increased uptake
and a lower transport capacity for IAA than do the

parcnts (14). These clevated levels of TAA are considered
{6 be physiolagically responsible for tumor formation,

Recent findings that shed light on the physiology of
spontanecus fumnors are:

{a} Cheng (28} provided evidence that IAA induces its
aown synthesis in TAA-deprived cells of the tumor prone-
hybrid N, glauca X N. langsdorffi but not in nontumorous
parent cells;

{b} A reduction in the endongenous level of IAA has
heen proposed as the trigger for tumor induction in tumor-
prone Nicotinna hybrids, and this has been substantiated
by extensive experimental evidence {7, 9, 10);

{¢} Liu and others {84) showed tha% the rate of syn-
thesis of TAA conjugates was higher in tumorous hybrids
than in ecrresponding, nontumorous types.

They postulated from these and other findings that TAA
conjugates play an impertant role in tumorigenesis in Nico-
tiana spp.

Tissue culiure of genetie plant tumors has clearly dem-
onstrated thai ceils of the genctically tumor-prone Nico-
tiona, i contrast fo penotypes governing normal dif-
ferentiation, are capable of synthesizing or accumulating
sufficient amounts of growth-promoting substances—sauxin
and c¢ytokinins—so thev can undergo rapid autonomous
growth on a culture medium consisting solely of inerganic
salts and sugar {719},

The two most significant results that have emerged from
experiments on these spontaneous plant tumors are that
their genetic basis is firmly established and that they can
contain a higher than normal level of phytohormones
{136). An cxplanatior of the phenemenon in harmony with
the experimental results to date is that the switch to tu-
morous growth is due to the activation of genes, normally
repressed in differentiated tissues, that synthesize and ac-
cumulate products (imainly IAA) cssential for continued or
renewed cell divisions. This results in relatively undiffer-
entiated, proliferative growth.

In short, the phenomenon appears to be basieally & con-
sequence of abnormal gene regulation (130, 132, 136, 139}.
This interpretation is substantiated hy the following ob-
servations:

{a) Tumor ceclis ean be reverted to normal differentiated
tissuc. For example, single hybrid cells produced by fusion
of protoplasts of N. glaueca and N. langsdovffii can be
grown into a tumorous callus, then, by altering culture
conditions, ean bhe differentiated inte a hybrid plant {147}

(b} Tumeor acceleration and enhancement can be in-
duced by such nonmutagenic stress conditions as merely
erowding during scedling growth.

{c} Localized initiation of tumors at nodes or leaf scars
is more amendable to interpretation as a rvesult of loeal
concentrations of metabolites affecting pene action than
to explanation based on somatic mutation.
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Some Unique Advantages of Nicotiena for Future Genetic Resezrch

Buili-in Selective System at the Cell Level

To produce parasexual hybrids by fusion of sematic
cell proteplasts, an effective selective system is essential to
pick up heterofusion products out of a mixed population
eontaining parental protoplasts (ch. 10). The success of
protoplast fusion and subseguent production of interspe-
sific hybrids in Nicotiana (24, 7147) is largely due to select-
ing hybrid ceils on the basis of their less stringent tissue-
culture requirements. This “built-in” system was kpown
earlier because of previous work on tumorous hybrids, and
in principle, it may have more general application (63,
119), particularly with heterotic hyhrids {143).

This selection system is presently being exploited in an
effort. to extend the range of inierspecifie hybridization
in Nigotiana spp. The scheme is based on the prediction
that a hybrid, which has not previously heen obtainable
hy eross pollination, would be expected to be tumorous and
consequently have less stringent tissue culture requirements
if it could be made by protoplast fusion (141). The bhasis
for the prediction is the observation of NAf (105) that
Nicotiana spp. can be divided into two groups {arbitrarily
called plus and minus) so intragroup hybrids develop
normally, buf intergroup hybrids form tumors and their
tissucs can be cultured on medin lacking phytohormones.
Based on a survey of literature on hybrids of Nicotiana
(43, 53, 72, 76), at least four, different, interspecific combi-
nations exist that meet the two eriteria of predictable tu-
mor pronencss and failure of eross pollination (743). These
offer f{avorahle matervial for further experimental use of
Nicotiana in parasexnal hybridization.

Anocther type of selection system in V. tabacum makes
use of two genes that govern chlorophyll deficieney (eh. 3)
and sensitivity to high temperature; they complement each
ather to produce a fully green hybrid eallus and normal
plants. Parasexual hybrids have been obtained by this
method (98, 99} and by using a semidominant chlorophyll
deficient mutant to mark the hybrid genome and simul-
tancously by another mutant (which gives variegated
leaves in hybrids) to mark the ehloraplasts (52). These
methods may find general application because of the prev-
alence of rcecessive genes that control heritable chloro-
phyll deficiencies in plants (35). A possible shorteoming is
that such genes may not be complementary in wider com-
binations between distant species, gencra, or families.

Fraetion I Protein: a Molecular Genetic Marker

Fraction I protein, ribulose-1,5-diphosphate carboxylase-
oxygenase (67}, which is involved in both photosynthesis
and photorespiration (77), is the most abundant protein in
nature and is found in all organisms that contain chloro-
phyll a. Fraction I protein can he dissociated into larpe and
small subunits, which can bhe resolved into distinet poly-
peptide patterns by isoeleetrie focusing in polyaeryiamide

gels. Electrofocusing of carboxymethylated Fraction I
protein of N. tabacum showed the large subunit to be com-
posed of three peptide bands and the small subunit of twe
(79). Examination of Fraction I protein from 63 Nicotiana
spp. revealed that all large subunits consisted of three
polypeptides whereas small subuniis varied from one to
four polypeptides (261).

Chloroplast DNA contains the genctic coding informa-
tion for the large subunit (25} as shown by ar analysis of
the following reeiproeal, interspecific hybrids where the
inheritance of the large subunit polypeptides is strictly
maternal: N. fabacum X N. glauca, N. tebacum X N. glu-
tinose, N. tabacum X N, sylvestris, N. fabacum X N. gos-
sei, and N. glauca X N. langsdorffii (77}. The small sub-
units, on the other hand, are coded by nueclear DNA (68).
Kung (78) suggested that after the small subunits are
formed on eytoplasmic ribosemes they are transported
across the chiloreplast membrane where they link up with
the large subunits, synthesized on chioroplast ribosomaes,
to form the native protein, The dual and loealized genetic
eontrol of subunit synthesis provides a unique and valuable
molecular marker that can be applied to various biological
problems.

The Fraction I polypeptides are use{ul as a measure of
evolutionary differences mmong speecies at the molecular
level. Although the large subunit in all Nicotiana spp. con-
sists of three polyseptides, their mobilities on a pel differ.
Australian specics ail have the same pattern and differ as
a group from Western Hemisphere species, which in turn
gan be grouped into three different mebility types (161).
From these results and from an analysis of tryptic pep-
tides (69}, it was concluded that only small changes have
oceurred over the past 150 to 250 million years in the
chemical composition of the chloroplast DNA genes that
code for the large subunit.

The number of peptides comprising the small subunit
ranges from one te four, and this is correlated with phylo-
penetic relationships. Species with 24 pairs of chromosomes
and others of the Australian group, which are considered
to be of amphiploid origin, all have two to four small
subunit polypeptides. Most 12-paired species contain a
single polypeptide. An analysis of the cross N. glutinose
X N, tabacum to form the amphiploid “species™ N. digluta
showed that the small subunit polypeptides, which are
coded by nuelear DNA, werc a composite of adding the
small subunit polypeptides from hoth N. glutinosa and
N. tabacum; whereas the jarge subunit polypeptides were
identical to those from N, ghutinosa, the maternal parent
of the original hybrid (80).

This same approach can be used to obtain evidence at
the molecular level on the origin of ¥, {ebacum. As pre-
viousty discussed, N. fabacum (n = 24) is considercd fo
have arisen by chromosome doubling after hybridization
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of an N, sylvestrs predecessor with a member of the
Toementosae section {N. tomentosiformis or N. ofophora}.
Comparisen of the polypeptide compositions of Fraction I
protein indicates that N. sylvestris contributed the large
subunit polypeptides and, therefore, was the maternal par-
ent of the original hybrid. N. sylvestris alse contributed
one of the twe small subunit polypeptides of V. taba~um,
the other being contributed by N. tomentosiformis (58).
This analysis indicated, therefore, that the original hybrid
was N. sylvesiris (female} X N. fomentosiformis (male)
and that N. otophora was not involved. This conclusion
was verified by a comparison of chymotryptic peptides
{(70) and is in agreement with cytogenetic {46}, scgrega-
tional {45), morphological (47), and isozyme (123) evi-
dence. Other molecular level markers that may find use in
gvolutionary studies in Aicotiana are ferredoxin {161},
tentoxin sensitivity {49), and possibly ehromosome pairing
in hybrids (140).

Fraction 1 protein has been used recently to verify the
hybridity of plants regenerated from fusing protoplasts of
N. glavca and N. langsdorffit (147} and to determine
chloroplast DINA distribution in these parasexuval hybrids
(27). Hybridity was confirmed by showing that all the
plants selected as fusion produets displayed the nuelear
coded smazll subunit polypeptides of both N. glauca and
N. langsdorffir. Contrary {o expectation, the chloroplast-
coded, large subunit polypeptides in the parasexual hy-
brids were not & mixture of parental types, but with a
single exception, were either all of N. glowce or all of N,
langsdorffii. The reasons for this rapid indiseriminate
sorting out to a monotypic population of chloroplasts are
unclear but may involve incompatability of mixed chloro-
plasts and random fixation of their reduced number.

Consequences of Interspecific Gene Transfer

QGene transfer is currently an asctive area of genetic re-
search, particularly with the development of ncor tech-
niques from molccular biology. Of major impetus has been
the development of a capability for cleaving DNA with
restriction enzymes, splicing it info a carrier molecule of a
bacterial plasmid, transfcrring the recombinant DNA back
mio & bacterial ecil, then cloning the “gonetieally engi-
neered” genotype. Neither this method for gene {ransfer
nor transformation by dircet incorparation of purified
donor DINA has yet been demonstrated uncquiveeally for
higher plants. One of the more promising vehicles for gene
transfer between plants in the future is the so called Ti-
plasmid that is responsible for the oncogenie properties of
Agrobacterium fwmefaciens in most Cicotyledonons plants
including tobaecc (29, 30, 120, 121). Scveral kinds of evi-
dence suggest that A. tumefaciens in transforming normal
to tumorous plant cells, confers new heritable traits by
DNA transfer. The general strategy for future research in
applying Ti-plasmids would ideally he to incorporate only
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useful genes into the plasmid, then to introduce the recom-
binant DNA into protoplasts or cells of tobacco. The ulti-
mate goal would then be to stabilize expression through
either synchronized replication of an cxtra chromosomal
element or Incorporation into the host cukaryotic DNA.

Other newly available techniques for gene transfer,
which might be termed wmaere in contrast to more molecu-
far methods, are chromosome-mediated and genome fusion
followed by uniparental chromosome climination. The lat-
ter, an important process in animal somatie cell hybrids,
has been used with outstanding suecess to map chrome-
somes and cstablish linkage relationship in man (97). In
higher plants, the phenomenon has recently heer reported
following fusion of somutic ccll protoplasts of soybean
(Glycine maz) with X, glauca 166}, The two genomes did
not divide synchroneusly during the carly cell generations,
and the N. glauca chromoesomes underwent mitotic dis-
turbances that gradually reduced their size and, in time,
their numbers. However, some of the reconstructed N.
glanca chromosomes were still retained in later generations
and beeame synchronmized with the full soybean comple-
ment. In this way, a few gene blocks of N. glauce were
introgressed into soybean eells during several months of
culture. This phenomenon might be developed into a more
gencral technique for introgressing desirable donor genes,
genc blocks, or chromosomes from distant taxa into a host
plant. The possibility may even exist for gene transfer
between tohaceo and man {43, 163},

Metaphase chromosomes can be taken up i witro by
mammalian cells (94). This probably occurs by phagoey-
tosis, and most of the foreign DNA is rapidly degraded to
small fragments by Ivsosomal enzymes. Only a small
functional chromosome fragment is stobly transferred.
This “transgenome” is evidently integrated into the DNA
of the recipient cell. No comparable experiments have vet
been reported with plants. However, the same type of
resulb can be anticipated because the pattern of DNA
organization, that is, the interspersion of short repetitive
sequences, long repetitive sequences, and single copy se-
quences in the genome of N, fabucum, i similar to thal
found in animals {164}.

Although the application of these newer, more rapid
methods for transferring genes between species has not yet
been used in Nicotiana, the consequences of gene intro-
gression by classical methods of cross pollination and re-
current backerossing are well known. The urgency to de-
velop discase-resistant commercial tobacco by using re-
sistance found mainly or exclusively in wild speeies of the
genus has heen an impetus to studies on gene transfer {ch.
12}. For the most part, the desirable characteristic from
the wild species, when introgressed into a cultivar has ex-
hibited its original phenotypic expression. These familiar
experiences with gene transfer provide n foundation for
predicting the outcome of applying unaccustomed tech-
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niques in the future. However there are some surprises,
even with old techniques, in the realm of interspecific
gene transfer (137). Three examples will be discussed of
novel unexpected genetic consequences of interspecific gene
transfer.

The first involves an altered, flowering response in de-
rivatives of the cross N, rustica X N. tabacum mammoth
{127, 137). The mammoth genc causes the ctherwise, day-
neutral tobacco plant to flower under short photoperiods,
24 G or higher, thereby increasing the number of leaves
produced in the regular growing season. An efforf was
made to transfer the mammoth gene to N rusticn by re-
peated backerossing accompanied by selection for mam-
moth segregants. In the thivd backeross generation. the
rustica-like mammoths failed to flower under short-day
conditions but could be made to Aower under low tempera-
tures (7 to 10 C night). Thus, the mammoth gene no longer
behaved as a day-length, flowering preceptor but as a
temperature, flowering preceptor.

In suceceding generations, following the fourth back-
crogs, rustice mammoths failed to flower even under low
temperatures. Nonflowering plants of the seventh back-
cross generation were brought into Aower (601 only under
prolonged ftreatment with gibberellic acid combined with
low temperatures (11 tn 16 C). The effeet was much
greater with short days (8 hry than with long, Beginning
m the sixth backeross generation, a further anomaly in
flowering appeared. Tt was characterized by an carly brief
occurrance of abnormal flowers followed by reversion to a
typical nonflowering mammoth. The genetic factor con-
trolling this characteristic was linked to mammoth and
may have been activated by a further reduction in fabacum
genes associated with the selceted block containing the
mammoeth locus.

A second example of unexpected consequences from in-
terspecific gene transfor was afforded by combining the
nuclear genome of N. {abacum with the evtoplasm (pre-
sumably organciles) of the Australian speeies N delineyr,
In the first backeross generation of the amphiploid N,
debneyi-tabacum as female to N. tabacum as the pollen
parent, Clayton (34} obscrved male sterility and abnormal
flowers with split corolla and aberrant anthers. In a suc-
cession of subsequent back~~osses (fo BCu) using V. fa-
bacwm as the male, the male sterility remained complete
and the most extreme type of split biossom beeame fixed.
This occurred only when N. debneyi contributed the eyto-
plasm in recurrent baekerosses toward a residual N. {a-
bacum genome.

In a genetic analysis of the phenomenon {7741, the
progeny were classified into four main catepories of corolla
types {776} and seven aberrant stamen conditions. The
more extreme type of each appears {o he sirictly evto-
plasinic in inheritance, that is, duc to debneyi evtoplasm
combined with a (ebacum genome., The progressively more
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normal types appear to result from interaction of one or
more debneyi chromosomes, retained by selection, which
contain genes that restore anther development to a more
normal condition (153, 754j, The Australian cytoplasm
of the female parent can be recognized at a molecular level
heeause the polypeptide pattern of the Fraetion 1 protein
large subunit coded by chlorvoplast DNA is different from
that of X, tabacum (27},

These examples provide clear evidence of the inferac-
tion of cytoplasmic {organelle} and ehromosomal clements
from different speecies offecting a marked, unanticipated
alteration in differentiation. Such interactions may be
common among interspecific hybrids in the genus Nicotiana
(261,

A third eategory of unpredictable phenomena that oe-
cur in hybrids among Nicotiane spp. are various manifes-
tations of cytogenetic mstability. These include variations
in pigment of flower or leaf, variations in morphology and
habit during individual plant development, and variability
in growth among hybrid plants (94, 72, 75, 76, 96}, All
hybrid combinations of N, tabacum with N. plumbagini-
Jolia that were studied by Ar-Rushidi (77} Cameron and
Meonv 1233, Moav (102}, and Moav and Cameron (103)
showed =omatic varlegation of the dominant characters
rarried on the plumbaginifolic genome. MMitotie bridge-
like structures in the hybrids have been observed; how-
ever, the cxact cytological nature of the chromosomal
climination that causes variegation is still to be found.

Genetie instability also has appeared repeatediy in hy-
brids and hybrid derivatives botween N, tabacum and
diploid species that are representatives of putative ances-
tral formz In hexaploids synthesized from N. febacum
>N, otophore, abnormal segregation ratios, variegation,
and chromosomal aberrations were encountered 45, 493,
Chromoszomes of extrnordinary size, called megachromo-
somes (481, were found in seattered cells of derivafives
from N, lebacum ¥ N otophora showing variegation. The
natterns of distribution of heterochromatin in V. tabacum
and N, olophore ave greatly different and the total amount
of heterochromatin is much larger in X ofophora {chs. 2,
91 {201. The heterochromatic blocks from N, sclophora,
and also from N, fomentosiformis (21), underwent spon-
tancous breakage and great enlargement when transferred
to N, tabacum (50,

A recent survey of the genus for loeations of hetero-
chromatin {700} showed that all NiceHana spp. studied
have small heterochromatic knobs, hut only a few species
seattered throughout the three subgencra, possess, in addi-
tion, large Dlocks of heterochromatin, These include one
of the ancestral species of cach of the cultivated amphi-
ploid species, N, fabecuim and N, rusfica, which in turn
have only small blocks and thereby pose a puzzling evolu-
tionary phenomenon {47).

Another example of hybrid instability is the sporadic ap-
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pearance of variepated, anthoeyanin pigmentation in the
flower of rare segregants from the cress N, langsdorffii
X N, sanderae {i44}. One of these types (varicgated-1}
has been analyzed ir detail and found to be governed by a
mutable locus, . Two alieles at this locus arce nccessary
but sufficient to aceount genctically for the different model
breeding bebavior of the three major varicgated pheno-
types: speskled (2o}, sectovial {vsw,} and rare sectorial
{veus}. Both alleles are unstable, and somatic mutations
oceur in both divections so a chromosomal loss is appar-
ently nol involved. Differences in {requeney and develop-
menial timing of these reversible mutations have both herit-
able and environmental components (113}, The unsiable
gone, v, is about 10 fhnes more sensitive to gamma radia-
tion than stable gene, I, at low dose levels befow 12 rad/
day {117,118},

Recently an ingenlous genetie analysis was made by
Sand {115) of a related, unstable type terned variegated-3
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with a distinetive varviegation pattern. This includes a
unique and independent segregating regulator component,
tevmoed Fleck-timer (FU (3)), in addition to the v locus
element held in common with variegated-1. Presence of
Fit {3) modifics the timing of somatic scetoring evenis
and is corrclated with the capability of producing fre-
quent changes at the v locus to a stable nonvariegating
dominant allelie form, V. Individuals containing the newly-
arizen T alleles fril to reveal the continued presence of
Fit ¢3). The meehanism generating T from o appears to
he corrclated invariably with loss, inactivation, or frans-
position of a controlling element that is located initially
on q different chromosome from that bearing ». Thus, the
consequences of interspecific  hybridization have ed to
evidence for a iwo-clement control system in Nicotiana
spp. similar to that first shown by MeClintock {95} In
maize and to trangposons, or insertion sequences, found in
prokarvotes (107},

References

{1} Abuabam, A, 1047, A eyiogenetieal study of trisomic types of
Nicolinna langsdorfiii. Ph. D). Thesie. Coracll University,
Tthuea, N.Y.

{2} Abujn. M. R. 1962, A eviopenciie study of herilable (wmors
in Nieoftena species hylwids, Geaeties 47:865-880.

{2) 1055, Genetie control of tumer formalion in higher
plants. Quarterly Review of Biclogy 10:320-340.

{43 1968. An hypeilesis and ovidenes concerning Lhe ge-
netlic components controlling tumor formalion in Nicoffuna.
Moleeular ard Guneral Qeonelies 103:176-184

{5) and V. K. Guple. 1974 Conlrol of Luinci-associaled
peroxidases in & gonetic fumor system i Nicoftona,  Toxperi-
entia 30:1007-1008.

(8} Ames, I. H. 1072, The hne siraciure of genelie tuinor rolls
Ameriran Journal of Botany 50:341-345.

1974. Endogenous levels of auxin and tumorigenests in a

Nirotgna amphiploid, Plant Physiology 34:933-953,
€9 1977, Genelie tumors in plants. 7 H. E. Kuiser. od.

Coniparative Pathology of Abnormal Growth with Speeial

Emphasis on Malignant Growth, Johns Hopkins University

Press, Baltimore, Md.

{0} and P. W, Mistretla, 1075, Auxin: its vole in genetice

tumor induetion. Planl Physiology 36:741-746.

T. B. Rice, and I, H. Smith, 1060, Tuhilsition of tumor
induclion by auxin in totally debudded Nieotione glowra X
N, lengsdorffii. Plant Physiology -4 :305-307.

(71} Ar-Rushidi, A. H. 1657, The eviogenelics of variegation in o

speeies hybrid in Nieotiana. Cenetics 2:312-325.

{£2) Bayer, M, H. 1063, Paper chromalography of muxins and in-

hibitars in two Nieotiana spocies and their hyvbwid, Amoerienn

Journal of Bolany 32:883-800.

1067. Thin layer chromatography of auxin and inhibi-
lors in Nicollana plavca, N. langsdorfii and three of their
tumor-forming hybrids. Planin 72:320-337.

1672, Transport and aceumulztion of TAA-"C in (nmor-
forming Niceltiona hybrids. Journal of Experimental Dolany
23:801-812,

(ig)

(13)

(4}

(13} 1077, Phyvtohormone und pflansiiche  Tumorgenese.
Boitraoge zur Biologic der PhHanzen 53:1-34

and M. R. Abujn. 1968, Tumeor formation in Nico-
timna: anxin lovels and auxin inhibitors in normwil and fumor-

prone genolypes. Planta 70:202-208,

€17y Bhatin, €. R.. M. Buiatl, and H. H. Smith, 1967, Hlectro-
phorelic variation in proteins and onzymes of the tumor-
forming hvhrid Nicoliona glonea X N, langsdorfis and ils
parent speties.  Amortean Journal of Botnny 54:1237-1241L

(18) DBurhidge, N. T. 1960. The Ausiralizn species of Nicotiana 1.
(Solanaceaey  Austraban Jouranl of Botany 8:342-380.

(79} Burk, L. {i.. and R. N. Jeffrer. 1938
tanee of alkaloid quality in tobaceo.
141,

{26} Burns. J. A. 1966

Nicotinne: eviological observations

43-47,

and I, U Clerstel. 1073, TFormation of megachromo-
somes from holerochromntie blocks of Nientiana lomenlosi-

formis. Cenelies 73:497-302.

{22) Camoeron, I R, 1039, The monosemics of Nicotlana tabacium.

Tobaceo Seionee 3:164-166.

and R. Moav. 1937, Inherilance in Nicotiona tobacun.

NXVIL Pollen killer, an alien genotic focus inducing abor-

lion in micrespores not earrving il Gonelies $2:326-335,

(24} Carlson, > 8., H. H. Smith, and R. . Dearing. 1972, Para-
soxunl interspeeifie plant hybridizadion. National Aendemy of
Seicnce Proccedings 69:2292-2204,

(25) Chan, P. H., and 8 €. Wildman, 1972 Chloroplust DNA
votes for the primary struciure of the large subunit of Fise-
fion T protein. Biochimien of Biophysiea Acty 277:677-680.

(25) Chaplin, 1. F. 1964. Use of malo-sievile fobrecos in the pro-
duction of hivbrid seed. Tobuavea Seienee 3:105-109,

{27y Chen, K. 5 Q. Wiklnan, and H. H. Smith. 1077, Chlgroplast
DNA disiribution in prrasexunf hybrids as shown by the
polvpeptide  composilion of TFraction 1 protein. Nalional
Academy of Science Proceedings v4:3109-5112

{16}

A study of the inheri-
Tohuceo Science 2:139-

The helerochromnniin of {wo spocies of
Journal of Heredily 37:

(21}

{23)




Nicotiana: PROCEDURES FOR EXPERIMENTAL USE

(28) Cheng. T~Y. 1972, Induclion of jndoleacelie acid synthelases
in tobaceo pith explants. Plant Physiology 50:723-727,

(29} Chilton, M-D.. M. H. Drunmmond, D. J, Merlo, and othors.
1977, Btable incorperation of plasmid DXA into higher plant
cells: the molecular basis of erown gall tumorigenesis.  Cell
11:263-271,

(3¢} Chourey, P. 8. H. H. Smith, and X. C. Combaiti. 1073 FEi-
fects of x irrndiation and indoleaeefic acid on speeiic peroxi-
dase isozymes in pith tissue of a Nicoligne amphiplaid.
American Journal of Botany 60: $33-837.

(31} Clausen, R. E, and D. R. Cameron. 194 Inheritance in
Nicotionae labecum. NVIII. Monosomic analyses.  Geneties
20340157

(32} and T. H. Goodspeed. 1025, Inheritance in Nicoliena
tebacum. VIL The moussomic character “Auted.” Univer-
sily of California publiealion, Botany 11:61-82,

(EX)) 1926. Interspecific hybridization in  Nirationa. ITT.

The monozomic Tabarum derivative. “eorrugated,” from the
sylvestvis-tabaecton hybrid,  University of California npublica-
tion, Bolany 11:83-101.

(34) Clayton, E. E.
ity 41:171-175.

1030, Mlale sterile tobaceo. Journal of Hered-

(35} Cocking, B. C., D. George, M. J, Price-Jones, and J. B. Powor,
1977, Selection proredures for the production of infer-sprcios
somatic hybrids of Petunia hybride and Petunia parodii, 1T
Albino complementation selertion.  Plint Science Lotters 10
1-6.

(36) Collins, G, B., P. D. Legg. and M. I Kusperbauer. 1074, Tse
of anther-derived haploids in Nicotiona. 1. Tsolation of
hrecding lines differing in tofa) alkaloid content. Crop Sei-
etice 14:77-80

(37) Conklin. M. E., and H. H. Smith. 1969, Efferts of fust neutron
versus  N-irradiation  on development, differentintion  and
peroxidase isozvines in & genelically tumorous Nicatiana
amphipleid and ils parents. Tnternational Journal of Radia-
fion Biclogy 16:311-321.

{38) Dawson, R. T, and M. L. Sall. 1930, Estimated cantributions
of root and shool 1o the nicotine content of the tohaceo
plant. Plant Physiology 34:636-661.

(3¢} Drummond, M, H., M. . Gordon, B. W, Nester, and M-I,
Chilton. 1877, Toreign DXA of baclerinl plasmid origin is
transeribed in crown gall (winors. Nature 269:533-336.

(40 Durhin, R. D,, and T. F. Urhytil 1975, Cyiloplasmic inherit-
anee of chloroplst coupling fartor 1 subunits.  Biochemieal
Genetics 13:1143-1146,

(47) East, E. M. 1913, Inheritance of flower size in cromios be-
fween speries of Nicoltung, Botanienl Gazoelte 55:177-188.

(#2) 1928. The genelirs of the genus Neotione, Bililo-
graphia Genetiea +4:243-318,

(43) 1935, Genetie reactions in Nieotivna, 1, Compalibil-
ity¥. Geneties 20:403-413,

(44} ~—— 1035, Cenetic reactions in Nieotinna. 1L Phenalypie

resiction patterns, Geneties 207414142

(45) Gerstel, D. U. 1960. Segregalion in new allopolypleids of
Nicotiann. 1. Comparison of 6x (N. tabacum X Lomeniosi-
formisy and 6x (N, tabacum % otophove). Genelies 45;1723-
1734,

{46)

(47)

(48]

{(+9)

(50)

{56}

{50]

(6d)

(61}

(62}

{63)

13

1963, BEvolutionary problems in some palyploid crop
plants. Heredilns. supp. 2:481-304.

Nicaliana tabacum (Solanaceac). In
Evolution of Crop Plants, Longman,

1976. Tohaeco.
N. W, Simmonds, ed.
TLoudon. pp. 273-277.

and J. AL Burns. 1986, Chromosames of unusual length
in hybrids hetween two species of Nicatiana, In € D. Day-
lington and K. R. Lewis, cds. Chromosomes Taday, vol. 1.
Plenum Press, N.Y. pp. 41-36.

Flower vuriegation in hybrids
Goneties 33:

—— and J. A. Burns. 1966,
botweon Ndeadiana lebacum and N. olophora.
331-347%.

and J. A, Burns, 1870. The effeel of the Nicolfiona

atophare gonome on vhrontosome breakage and mogachromo-

sones in N, tabaeum X N, ofophora derivatives.  Goenelies

66:331-338.

aned T,

Jo Mann, 1904, Segregaiion in new allopoly-
ploids in Nieotiane, JIL  Nicotine-converter genes in allo-
polsplaids from N, temeniostformis. N, sylvestris, and N
tabacum.  Crop Seionce 4:387-388.

Gleha, Y., R, G. Buienko, and K. AL sSytnyak.
plast  {usion and parsexunl  hybridization n
tabaeum L. (in Russian).  Genetika 221:1196-1198,

Goodspeed, T. H. 1954, Chroniea Bo-
tunien, Waltham, Mass

1975, Prolo-
Nieoliana

The genus Nicoliana.

1932, Trisomic and other types of
Journal of Cenetirs 38:381-438.

mul P Avernw
Nicoltana silvestris,

and P, Avery. 10415 The twelfth primury trisontic type
in Nicotiana sylvestris. Nalional Aendemy of Seience Fro-
eocdings, United States 27:13-14.

and R, E, Clausen. 1928, Interspecifie hytwidization in
Nieofiana, VIIIL  The sylvesivissdomeniosa-fabacum  hybrid
triungle and ils hearing on the origin of .X. tabacum. Uni-
versity of California publiextion, Botany 11:243-256,

and M, €. Thompson. 1038, Cylolaxonomy of Nicu-
{eme, I Bolanical Review 23:3835-115.

CGray, L C. 5 D-IKKung. 8. G. Wildman, and 5. 1 Shoeen, 1974,
Origin of Nieotiang tubaciom L. defeeted by polypeptide cam-
pasition of Traction 1 protein. Nalurp 232:226-227.

Hart, (i E, and ¢ R Bhatin. 1907, Acryluide gel eleetro-
phioresis of soluble leaf proteins and enzymes Iram Nieoiiana
species,  Canadinn Journnl of Cienelies and Cytology 9:367-
374,

Hillinan, W. 8, undd H, H, Smith., 10635 Induced flowering in
a vogelative fobaeeo hybris  Journal of Heredity §6:3-6,

Hoess, R, H., H. H. Smith, and C. P. Stowell. 1974, A genelie
analysis of peroxidase isozymes in lwo species of Nicotinna,
Biovhemical Genetics 11:319-323.

Tzard, . 1937, Obtention ot Rxation de lignées tumorales el
non Lumorniles a partic de mutations expérimeniales de 'hy-
bride N. glowea % N. lengsdorffii. Comples Rendus de
PAcademie Agricole 43:325-327,

Izhar, 8, and J. B, Power 1977, Coenclieal studios with Pe-
tunier leaf  proieplasis, 1. Genefie  varinton (o specific
growth hormones und possihle genetie eontrol on stuges of
protoplnst development in culture. Plant Seience Letlers 8:
373-383,



http:lO1llcllto.si
http:20:4H-.J.j2
http:53:;-5.16

14

(64) Jeffrey, R. N. 195¢. Alkaloid composition of spreies of Nico-
fiana. Tobaceo Science 3:89-93.

(67) Jones, C. W., I. A. Mastrangelo, H. . Smith, H. Z. Liu, and
R. A, Meck, 19076, Interkingdom fusion between human
(HeLa) eells and tobaceo hybrid (GGLL) protaplasts,
ence 193:401-403.

(66} Kao, I, ™. 1977, Chromosomal behaviour in samatic hyhrids
of sovbean—Nieotione glawea. Molecular and General Ge-
nefics 130:2253-230,

(67) Kuwwashimn, N, and & G Wiklman., 1070, Fraction I protein,
Annual Review of Plant Phasiology 21:325-338,

wedl 8. G, Wildman, 1972, Siudies of Fraction T pro-
lein, IV, Alode of inheritanee of primary struefure inorela-
fion to whether ehioreplast or nuelear DN A voninins the code
for a chloroplast protein. Biochimien et Biophysiea Acta
2p2i42-40,

Hei-

{68)

(69) Y. Taoabe, and 2 Iwai. 1074, Similarities and differ-
ences in {he primare struelure of Feaction T proteins in the

penus Nieofigna.  Biochimien et Blophwsiea Aefa 371417431

(70} Y. Tanabe, and 8 Iwai. 1976, Orvigin of Nicotinne
tabarum delectod by primary siructure of Fraction I protein,

Biochiniea et Blophysiea Aeta 427 .50-77.

{77} Kehr, A, T80 1031, Cenetic tumors i Neroriann,
Naturalist 83:31-64.

Amoerican

(72} and H, H. smith. 1932 AMulliple genome relaiionships
in Nicotinne, Cornell University Agricuitural  Experiment

Station Memoirs 311:1-16.

and H. H. Smith, 1934 Genetic tumors in Nivodiana
hybrids. Brookhaven Svmposia in Biology 6:53-Ta.

(74) Kostofl, 1D, 1030. Tumars and ather malforialions on eerian
Nieotiana hybrids. Zentvalblatt  fuer  DBakieriologie 1Para-
sitenkuncle, Abteilung IT 81:244-260.

(r3)

(75} 1235,
inlerspesific hybridization.

302-304

On the inerease of mutation fregueney fullowing

Current Seienee {Bangulare) 3:

{76} 1043. Cwytogenctics of the genus Nicolima.  Stare Print-

ing House, Sofin, Dulpari.

(77) Kung, 3D
netie marker.

1076, Tobneeo Fraction I prolein: a unigue ge-
Seiener 101:420-134,

(78) — — 1976, Expression of chloroplast gennmes {n higher
plants.  Aunual Review of Planl Physiology 28:401-437.

(7o} L. Sakano, and 8. G, Wildman, 1958 Multiple peptide
composilion of the large and small subunitz of Nirotiana
tabaviom Fraetion 1 protein aseertained by fingerprinting and

clectrofocusing.  Biochimiea of Biophysiva Acin 365013817,

{(50) K. 8Sakano, J, C, Gray, and 8 G, Wildlmon 1975 lvo-
lution of Fraetion I protein during the ovigin of new species

of ANicotinne. Journal of Moleeular Hyvolulion 7:50-64

(81) Leo, RO I 1950, .\ eviogenelie study of exire cliromogomes in
Nirotiane fengsdorfit and in erosses with N, sanderae. Ph, 1L
Thesis, Cornell Tniversity, Ithaea, N3,

(82) Tege, I 13, amd C. B. Collins. 1071, TInberitanee of pereent
total alknloids in Nieotiana tabacwm 1. LI Genetie offerts
of twe loei in Burley 21 x LA Burley 21 populations. (-
nadian Journal of Geneties and Cyiology 13:287-291,

TECHNICAL BULLETIN 1586, 1'.8. DEPARTMENT OF AGRICULTURE

(83) 1. F. Chaplin, aud G, B. Collins. 1969, Inherilance of
poreent lotal alkaloids in Nicotiann {abaciom 1. Heredity

60:213-217.

(849 Liu, 8T., D. Gruenert, and C A Kuight. 1978, Bouud (ovm
1AM svnthesis in umorous and nonlwmoraus species of Nien-
tinna, Planl Physiclogy 61:30-33.

(85) Mann, T. J. and J. A, Wesbrew. 1058 Inheritance of alka-
loids i hybrids hetween flue-cured tobaeca and related
amphidiploids, Tobneeo Seience 2:20-34,

. . Matzinger, and T A Wornsman., 1072, (enelie
coniral of tobaceo constituents. fn Covesla/Tabacea Chen-
isiry  Researeh  Conference Symposivnl. Williamshurg, Vi
P, Fr-83.

I A, Woeybrow, 1D, T Matzinger, and J. T. Hall. 1964 Tu-
heritunee of the conversion of nicoline lo nornieotine in va-
rioties of Nieotiowie {abacwm T and related amphiplaids,
C'rop Scicnee 4:349-333

1861

AMarion, L. 1960, The pyridine alkaloids. fa R. H. F. Man-
ske, o, The Alkaloids, vel. 6 Academie Press, New York,
e 123-132.

Mather, I. 1940, The gonelienl theary of conlinuous varia-
tion. /i Ninth Internntional Congress of Genetics. Stock-
holm 1940, Heredilas, supp. pp 376-401.

and A, Vines, 1952 The inheritanee of height and
floworing lime in 1 eross of Nicolinna vesffea. In Quantita-
tive Inheritanee. Agrieuitural Researeh Council Colloguim.
H. M. Stationery Office, London. pp. 49-79.

AMatzinger, D, F., T. H. Maon, and ¢, G Cockorham, 1962,
Diallel erosses in Nieoltana tubecwm. Crop Beicoee 2:383-
A30.

T, A, Wemsman, and C. € Cockerbam. 1972, Reeur-
rent Taunily selection snd correlated response in Nicolfona
fobacum L. [ ‘Dixic Bright 244" % ‘Coker 139, Crop Sei-
rree 12:40-435.

E. A, Wernsmansand Ho ¥ Ltoss. 1971 Diallel crosses
wmonyg hurley varieties of Nieationa tabecum Lo in (he Foand
T. generations. Crop Seience 11:273-279

MeBride, Q. W, and R, 8. Athweal. 1978, Chromosmne mecli-
el gene transfor with resultant expression and inlegration of
the trunsferred genes in eukarvotic eells, Brookbaven 8ym-
posia in Biology 26:116-136.

AMeClintoek, B, 1951, Chromosoime organization and genie ex-
prossion.  Cold Spring Harbor Symposium on Quantitative
Tiology 16:13-17

MeCray, 7% A, 1832 Computibility of eerinin Nicotiana spe-

oiest  (Geneties 17:621-630,

MeTvusick, V. A, and 170 H, Ruddle,
gene man of the buman chromosame.

1975, The status of the
Seienee 196 :390-105.

Aeleliers, G, and @ Labib, 1973 Bomalic hybridization of
plants by fusion of protoplasts, I Selection of light resis-
tant hybrids of “haploid” light sensitive varieties of (obaceo.
Molecular and Goeneral Genelies 133:277-204.

and M. 1Y Sseristan, 1077, Somnntic hybridizntion of
planis by fusion of protoplasts. 1L The ¢hramosome nuin-
hers of sematic hybrid plas of Tour differeni fusion experi-
ments. dn Lo Culture des Tissues of des Cellules e Viég-
dtaux, Masson, Paris. pp. 169-177.




Nicotiana: PROCEDURES FOR EXPERIMENTAL USE

(160% Mervitt, J. F. 1974, The distribution of helerochromalin in
the genus Nivatinna (Solanacene).  Americun Jowmnal of Boi-

any 61:082.094,

(161} AMemmiiller, H., and K. P. Butiler. 12735, Nicotiona in dor
Afrikanischen namibein pBanzengeographisches und jthyio-
genclisches riitsel.  Mitieilungen der Botanischen Staals

sammlung Muenchen 12:01-104,

Moav, R, 1961, CGenelie instability in Nicotiunn hybrids, 1L
Studies of the Ws (phg) loeus of N, phnbaginifolia in X,
tabacum nuclel,  Geneties 46:1069-108S.

and D. R. Cameron, 1060, Genetie instability in Nieo-
tiana hybrids, I. The exprossion of instnability I X, fo-
bacum X X, plumbaginifolie. Amcviean Jovrnal of Botany
47:87-93,

{102}

{103)

1764} Mothes, K. 1055, Physiology of alkaloids,

of Planl Physiology 6:393-132,

Annual Review

{105} Naf, U, 1938, Studies on tnmer formation in Nicoliena hy-
brids, I The eclassifieation of (he parents into two elie-

logieaily signifieant groups. Growlh 22:167-130.

Nagala, T, and 1. Takebe.
cel) division in iselated
Plania 02:301-318

Nevers, P, and H. Saedler. 1077, Treanspasable penctie ole-
ments ns agents of gene instability and chromosowal re-
arvangements. Nuture 268:100-115.

Ohaski, Y. 1976,  Nicotinrna kawnkamii: a new specics of the
genus Nicolinne,  Sixth Inlernational Tolmeco Seicnee Cone
gress proceedings, Tokyo. pp. 146-145.

Olby, R. C. 1966, Origins of Mendelismn,
New York.

{106 1970.  Cell wall regenerniion and

tobaceo  mesophyll protoplasts.

{107}

(108)

(109} Sehorken Books,

(110} Power, J. B, I0. M, Frearson, C. Havward, and others. 1075,
Sematic hybridisation of Pelunia hybride and P. parodii,

Nalare 263:500-302,

Reddy, M. M., and . D. Garber. 1971, Graelie studios of
variant enzymes, HIL  Compuslive olectroplioretie studies
of eslerases and peroxidases for species. hybrids, and amplhii-
ploids mn the gonus Nirotiena. Botanien] Ciazetle 137:158-
166,

{ir1)

(712} Robinson, H. T, T. . Mann, and R. E. Comstack., 1056, An
analysis of quantilative variabilily in Nicoliena tabaecnn.

Heredity 8:365-376.

Sand, B, A, 1857, Phenotypie variability aind the influence of
temperature on somatic instability in cultures derived from
hybrids belwoen Nieattana langsdorfic and ¥, senderae. Ce-
nelics 42:685-703.

{113)

{114}

1968. Clenctie modification of cyloplasmic male sieril-
ity in lobacco. Journal of Heredity 39:175-177.

{115}

1976.  Cleneliv control of gene exprossion: independent
location of Flif3) and ils inleractions with mutable V locus
in Nicotiana. CGaenelics 83:719-736.

and G. T, Chrisloff. 1073, Cytoplasmic-chromosomai
interactions and altered differentintion in tobaceo, Journal
of Heradily 64:24-30,

H. H. Smith. 1973, Somatic mutational Lransionts
III. Response by {wo gones in a clone of Nicotiona 1o -
roenigens of pamma mdintion applicd nf virious inlensitios.
Geneties 75:93-111,

_(Hd)

(117}

{118}

{110}

(120

(1213

1122}

{123}

{121

(125}

(726}

(177}

{128)

(120}

{130

(a3

{132}

(133)

{134}

(135}

{138}

{137}

15

Ao Ho Sparrow, and H. T Smith. 1960, Chronie
gma irendintion effects on the mutable ¥ and stable B
lovi in a elone of Nieoffann., Goenelics 435:280-308.

Schaeffer, G, W, H. H, Smith, and M. P. Perkus. 1963,
Growlh f{aclor interaclions in the tissue eullure of tomorous
and  nontumorows Nicolione glawea-langsdorfii.  Ameriean
Journal of Botany 30:766-771,

Seholl, T and AL van Monlagues, 1978, On the teansfor,
mainlenanee and expression of haclerin) Ti-plasmid DNA in
plant epils (raosformod with A, fumefaciens. Brookbhaven
syvmposiim i Riology 20:36-40,

—— aindd M. van Montagu, 1977, The Ti-plasmid of dgro-
bacterivae fuwmefocions, 1 natuval veelor for the intreduction
of NIF genes in plants? fa A, Hollaender, ed.  Geonclie En-
gincering for Nilvogen Fixation. Plenum Press, New York.
e 138-170,

Sheen, 8. 5. 1970. Drroxidases in the genus Nieofiona.
retieal nnd Applied Geneties 40:18-23.

Thea-

1972, Trozyvmie evidence hearving on the origin of
Nieoliann fobacum L. Fvolution 26:143-131

Smith, H H. 1037, Inherilanee of coroila color in the cross
Nivotiana langsdovfii by N, sanderac. Coeneties 72:347-360.

1037, The velation belween genes affoeling size and
color in cerlain species of Nicotinne, Cenclies 22:361-375,

1043, Tffeels of genome balanee, polyploidy, and
single extra chromosomes on size in Nicotinna, Ceneties
28:237-235,

1050, Differential photeperiod response lrom an inler-
specifie gene Lmnsfer, Journal of Heredity 41:199-203.

1832, Tixing transgressive vigey in Nieolfuna rusiica.
In 3. Gowen. ed. Hoterosis. Town Slate Universily Press,
Amres pp, 161-174.

1038, (enetie” plant twmors in Nivofiune. Aunnals of

the New York Academs or Seirnee 71:1363-1177.

a2, Genetic control of Nicoffana plant tumors
New York Aeademy of Seience transactions, Series II, 24:
Fi1-746.

1965, Inheritance of alknloids in inlrogressive hybrids
of Nicotiona. Amorican Natoealisi 99:73-79.

1065 Uenrtic {obaceo lumors and the problem of
differentintion.  fu G, Scharff-Goldhaber, ed.  Visins in Re-
search, vol 4. CGordon and Broreh, Now York. pp 29-36.

1968, Reeent exytogenslic studics in the genus Nico-

tiapa,  Advanees in Genolies 14:1-54.

1969. Neutron irrdintion of xoeds as a tool in plant
genelics and breeding  Japanese Journal of Cleneties 44,
supp, 1H43-433

1971, DBroadening the base ol gevelic voriubilily in

planis,  Journal of Heredity 62:265-276,

1872, Plant  geaetie hwmors. Progress in Bxpori-

menial Pumor Resewrel 15:138-164.

1073, Inlterspeeific plant hybridization and the geneties
of morphogenesis, Broolhaven Symposia in Biology 25:309-
328,




16

(138}

(130}

(146

(141}

(142}

{144}

{145)

(146)

(1473

(148}

(149}

(150} Steilz, L

TECHNICAL BULLETIN 1586, U.S.

1974, Model systems for somatie coll plant genetics.
Dioscience 24:260-276.

19735, Nicoliana.
Genetics, vol. 2,
281-314,

In R. C. King, ed. Tlandhook of
chap. 12, Plenum Press, Neow Yorl, pp.

1973, Isoperoxidase hand matehing vso chromaosome
pairing as comparniive measures of molecular evolution in
Nicotiana, XIL International Botanical Congress nbsteet,
Leningrad, vel, 1, p. 20; vol, 2, p. 317

1977. Genelie engineoring with lobaeco (waloplasis.
Sixth International Tobacvo Seienee Congress procecdings.
Tokyo, 1076, pp. 75-80,

and D. V. Abashian. 1963, Chromatograpiie investi-
gations on the alkaloid rontent of A¥cotiunn species and
interspecific combinations. American Journal of Botany 30:
13537

and I AL Rastrangelo-Houph, 1978, Genelie variabil-
ity avatlable ihrough eell fusion. Fn 1. O, Larsen, I T
Paddock, V. Raghaven, and W, R. Sharp, eds. Plani Cell
and Tissue Culture-Principios and Applicationz. Qhio State
University Press, Colhunbus, Ohio,

and 8. A. Band, 1937, Clenotie s{udics on somidie in-
stability in cultures derived Trom hyhrids belween Nicotiana
langadorffii and N. senderne. Genolies 42 :560-382.

and C. R. Bmith, 192, Alkaloids in eertnin species
and interspeeific hybrids of Nicotiona, Journal of Agricul-
tural Research 65:347-3359.

and H. €}. Stevenson.
tion effects in Nicotiona
bungslehre 92:100-118.

K. N. Kao, and N, C. Combatti. 1976,

hybridization by protoplast fusion in Nieodinna.
Heredity 67:123-128.

1961. Genelie conirol and radia-
tumors,  Zejisehrifc flir Verer-

Interspeeifie
Journal of

H. Q. Stevenson, and A, T, Kehr, 1038, Limils and
congoguences of multiple allopelypleldy in Nicolfiona. Nu-
elous {Calenlln) 1:205-223,

Do E Hamill, E. A, Weaver, and K. H. Thompron,
Multiple molecular forms of peroxidases and esterases

1870,
among Nirolfang speeics and amphiploids.
redity 61:203-212.

Journal of He-

1963, Unicrzuchen iithor die Tumorkildung  bei
Bastarden von Nicotinna glawea wnl N lengsdorfiit. Piv 1.
Thesis, Universily of Saurlund, Sanrbriicken, Germany.

DEPARTMENT OF AGRICULTURE

(151}

{i64)

Stubbe, H. 1963, History of genrelies {rom prehistoric Limes
to the redisvovery of Mendel's lnws, Massuehusells Insli-
tule of Technology Press (English irnnslation, 1932), Cam-
lyridge.

Tukebe. I, Q. Labib, and (. Melchers. 1971, Roegeneralion
of whale plants from isolated mesgophvll protoplasts of (a-
haceo. Nalurwissenzehaften 38:318-320.

Tsikov, 1. T 1968. On ihe imherilance of diversily in the
expression of male sterility in Nieotiane debpeyi X N.
tebacum hybrids, Dulgarian Academy of Seiepee public-
tion L. B. Genetie Memorial issue 1o 1. Koslofl, pp. 137-151.

Teikowv, I3, T Tsikowvi, and N. Nikova. 1977
in tobaceo., I On muthor feminization,
Plant Breeding 10:120-140.

Tso, T. C. 1972, Physiology amd bioelomistry ol lobacco
plants. Dowiden, Hulchinson, and Rass, Siroudsburg, Pa
Uaul, H., and L. Takehe. 1060, Dividon anl growih of single
mesophyll eolls fzolated enzymalically from (ohaceo Jeaves

Development, Growth and Differontintion 11:143-130.

Vasil, V.. and A, O Hildebrndt. 1903, Differentiation of
lobacen plands from single, isolated vells in microeulture
Seienee 130:389-892.

Wells, P V.

Nivotiena.

Male sierility
Tonefies  and

1960, Vuriation in scction Trigonophyline of
Maclrono 15:148-151.

Womsman, E. A, and DL Fo Malzinger, 19700 Relalive sta-
Lility of alleles at the nicoline conversion locus of tobaceo.
Tobaeeo Seicnee 14:34-36.

D, T. Matzinger, and T. ). Mann, 1076, Use of pro-
genitor spoeeics germplasm for the improvenent of a eulti-
vaied allotetraploid.  Crop Seience 16:800-803.

Wildman, 8. G, K. Chen, J. €. Gray, and olhers. 1075, Fvo-
lution of ferredoxin and Fraction I protein in the genus
Nicotiona, Fn C. W, Birky, P. 8 Pevdlman, and T, 1. Beyers,
cils. Ceneties and Biogenesis of Mitochondria and Chloro-
plasts.  Ohio Stale Tniversity Press, Columbus, pp, 309-329.

Willinms, ¥, 1973
spocies  Nicotione eavicola Lo (Burhidge),
Journa! of Bolany 13:831-812,

Willis, €. E, J. X. Hartman, and E. 1), Tde Lamater.
Tleetran mierascope study of plant-unimal ecll fusion,
{oplasma 91:1-14.

A new ehomosome nimber in Australian
New Zealand

1977,
Pro-

Zimmerman, J, T and R, B. Goldberg. 1977, DN A sequence
organization in the genome of Xieatiana {abecum. Cliromo-
gomi 59:227-252,




2
CYTOGENETIC TECHNIQUES

(. B, Collins*

Introduction ... i 1
M OsIS  . o 17

Proecdnres oo e 17

Cheomosome mnmbers ... e i7
Melosis o i7
Pollen slaining ... e e 20
MICrospare. exlol0EY ..ot e 20
Glomsr STaining ... e 2
Ancuploid analysis N
Microspeetropholomeliy ... . o M
Avdoradiographas oL n
Refovences oo i e 21

Iatroduction

The genus Nicotinna has been extensively investigated Cytogenctic studies involving Nicofiona alse have been

cytogenetically during the past 50 vears. At least two
major characteristies of the genus have stimulated these
investigations, First, the widely cultivated speetes N, fa-
bacwm 15 of allopolyploid hybrid origin, and considerable
cffort has heen deveted to clucidating its phylogenctic re-
lationships to that of its progonitor speeies (el 13. Also, an
understanding of the phylogenctic relationships of the other
species and species groups has heen based largely on the
determination of chromosone numirs, karyotype analyses,
and cliromosome pairing at melosis in the appropriate hy-
brid combinations.

The scecond major impetus to cytogenetic study has come
from the numerous efforts to transfor desirable disease and
inseet resistance and biochemieal traits from Nicotiana
spp. to N, tebacuwn. Prediction and cxeeution of suceess-
ful interspecific transfers and the subsequent incorporation
of desirable genetic factors have required cytogenetie in-
formation from donor and recipient specics.

stimulated by the availability of the complete monosomie
series, the oceurrence of interspecifie bybrid instability
and megachromosomes, eytoplasimiec male sterility, andro-
eenctically derived haploids, and ebromosomal instabilitics
assoeinted with 70 wifre cultures of Nicotiana. Reviews on
the eytogenetics of Nicotiana have been provided by East
(74}, Kostoff {20}, Goodspeed 118} and 8Smith (35, 36).

The recent availability of haploid plants {ch. 5), tissue
cultures “{eh. 71, and protoplasts (ch. 8) obtained through
anther or pollen eultures has stimulated exciting research
meluding somatic cell hyhridization {ch. 9}, selection at
the ecellular level {el. 103, and the direct transfer of genetie
material in Nieofiana. Cytogenctic svaluntion of somatic
hybrids, plants regenerated from selected eclls or tissues,
and plants obtained following the direet transfer of genctic
material is required to establish the correct chromosome
numiber of such derived materials,

Mitosis

Numerous types of studies with Nieolinna reguire the
determination of the somatic chromosome number. Such
somatic chvomosome counts are readily obtained from
squash preparations of tissues in which the metaphase
stage of mitosis is ohserved under the light nieroscope.
Chromosome numbers range from 2n = 18 to 2n = 48 with
a size range of about 2 . to 5.5 p (ch. 1) (78}, The high
chromosome number and small chromosome size typieal
of Nieotiama spp. vequire a high degree of refinement in
cytological techniques to obtain accurate chromosome
counts and to determine chromoseme morphology. In gen-
eral, the wetaphase stage of mitosis is most useful for

Department of Agronomy, Universily of Kentueky,

lexinglan,
Ky. 40506 .

making accurate chromosome counts beeause ab this stage
the chromosomes reach their maximum degree of contraction
and spread in the cell following the use of a pretreating
agent in the preparation procedure.

Procedures

The most widely used squash procedures for mitotic
eytology In Nicoliana spp. are the accto-carmine and
Feulgen techniques. Steps in these procedures are similar
although the fixative solution and stain used are different.
The steps to be fellowed can he divided into colleetion,
pretreatinent, fixation, hydrolysis, staining, mounting, and
observation,

Collection, Efficient mitotie eytology requires active mer-
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istematic tissue in which a large number of somatic divigions
are oceurring. The most frequently used intact plant fissues
for eytology are root tips and immature corolla tissue. Root
tips produced from stem and bud euttings or reots developed
on regenerating plants grown under 7 vitre culture condi-
tions also ean be analvzed using the same teehniques. In
addition, some investigators use leaf tissue, microspores, or
callus tissue. Somntic cell counts from leaf tissucs are boest
accomplished by applying the methods to be outlined for
corolla tissue.

Root tips and immature corolla tizzues must be colleeted
from vigorous, healthy plants growing under optimum en-
vironmental ronditions conducive to rapid plant growth and
development {ch. 4). Root tips arc best obtained from
potted plants or plants growing in peat balls or other con-
tainers in which newly formed roots are readily acecssibile.
Corollas arc easily obtained from vigorously growing plants
in the greenhouse or field without contaminant divt or {for-
eign material, which is often a problem with root tips, Burns
(3} has detailed the steps to be followed in the corolla teeh-
nique and recommends the use of tissue from small buds in
the 3 mm range.

Pretreatment. Collected root tips or dissected corollas
are placed direetly inte a prebreatment solution of 3 maf
8-hydroxyquineline, This pretreatment results in a disrup-
tion of the spindle with the arrest and collection of many
cellg at the metaphase stage, and a shortening and contract-
ing of the chromosomes. Burng 15} has suggested the addi-
tion of two drops of saturated maltose solutien to the pre-
treatment to minimize stickiness and elumping of ¢hromo-
sonmies. Most schedules recommended a 4- to 3-h pretreat-
ment at 16 to 18 C to obtain cells. Sharma and Sharma (329,
in contrast, recomimended a 2 md =olution of oxyquingline
and a 3- to 4-hour treatment time at 12 to 16 C,

In addition to its c-mitotie activity, 8-hvdroxyquinoline
maintaing the relative arrangements of the metaphase chro-
mosomes at the metaphase plate and causes a congpicucus
display of the primary and sccondary constrictions, along
with an exaggerated satellite gap (32}, These character-
isties facilitate the study of heterochromatin distribution
and morphelogical differentiation of the chromesomes, es-
peeially in late prophase and carly metaphase cells, The
idividual investigator should determine the exact 8-hy-
droxyquinoline cancentration, treatment time, and tempera-
ture required to achieve the desired pretroatment cffeet;
other pretreating agents, such as colehicine, <-dichloro-
benzene, «-bromonapthalene, and cold water, should be
evaluated if speeific chromosemal effeets are required.

Fixation. At the end of the prefreatment, place the root
tip or corolla tissue into freshly prepared Farmors fluid
consisting of glacial acetic aeld: 95 percent cthanol (1:3} or
Carnoy's fixative consisting of glacial acetic acid: chiero-
form: 95 percent ethanol {1:3:6). The former fixative is
rceommended for tissues to be stained by the Feulgen pro-
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codure whereas Carnoy’s fixative is more suitable for aceto-
carmine stained root tips or corollas. Fixation should pro-
cocd for 12 to 24 I at reom temperature. Chromosome
spreading may be facilitated refrigerating the fixed (ssues
hefore further processing if storage time does not execed 2 to
4 wk. For longer storage, transfer the fixed lissues to 70
pereent ethanol and place them in a {reezer.

Hydrolysis. Thix treatment is done before squashing mid
staining heeause it softens the Ussue and breaks down the
middle lamella so that eclls easily separate. Hydroly=is also
expases the aldehyde groups in the nueleie acids sa that the
reaction between aldehvdes and the leueo-hagie fuehsin in
the Feulgen procedure ean oceur. Rtandard proecdure in-
volves placing the tissues in 1.V TICL for 6 to 10 min at 60
. Determine the exact hydreolysis time for cach Ussue. The
more reeent hiydrolysis procedure of Tox 1761 i being
adopted iy many eytologists, With this procedure. hydroty-
sis is earried out at room temyperature in 5.V HCL for 5 to
10 min with trial runs required to establish the exaet time
necded. Immorse the tissue in water at the end of hydroly-
7, to stop hytlrolytie activity in the tissue. Then thor-
oughly rinse the tissue and place it in water until used.

Staining. For the Feulgen procedure, innnerse the tissue
in leueo-basie fuchsin stain previously warmed to reom
temperature, Darlington and LaCour (13) give recipes and
preparative proecdures in their book for commonly used
chromosome stains, including leuco-hasie fuehsin and accto-
rarmine staine. Staining in leueo-hasie {fuchsin requires 1 to
2 h for complete staining to occur, and three or more dis-
tilled water ringes are needed to remove the exeess stain.
When the eells are to be evaluated cytophotometrically,
rinse in 8O. water to completely vemove the stain, Store
the washed tissue in 45 percent acetie neid or in a drop of
aceto-eartmine stain.

To stain with accto-carmine, place tissue to be stained
with acecto-carmine in the stain in a wateh glass for 10 to
30 min or mount diveetly onto a glass slide in 2 drop of the
stain. Addition of a small amount of jron {rom a rusty
dizssecting needle or from a FeCly crystal will intensify the
staining,

Mounting. With root tips, transfer only the whitish
colored moristematic tip te the microscope slide. Tn the ease
of corolla tissue, remove a tiny picee of tissue frond Lae mar-
gin of a young corolia lobe and place it on the slide. Apnly
a single drop of stain over the tissue and gently lower a
clean cover slip onto the stain and tissue so that air bub-
bles are oxcluded and the tissue remains under the eonter of
the eover slip, Hold the cover slip seeurely at two corners
with the index and middle fingers while gently tapping the
area of the cover slip over the tissue with a blunt instrument
to spread aned fatten the cells. Blut excess stain from the
preparation and heat the squash preparation aver a water
hath or low spirit Aame. Healing evacuates stain and air
andd pulls the cover slip tight to the slile. For additional
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flattening of cells for counting purposes, press hetween
layers of filter or bibulous paper taking care to avoid
movement of the cover slip.

Follow the same squash and mounting procedure for tis-
sue stained with leuco-basie fuchsin, exeept mount the tis-
sue in a drop of 45 pereent acetie acid. An optional pro-
cedure invelves the use of aceto-carmine or another stain
as the mounting medium. Using a sccond stain for mount-
ing s desirable when the chromosomes are only lightly
stained with leuco-basie fuchsin or when light staining
of the cytoplasm aids in the analysis of the preparations.

Observation. Preliminarily observe tempaorary squash
preparations as just deseribed under the mieroseope for the
presence of cells at the desired stage, for cell flatness and
separation, and for genoral aeeeptability of the preparation.
Additional tapping, flattening, and heating way he required
before applying a temporary or permanent seal around the
edges of the cover slip. Nail polish or rubber ecoment are
satisfactory temporvary seals that prevent stain evaporating,
and drying. Alake chromoesome counts, drawings, and
photomicrographs from temporarily scaled preparations.
Sharma and Sharma (32} have presented detailed sched-
ules on permanent mounting procedures involving the use
of mounting media sueh as euparal.

Chromosome Numbers

Numerous cytogenetic investic.tions have hoen com-
pleted for plant tissue and cell eultures. Polyploidy, ancu-
ploidy, and rearrangemeuts involving individual ehromo-
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somes have been observed in several species (72, 39, 43)
as chromosomal changes ocewmr in eulture. In Nieotigna,
chromosome numbers of callus eultures vary widely.
For example, Fox (75) reported chromosome numbers of
130 te over 220 in a pith-deri -ed tobaeco eallus tine desig-
nated KX-1. A seeond line, not requiring auxin or cytokinin
for growth, designated 0-1 exhihited chromasome numbers
hetween 70 and 100. A relatiouship between chromosome
number and exogenous hormone supply was suggested by
the author. The chromosome numbers observed by Fox
{13} arc both ancuploid and polypleid variation from the
amphidiploid nwuber of Zn = 48 typical of N. tabacum.

Shimada and Tabata (33) observed chromosome num-
bers ranging between 40 and 215 in pith tissues after 510 7
days in culture. Ancuploid eells with ehramosome numbers
ranging between 23 and 192 were observed by Nishivama
and Taira (28} in tobaceo pith cuitures. Shimada (34)
found that tobacco callus obtained from tohaceo root tissuc
was predominant]ly diploid after 7 mo, but the chromo-
some number in Z-year-old cultures varied widely. The
designed production of poelyploid plants, ancuploid plants.
and nullisomie lines has heen preposed by Aurashige and
Nakano (26}, Niizeki and Tita (27}, and Alattingly and
Collins (27}, respectively. Variation in chromosome num-
her and karyotype changes have been observed in suspen-
sion eultures (19). In these studies the acetocarmine or
Feulgen squash techniques deseribed earlier were used.
The need for a reliable eytogenctie teehnique in determin-
ing correet chiromosome numbher in a speeies with such high
chromosome numbers and small chromoesome is cvident.

Meiosis

Meiotic analysis is most efficiently accomplished in Aieo-
tiane by analyzing aceto-carmine or aceto-orecin squagh
preparations of pollen mother cells (PAIC’s). Tor this Bro-
cedure, obtain floral buds eontaining immature anthers from
vigorous, disease-iree plants grown in the greenhouse or field.
Plants supplying the buds must be unstressed at the time
the buds are collected, A common problem encountered in
the analysis of PAIC’s from stressed plants is the elumping
together of the meiotie ehromosomes apparently caused by
the stickiness of the chromosomes. Plant eonditions that
contribute to chromesome elumping include lack of moeistu re,
nutritional deficiency, fertilizer shock, high temperatures,
disease, senescence, and inseeticide shock.

Remove huds individually from the plant and place
them directly into freshiy prepared Carnoy’s fixative con-
sisting of 95 percent cthanol:chloroform:glacial acetic acid
(6:3:1). Carefully remave the upper portion of both the
calyx and corolla from each hud to expose the anthers for
rapid penetration of the fixative. Inelude a range of bud
sizes in the collection to insure that the desired meigtic
stages are obtained,

Fix buds at least 12 to 24 h at room temperature before

staining and ohservation of the PMs. Then refrigerate
the fxed buds until used. Tn some cases, the PAICTs are
casier to spread on the slide after they have been chilled.
If the buds are not to be used within a few days of the
colleetion time, transfer from the Axative solution to 70
pereent ethanol and store in a [reczer.

Remove an individual anther from a hwl and place it
on a elean microsecope slide, Cut the anther in hall with a
clean sealpel and apply a drop of stain over the tissue.
The PMC’s contained in cach half-anther are best squeezed
from the half-anther into the stain by using a blunt, smooth,
plastic or glass instrument, Use plastic or teflan-coated in-
sfruments to avoid the introduction of exeess iron into the
stain as this resulis in dark staining of the cytoplasm. After
the PAMC’s are forced from the anther, use clean forceps to
remove the anther wall and tapetal debris from the slide,
The amount of stain used corvesponds to the quantity re-
quired for the area of the cover slip beeause excess stain
results in the less of nuinerous PAMC's when the stain runs
onto the slide beyond the cover siip.

Position a elean cover slip so that contact is made be-
tween one side to the cdge and the drop of stain. Then
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lower the eover slip slowly from the one side such that air
bubbies arc excluded as contact of the cover slip and stain
are completed. Hold two corners of the cover slip sceurely
with the index and middle fingers to prevent movement of
the cover slip while gently tapping the area over the
PMC’s with a blunt instrument to flatten and spread the
cells. Blot any exeess stain and view the prepavation under
the microscope for proper metotic stage. Accomplish addi-
tional flattening by applying pressure with the thumbs to
the cover glip area after placing several layers of filler
paper over the cover slip. Heating slightly over a steam
bath or spirit flame will provide additional eell flatiening.
Evaluste immediately so that additional stain can be added
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and further flattening done if requived. Make permanent
or semipermanent seals as in mitotie preparations.

The alcohelic hydrochlorie aeid-carmine stain solution
proposed by Snow (37) also has been used for Nicotiend
meiotic preparations. Snow's methed provides PMC's with
lightly stained cytoplasm and good detail in the meiotic
ehromoesonics.

The most studied melotic stages in Nicotione are meta-
phase T, metaphase 1T, and the tetrad stage. Obscervations
at prophase T are limited by the large number and small
size of Nieotiana chromoszomes. Chromoesome aberrations
such as laggards, fragments, and bridges can be observed
at the anaphase and telephase stapes.

Pollen Staining

An estimate of pollen viability and fertilily is often
required In the routine evaluation of ancuploid stoeks,
hapleid progenies, interspecific hybride, and other Nico-
tiana materials. The aceto-carmine procedure iz easily
performed and provides a rapid evaluation of pollen stain-
ability and size.

For this procedure, colicet mature flowers containing un-
dehisced anthers and bring them to the laboratory on the
day prior to the observation of the polien. After the anthers
dehisee, dust the pollen onto a clean microscope slide. Add
a drop of aceto-carmine stain to the polien and gently place
a cover slip over the stained pollen. Alternatively, obtain
pollen from mature, undehisced anthers by placing the an-
thers on a microscope slide and cutting them in half with a
clean ecalpel. Foree out the pollen into a drop of aceto-

Microspore

Producing haploid plants fromn anther cultures requives
determining the speeific microspore stage in the anthers
to obtain optimum plant production from anther cultures
of individual Nicofigna spp. {ch. 5} {11, 40, 42}, The aceto-
earmine technique deseribed above for pollen staining is
applicable for evaluation of microspore stage in anthers
to be cultured. The usual procedure s to squash one of the
anthers from a floral bud for stage defermination. The
remaining four anthers are explanted onto the culture
medium if the desired microspore stage for culture is
indicated by the test anther.

Giemsa

Considerable effort bas been expended to characterize
the patterns of differentiation along the tength of Nicotiana
chromosomes. Standard karyotypic analysis has included
chromosome size, chromosome arm longth, centromere lo-
cation, satellite size and location, chromomere distribution,
and heterochromatin distribution (18). More recent studies
on hetetrochromatin distribution have been ecompleted by
Burns (4} and Merrith {22). Studies have been carvied out
recently that invelve the use of Gilemsa staining and quina-

earmine stain with a clean, blunt, plastic or glass rod. Re-
move the anther wall and other extrancous tissue with for-
eeps and place a cover ghip over the stained pollen. With
both types of preparations, allow the preparation fo stain
for 15 to 30 min before observing under the microscope.

Viahle polien grains will appear darkly stained in con-
trast to the empty, unstained, inviable polien grains. Pol-
len grains are most accuiately classified, using an ocular
grid in the microscope eyepicce, by tabulating the stained
and unstained grains on a dual-entry desk recorder.

Size diffevences in pollen grains are convenlently ob-
tained from the same preparation us=cd for counting stained
and unstained pollen. An ocular micrometer s satisfactory
for obtaining measurements of polien diameter.

Cytology

The polien mitosis stage has been vstablished by Sunder-
land {38) ns the optimum stage for eulturing anthers of
N tebaewm. The microspore mitosis ean also be used as a
convenient stage for the determination of chromosome
mnuber in Nicoliona. The metaphase stage s especially
suitable Tor such determinations beeause the chromosomes
are contracted even without pretreatment and one encoun-
ters the haploid chromosome number that facilitates ac-
curate counts. This latter {eature of microspore mitosis is
particularly useful in species with high chromosome num-
ibers (eh. 1),

Staining
erine fluorescence staining i plant speries {30, 42). In
several speeies the CGiemsa bands that have heen revealed
as lateral differentiated reglons along the chromosomes are
wentienl to the heterochromatic segments as revealed in
eclls that have been cold treated or treated with ¢-mitotic
agents {30).
Moerritt and Burss {23, 24) have used Giemsa proeedures
to characterize the ehromosomes of N, olophora especially
by comparing (liemsa bands with bands observed in aceto-
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carmine stained chromosomes of eclls treated with c-mitotic
agents. They concluded that all differential staining of
chromosomes resulted from differential condensation pres-
ent in untreated chromosomes. Differential staining pro-
cedures revealing specifie patterns of handing of ehromatin
distribution in prophase or metaphase chromosomes are
useful cytogenetic techniques for distinguishing between
chromosomes in Aicotiana. Practical applications include
identification of specific chromosomes from different pa-
rental species in interspecific or intergeneric hybrids ob-

Aneuploid

The complete monosomic sevies in V. tabacwm has heen
established (7}, but as Smith (36) has noted, few other
aneuploids are available in Nicotiang {ch. 1). In N. ta-
bacum, Gerstel and Parry (17) have isolated a nullisomic
S line, Mattingly and Collins {22) have isolated nullisoniic
E, and seven different nullisomics have been isolated, but
some of these have not been positively identified {(Collins
and Mattingly, unpublished).

Aneuploid cytogenctic stocks have many important po-
tential uses to researchers. Mlonosomics ave quite useful
for locuting genes on specific chromosomes or in trans-
ferring single chromosomes from one genus, specics, or
variety to another. Nullisomie lines provide considerable
potential for assigning genes to specific chromosomes, de-
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tained from cither vexual crossing or somatic cell hybridi-
zation. Identification of individual ehromosomes is impor-
tant for the maintenance and use of the ancuploid series
such as the monosemics and nullisomic of N. ifabacum.

Banks and Bvans (1) have suggested counting the het-
erochromatin spots in interphase nuclei of N. ofophorg and
its hyhrids from cuttured cells to determire ploidy level,
This teelmique could be extended to other species that
possess blocks of heterochromatin of a sufficient size for
accurate obscrvation and counting {chs. 1, 9).

Analysis

termining genie and chromosumal econtro! on chromosomal
pairing, establishing homeologies hetwoen members of dif-
forent senomes, assessing major chromosomal effects on
specific agronomie fraits, and for transferring or substitut-
ing specific chromosomes. An extensive discussion of the
use of aneuplotd techniques in wheat is provided by Mor-
ris and Sears (25). The complete monosomie, trisomic,
nullisomie, and tetrasomic series plus many other ancu-
ploid types have been available in wheat for some time,
and the use of these types has been extensive (31). Simi-
lar studies and significant advances in Nieotiana cytoge-
neties and gencties will be possible if and swhen complete
ancuploid series arc available,

Microspectrophotometry

Several types of studics in Aicotione ranging from the
determination of nucleie acid and protein content to the
determination of ploidy levels of cells in eulture can be
facilitated by the use of microspectrophotometric methods.
Cells to be analyzed may be from somatic or meiotic tissue
of plants grown 7n vive such as we employed in an carlier
study (10). Recently, there has been oxtensive use of
microgpectrophotometric methods in the study of cultured
cells. This technique was employed by Bayliss and Gould

{2} to characterize suspension cell eulfures of sycamore
maple,

A vecent review of microspectrophotometric methods for
use in determining deoxyribonueleic acid {DNA} content
has been provided by Berlyn and Cecich (3}, This article
with its excellent hibliography is a good starting point for
the scientist intercsted in doing eytophotometrie determina-
tions. All aspeets of cytochemistry ineluding many tech-
nigues in addition to microspeetrophotoinetry are provided
in a chapter on cytochemistry by Beriyn and Miksche (4).

Auteradiography

Use of radioisotopes for the loealization and study of
biochemical events from subeellular to tissue to organ
levels is afforded by the technique of autoradiography.
Basically, the radicisotopically labelled plant specimen is
covered by cither a stripping film or liquid nuclear emul-
sion. With appropriate isotope selection and incorporation,
tissue pretreatment and fixation, film and emulsion con-
vering, exposure and development, specific biochemical
processes, and activities of cellular structures can be evalu-
ated. The salient features of autoradiographic technique
and applieations are given hy Berlyn and Miksche (4 pp.
279-290}. We have used *H autoradiography to study DNA
synthesis in Nicotiana (9). There are almost an unlimited

number of applications for autoracdiography in the study
of ccils in culture. Autoradiographic methods may also be
uscd at the level of the clectron microscope (8).

Useful radicisotopes for autoradiography inelude °H,
w(l, wEs, #p, W sTe and *"Ca. Extensive use of
“H, *C and *8 has been made beeause of the good resolu-
tion obtained from these weak P partiele cmittors, Auto-
radiographic methods are often used in combination with
other cytological methods sueh as mierospeetrophotometry.
Additional detailed information on light microscope auto-
radiography has been assembled by Sharma and Sharma
{32} and Priest {29},
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Introduction

In a majerity of instances, there is a close affinity he-
tween the extent of meiotic chromogome pairing in an inter-
specific Iy hybrid and the degree of taxonomic relation-
ships between the parent species (76, 20). The pre-Men-
delian hybridizers gave tacit recognition to this relation-

ship in their work on sexuality in plants (281, Flowever, in
a few instances, the extent of pairing in Fy hiybrids may be
Ligher ov lower than the apparent degree of pliyletie affinity
of the parents.

Intraspecific Hybridization

A cross between plants of the same species is an néra-
specific hybridization regardless of the genetic differences
among the parents or the resulting level of heterozyposity
of the hybrid. In a monogenically inherited trait, the self-
pollination of an wntraspecific hybrid or a test eross should

result in genotypic segregations of 1:2:1 or 1:1, respee-
tively. The maternal or paternal position of either parent
is unimportant unless one of them possesses a cytoplas-
mically inherited trait.

Current research on anther or tissue culture (chs. 3,
7), fusion of protoplasts (ch. 9), or biochemical genetics
{eh. 10}, often involves simply inherited traits. Marker
genes that serve to distinguish mutant from normal pheno-
types at the seedling stage are particularly useful. Three
different scediing markers—white seedling (ws), yellow
seedling (ys) and sulfur (Su)—were used recently in a
study of gunetic expectations following the production of
plantlets hy means of anther cuiture (22). Marker traits
controlled by one or two genes may be assigned to specifie
chremosome locations in Nicotiuna tabacum by means of
monesomic analyses (7, 9).

Yellow-green, commonly referred to as Consolation is a
recessive monogenic seedling marker “yg/yg” (21). It has
more versatility for experimental work than sueh markers
as “ws" or “8Su” (5) that are lethal! in the homozygous
condition. Tue cross normal green (Yg/Yg) hy recossive
yellow green {yg/yg) will produce an shundance of seeds
that arc heterozygous (Yg/yg). Sulfur “Su” is a secmi-

"Tohareo Research Luborntory, Science and Edueafion Adminisira-
tion, U8 Depariment of Agriculinre, Oxford, N.C,

27563,

dominant marker that has value for biologieal investiga-
tions. The homezygote Su/Su is lethal and the heterozy-
gote Su/s=u is viable; although somewhat less vigorous than
reeessive normal green {su/su). Yelow-green is main-
tained by selfing plants of the genotype yg/yg and sulfur
may he inereased by self-pollinating Su/su or backcerossing
Su/su X su/su. When growing sulfur seedlings, remove
mest of the green plants from the pots.

Aonogenic seedling marker traits are particularly use-
ful as heterozygotes. Evans and Puddoek (26) used sulfur
to study frequencies of somatic chromosome crossovers,
Heterozygotes Su/su or Yg/yg develop twin or single
spots on leaves that represeat groups of cells of ecommon
descent hemnizygous at the marker locus; green areas on
lonves of sulfur plants are presumably —/su and yellow
arcas on leaves of Ye/yg plants could be -/yg. Mutagenic
treatmients presumably inercase spotting frequencics, An-
other monogenic marker that is casy to seore is the domi-
nant reaction that produees local lesions on leaves after
inoeulation with tobaceo mosaic virus TV (eh. 11). The
recessive homozygote reacts to inoculation by developing
systemie symptoms of infeetion and plants with the geno-
types N/n or N/N produce loeal lesions,

When using the loeal lesions trait “N” in experimenta-
tion, ranove inoeulated leaves shortly after the plants
have heen scored. If it i desired to prevent n/n plants in
the population from hecoming infected with the virus, de-
tach young leaves, inoculate themn, and place them in
heakers of water. Tn thi= wuy lesion dcvolﬁ?mmnt can be
tletermined without endangering valuable plant materials.
Other petentially useful marker gencs may e found in
the table of monosomies listed in chapter 1.
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Interspecific Hybridization

F; Hybrids and Segregation

The contrast between inéra- and interspeeific hybrids
can be visualized by the Mendelian behavior of the former
and the essentially non-Mendetian behavior of the latter.
The difference, or shades of difference, relates to the com-
plete chremosome homology in hybrids between plants of
the same species and the partial or nonchromosome ho-
melogy that characterizes hybrids between plants of dif-
ferent species. The intermediate or gray area between the
extremes among interspecific hiybrids is scen in the be-
havior of those involving clesely related species. Such
species will have the same chromosome number, and the
extent of chromosome homologies may be very high.
Hybrids of this kind produce seed when self-poilinated
and show evidence of AMendelian patterns of segregation
for some traits.

Cytological studies of meiosis in some F; hybrids may
show evidence of chromosome irregularities that reflect the
chromosomal differences that mark the parents as different
species. A hybrid between distantly related species, or
even one between pavents in the same section, may show
reduced pairing belween chromosomes of the different
genomes. Mciosis 1n such hybrids may exhibit the typical
chromosome hehavior characteristie of monogenomic hap-
loids, Most interspecific ¥y hybrid combinations in the
genus Nicofiana probably fall into this latter category.
Their chromoesome doubled counterparts are ealled am-
phidiploids, or simply allopolyploids, when a parent of the
hybrid may itsclf be a combination of different ancestral
genomes. N. tabacum represents g typical example {eh. 1).

The relative difficulty of producing interspeeific ¥y hy-
brids increases in proporfion to the deerease in taxcnomic
relations between their pavents (20). Although some T
hyhrids are highly stabic when converted to fertile poly-
ploids, even hybrids between distantly reiated parents
share some degree of chromosome homology. There are
advantages to maintaining seed stoeks of allopolyploids
by self-pollination, particularly if the hybrid is difficult
to obtain by conventional cross-poliination. Fertile poly-
ploids may alse be used directly for experimental purposes
for example certain tumor-forming hybrids involving N,
langsdorffii or other species in scetion Alatae (ch, 1), Tf
one plans to use an allopolyploid that had been maintained
as & sced stock for 2 number of generations, then verify
the chromosome number and tost plants from the stock for
the presence of the desired trait hefore using it in a back-
crogs breeding program,

Introgression
(Incorporation of Alien Chromesomes or Segments)
Interspecific hybridization and introgression in natural
populations of plants and animals is a known scurce of
genetic variation and adaptation. We use the term intro-

gression, or introgrossive trausfer, of genetie traits in a
narrower sense. Our concern is with short-term breeding
projects. The goal of experimental interspecific hybridiza-
tion is usually the introgressive transier of a specific trait
from onc species {the nonrecurrent parent) into the genome
of another (the recurrent parent}. The trait must be ex-
pressed with reasonable phenotypic fidelity as a dominant
or partial dominant in the F, hybrid and all subsequent
hackeross generations, when nonrecurrent chromosomes are
lost at random, otherwise the preposed interspecific trans-
for could not be made {6, 17}. Foreign genes from one
species can become unstable when translocated into the
germplasm of another {14},

Chromosone pairing between the foreign genomes in an
interspecific hybrid may be extensive or minimal {16, 20)
although the Fy hybrid is usually sterile. Fertility may be
restored by treating germinating seed of the hybrid in G.4
percent agueous colehicine for about 4 k to induce
chromosome doubling, Immersion of the sceds in 0.1 per-
cent colchieine for 24 h also is effcctive. Thereafter, rinse
the seed in sterile distilled water and plant them by sow-
ing on the surface of pasteurized soil in glass or plastic,
preparation dishes (eh, 4). Transplant the seedlings later
to pots of =oil in the greenhouse and self-pollinate or back-
cross mature plants that show good pollen development
to the recurrent parent.

Three conventional approaches to interspecific hybridi-
zation for the purpose of alien transfer and incorporation
of germplasm into stable diploid lines arve {a} diploid X
diploid then doubling to produce the ailopolyploid and
backerossing to produce the sesquidipioid, (h) autotetra-
ploid X autotetrapioid to produce the allopolyploid direetly,
and (e} autotetraploid X diploid to preduce the sesquidi-
ploid dirgetly.

To iliustrate the mechantes of interspecific introgression
of desirable traits from onc species to another, designate a
hypothetical species as 83 {8 = the genome of any specics
other than N, sylvestris} and hybridize it with X tabacum
(I'TY. Make the {urther stipulation that the nonrecurrent
parent B8 can only be used as o maternal (eytoplasmnie)
parent. Parent 58 has the chromosome comiplement 2n =
24 and parent TT has 2Zn = 48. The cross 835 X TT resulis
in a sterile hybrid S/T {20 = 36), and the colchicine-
doubied allopolyploid will have the genomic complement
8S/TT (4n = 72}.

In this example, the hybrid possesses the cytoplasm of
the 88 nonrecurrent parent and will retain this cytoplasm
as long as the recurrent parent is used as a paternal parent
in backerossing. The first backeross 88/TT X TT pro-
duees S/TT (3n = 60}, namely, & pentaploid or sesquidi-
ploid. If we had been able to pollinate N. tabec: : by the
89 parent, the pentaploid eould probably have been ob-
tained direetly by crossing autotetraploid TTTT X 8§
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= TT/8 (8). Chromosome pairing in the pentaploid will
be largely between homologues of the T genomes. There-
fore, the unpaired chromoromes of the single 8 gonome
will be distributed unequally in the re=utting metoevtes,

Experienee indieates that functional gametes from the
sesquidiploid have either many or only a few chromosomes
from the uapaired 8 genome. The morphologically vartable
progeny that results from the next backeross S7TT > TT
is aptly ealied the breakdoewn ceneration.

In the previous example the 83 parent was placed in the
maternal {evtoplasmic) position to illustrate a preblem
called male-sterility associated with interspeeific hvbridi-
zation. As one introgresses the chromosome complement of
the reeurrent parent into a foreign extopiasm, the loss: of
a specific chromosome from the S8 parent may result in
plants that lave anemalous anthers and will cfectively
be male-sterile (MS) 171, Repeated pollinations of M8
plants and their MS prozeny will result in a plant with
nonreeurrent evitoplasim and the full complement of the TT
parent,

Normal-flowered (NT) plants that oecur in the carly
hackeross generations obviously possess a1 ehromosome s}
from the 88 parent that effectively controls the formation
of normal anthers. Pollination of a S plant by a NF
plant will produce a progeny that contains hoth MR and
NTF plants. Introgressing the restorer ehromosome, or pre-
ferably the s-bearing chromosome segment, into the N
tabacum genome may be possible in the same manner that
other traits are transferred vin interspecific hybridization.
Fowever, in this example, substitute the eytoplasm of the
TT pareat Tor the cytoplasm of S8 Dy using TT as «
maternal and pollinate it with a NF plant ar soon as
possible. Elimination of the furcign {nonreeurvent) eyvio-
plasm effectively eircumvents the male-sterility problem.

The number of plants in the breakdown generation that
posgess a chromosome with a desired trait will vary ae-
cording to the speeies used as the nonrecurrent parent,
Different transmission frequencics and a useful table of
eross compaltibilitics hetween N, febaciwm and other spe-
cies were presented by Chaplin and Mann (81, Selections
of plants that bear the desived trait and elosely resemble
N tabacum UTT) will serve to rapily isolute those plants
that have a minimum of chromosomes from the 8 genome,
IF the neeessary substitution of eytopiasm has been ae-
complished and pollen fertility is good, it is hest to self
the seleeted plants in an early gencration, Consult the
summary and conclusion of Chaplin and Mann (81 with
particular emphasis on the lower rate of univalent frans-
mission with inereases in backeross generations and lossoes
of extra chromosomos.

Seoring for the presence ol a speeific trait “x” [nong
plants of the self-progeny seekx to revenl a frequeney of
75 perveent with the “x” (rait and 25 percent withont it
If one alzo obtains a confirming test cross patic of 1)
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in n bhackeross progeny, this provides =ome assurance that
“X7 may have bheen integrated into the T genowe, The
minher of plantx that are seoredd for “x™ and seleeted for
further erossing should he as large as possible beeause an
alten regmental substilution i, understanwdably, a rare
event. Fven after many generations, one may find that
plants seleeted Tor a speeifie trait will not produce Men-
delinn ratios when selfed or tost erossed; wsually, the fre-
aueney of plants that possess a desived trait will e econ-
siderably less than 3:1 or 1:1. This is n function of the
lower transmi==ion frequeney of eametes with extra chro-
NOROMeS,

Cvtologieal examination of microspareevtes in plants
that produce atvpieal tnen-Alendelian) ratios will show
lageing ehiromo=omes, microevles or micronuclei, or both
feh 23, Nomatie or meiotic clromosome preparations will
show the prezence of one or more extra chronoromes. How-
ever, we gsstine that the transfer and Inecorporation of the
alien ehromosome segment has been aceomplished when
Mendehan patlerns of segrogation are obtained. meiosis is
normal, and chromosome numbers are equal to the recur-
rent parent. Thercafter. treat all sulwsequent eraszes involv-
ing the plant with the translocation and varietios of the
recurrent parent as an ndrespecifie eross.

The interspeeific breeding  sequenee mentioned above
hegan with the erass 83 % TT, The eross TT ¥ S8 is alsc
pos<ible. In erossing diploid by diploid, the product 8/T
or T/8 is sterile, but i ecan be restored to fertility by
means of colehicine treatment, In some instances the
chromosome doubling step can be eliminated by crossing
autotetraploid versions of the parents TTTT ¥ 8888 to
ubtain the allepoiypioid TT/S8 in a single step. If a
tetraploid 27 tetraploid cross is possible (compatible), keep
in mind that the autotetraploid parenis have four homo-
logous ehiromosomes of each kind and are subjeet to multi-
valent formation thal may result in ancuploid gametes;
hut thiz is of minor hnportance when the objective is the
introgressive transfor of a4 unit trait.

Transferring o specific trait from one speeies into the
genome of another i preferable beeause the final produet
s a0 ddable true-breeding entity that may be intererossed
with any sumber of varictios of the recurrent parent. Fow-
ever, heeause interspeeifie scemental or gone transfors may
be long-term procoduses, developing 2 line that contains
moentire alien chromosome way  be expedient. This is
accomplished by alien chromosome =ubstitution (2n = 46,
-4 21 or by alien chromozome addition {2n = 48, + 2,).

Holmes (791 attempted to develop a line of tobaces with
resistance to TAIV. His souree of resistance wns the alio-
polypleid combination N, glutinosa 2 N, tubacum (G
TTi. After o number of hackerosses and self-poliinations,
Holes produced a line designated Holmer’ Samsoun. The
line resembied N fabacum, possessed 48 chromosomes, ox-
hibited perfeel chromosome pairing at meiosis, nnd reacted
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to incculations with TAY by producing local lesions. Ger-
stel (71, 12, 13) demonstrated that lelmes' Samsoun was
an alien substitution beeause when it was erossed with con-
ventional N, labacion, the ¥y hybril showed 23 bivalents
of N, tabacum and a univalent from N, glulinose (Hg)
and cne from N, tebacwm (Ht)r. Current varieties of V.
tabacum that possess the local leston rvesponse to TAIV
represent a segimental substitution wherein a portion of the
IIg chromosome has been franslocated (incorporated) into
the Ht chiromosome {15).

In a study of male-sterility based on the evtoplasm of
N. bigelovd, a normal-flowered line waz produced that had
23 bivalents (7). Reeently an alen addition line was pro-
duced, characterized by the prodoction of normal flowers,
in which plants that lacked both alien chromosomes de-
veloped distorted male-sterile flowers. Tn the last named
instanee, a single alien clromo=ome controled development
of normal flowers,

The alien addition ling was obtained by producing hap-
loid plantlets from anthers of a normal-flowered plant of
the chromosome constitution 2n == 48 4+ 1. A few normal
flowered plants (n=124 4 1) and abnormal-Aowered
plants n=24-4-01 were obtained. Colehicine treat-
ment converted the n=24 4-1 nlants tfo 2n =483~ 2.
These plants had 30 chromosomes but were slightly
unstable, Self-pollination of the 50-chromosome lines re-
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sulted in progeny with about 3 pereent abnormal-Aowered
plants. Thi= use of anther culture offers o means of oh-
taining instant homozygosity and alzo alien addition lines,
However, keep in mind that alien substitation ar alien
adilition lines may remain stable only if they are sell- or
sib-pallinated, Crossing them with conventional diploids
will only result in cventusat loss of the alien ehromorome.

several ancillary approaches (o hybeidization exist that
ean be emploved when incompatibilities prevent the de-
velopment of a viable hyhrid, One of these is the bridge-
erose method wherein o mutually compatible  bridging
spevics = first crossed to one species and, after several
hickorosses to the bridee speeie=, the buckero=s products
are crossed to the geeomd speeies, This was demonstrated
i bridgeeross of N, repande through N, sylvestris to
N tabacum (21,

Another variation on interspecific hivhridization i to use
W monoesomic N fabacwm (21 = 47} s one parent in the
cross, Hybrids of N. faburum > N. langsdorffii were ob-
tained (31 by using monosomics of the former speeies and
diploid forms of the latter. Most of the suecessful hybrids
invalved Monosoiic “A". Sommatic ehroniosome counts of
hybrid eells showed 32 figures, This suggested that the
funetional gamete from the monosomic parvent was defiei-
ent for one chromosame.

Technology

A fow simple tools, healthy plangs, careful emaseculation,
froedom from contamination by foreign pollen, a reazanable
lovel of erosz fertility among the parent plants, and the
recording of cresses meet the basie requirements of the
plant hybridizer. Use o pair of fine curved-point l[oreeps fo
slit the corolla and emaseulate the biossom. Tn the case of
N fabgewom, and many other speeies, remove the anthers
just before the eorolla unfolds. Several exceptions apply
ta this peneral rule. In the ease of N, repanda, the anthoers
are ardnate to the stigma, the anther walls usually break
tlown, ane the contents of the anther adher to the stigma
hefore the flower matures,

Anthers in the later-formed flowers of N, nuicanlis may
dehizee hefore the corolla unfolds and seli-pollination will
oceur, Emaseulate the Howers of these speeles several days
hefore eross-pollinations are made. One ecan become ac-
quainted with the nature of the self-pollination mechanisms
in these species by slitting their corollas and abserving the
stigma and anthers at various stages in fower development,

Ordinarily, poliinations are made  immediately  after
emasculation, but one can waif from 18 to 24 h alter
emasculation before applying pollen (771, The glistening
and sticky surface of the stigma is touched with o newly
dehizeed anther, or pollen may be applicd with the aid of
a small artist’'s brush (size 6/128 to 10/128). Brush pol-
lination aids seed set in some self-fertile gpecivs, and sib-

pollinations are required to produce seed of self-stertle
gpeeies el 41, Tnsert the brush used to transfer pollen
hetween  siblings. handie down, in a pot. Tnexpensive
brushes with plastic handles are preferable to those with
wooden handles as miercorganismal activity will cause the
lattor to vot, T1 pollen of n desired pavent ix unavailable
from living plants, use pollen that was collected at an
earlier time and stored Trozen in gelatin eapsules (78).
Gwynn® has found that frozen pollen Trom N, tabacum
may retain viable for as long as 7 yr,

Tf a parental plant is suspeeted of harboring o mechani-
eally transmitted viras, sterilize the instruments in 76 per-
cent elhanol. After o pollination has been male, place a
length of drinking straw, slightly longer than the pistil,
over the stigma and evimp it by folding fo prevent eon-
tamination by self- or forcign-pelivn. Use ol straws is
probably unneeeszary if plants are well spaced on the
greenbouse  beneh, mature blossoms are removed, and
neither inscets nor exeessive air movements present a prob-
lem., Furthermore, under mo=t  eireutastances, a stigna
thoroughly covered with the intended pollen offers sul-
ficient proteetion against rontamination. Usualby, fertifiza-
tion ix alieeted within 1 to 2 o Mark individual erosses
with o =mall, <tringed kev tag, Moisten the string before

Pprsonil eemmupiention.
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looping it arcund the pedicel otherwise the flower may be
severed when the string is tightened. Whenever a number
of identical crosses are planned, time can he =aved by
marking the tags in advance of pollination,

Generally, seed of most Nicofiana spp. will mature about
23 d after pollination. Seedlings of N. tabacum may he
obtained carlier by scraping the developing seeds feom the
carpels about 18 d after poilization and treating them
in 0.5 pereent zodium hypechlorite (Clorox: water, 1:9)
for about 10 min. One or two capsules of N. fabacum will
contain cnough sexd fo maintain a breeding line, but the
seed yield per capsule of othier species may he considerably
smaller.

Some Vicotinne spp. are esventially day neutral whereas
others requive special temperature and dny-length condi-
tions to imitiate flowering (ch. 41. Thercfore, when plan-
ning specifie hybridizations, consider the day-length re-
uirements of the speeies involved, unless you ean freeze
pollen for use at a later time (18). Certain crosses may
require o multitude of individual pollinations with the
hope of obtaining a single seed among many mature eap-
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sules, for example, the eross diploid X, rustfica ¥ diploid
N fabacwn. Diflicult hybridizations may vield o paueity
of shrunken seed of a smaller than average size, Althoush
meost seeds of this kind are often inviable, some of them
may be indueed to germinate i they are sown on soil in
covered plastie or glass preparation dishes (eh. 43, When
seeds are Hmited in monber, do not teeat the seedlings with
voleliieine, Selecting the most vigorous plants = better for
arexual propagation Teh. 43, Tader, treat the growing peints
of the clonad material with 0.3 pereent agueous eoleliicing
three times a day for 3 dayvs to induee ehromosome doubl-
ing,

Premature blozsem drop may be avoided by the use of
6.5 pereent indolencetic acid in lanolin, Apply it by dip-
ping a needle into the preparation and seratehing the
pedicel at = point of attachment, This freatment will
eause the blossom to remain on the plant regardiess of
embryo developinent and, therefore, offers no gnarantee of
a suecessful hybridization, On the other hand, syngamy
serves to prevent abseission,
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Infroduction

Many Nicolinna ~pp, are native to Seuth Ameriea with
the remainder distribuled througlt Central Aineriea, west-
ern North Ameries, Auvstralla aud various islands of the
South Pacifie teh. 1y 12, 01 Considerable diffieuity may
he encounfered in growing =ome to maturity in the Eastorn
United Rtates and =tmilar regions beeavse of thelr spe-
ejalized  temperature and  dav-length  requirements for
growth, flower dovelopment. and seed produetion. Most
spocies are not cultivated. However, N, fabacum, and to a

losser extent N, rusticn, are cullivated: they are called
tobuecy, Beeause of thi= domestieation, these wo species
are adapted to a wide range of vnvironments. Tobaceo,
primarily V. tabaewm, is erown world wide from latitude
60° N, to 43° N Threoughout this wide range of climatie
caidditions the lmiting factor for seed produetion is the
wumber of frost-free days. Opthmomly, mature sced can be
produced in about 90 days lollowing transplanting but in
cooler climates more time is required,

Seed Germination

axteemely small seed and deliente seedlings are ehar-
actevisties of all Niesdiwone spp. For example, N, tabacum
seeds number about 10,300 por gram. The Hiv<l requiremoent
for growing seedilngs » a sterile medium, Vermieulite, a
commereial mixture, or o sterilized, greenhouse soil mixture
euntaining sandd, Towmy <oil and sphagmnn peat moss may
be used (71, Forty to 30 seeds are sown por 10-em clay pot
or other suitabie container.

Nicoltana seediings spread oot and form short stems
unless semewhat erowded. Seed sown on the swrlaee of ver-
miteulite or similar codrse inedia need not be ecovered, How-
sver, if sowing on the surface of conventional potiing soil,
cover themr with o fine laver of vermiceulite. Pliee pols in
deep saueers and add water to them =o that it will rize to
the lovel of the =eed by ecapillury action. Water applicd
frina above may cause the seed to be pushed too deeply
into the medium or foreed from the pot.

Most =pecies will produee visible cotyledonary leaves in
3 fe 7 d if the greenhouse temperature w maintained
between 21 to 27 (% A= =oon ag the seedlings bocome estul-
liched, water them from the top. Tf the medium congists
solely of vermiediite, add about 130 mi of Hoagland’s so-

Folneeo Rezeaveh Labordory, Setenee nnd Bdoeation Adinini-trm-
tion, W8 Departinent of Agriculture, Oslord, N.C 27365,
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Intion €77) Lo the =aueers about 1 wk after gerination and
agnin about 2 wk later.

Seed of N, aocliflora and N wigendioides may take as
long ax 20 to 30 d tu germinaie. Plant delicate seed of
thi= kind on =0il (zee mixtore for growing seedlings in
areenbiouse)  eonlained n plastie preparation
dishes, Cover nnd place them in an environmental chamber
(30 C for 12 to 14 h dayv-length at 4,000 fuxi,

Seed alvg may be =uwn in a proteeted hot bed or cold
frane (81 using =01l treated with =team or with methyl
brondde 1), Aded abont 300 ¢ of 2 loeally recommended
complote fortilizor, such as 12-6-6, per =quare meter, Mix the
fortitizer thoroughly in the top 3 to 8 em of soi} helore seed-
ing hecau=e too high o cuncontration of fertilizer ean In-
hibit gormination, To distribute the seetd uniformly on the
seed bed, mix them with an inert material such as sterile

ar

wlixs

amd before zowing 10.06 g seed/m?). (over the plant beds

with glase, elear plastie, or choeseeloth 110 by 11 threads/
en®t depending on temperature and loeation. When using
gither glass or cheeseeloth, earcfully waler the beds fo
prevent surface dreying, TF plastic = used, thoroughly water
the beds just hefore pulling on the plastic cover, The heds
will gonerally then need noe more water hefore the seed
germinate. Thereaftor, water as neederd. When plants are
exposed to direet sunhight, vemove the glass or plastie
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covers ¢luring the day to prevent excessive heat buildup.
When using plastic covers, perforate them with 0.6-em
holes, 5 cm apart,

SBeed dormancy is usually associated with newly har-
vested sced. To induce germination of sced of N. gossei.
and other species in seetion Buaveolentes, treat them with
2 pereent sodium  hypoehlorite (Clovox:water, 2:3) for
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15 to 30 min; then rinse and Dbricfly place in acctone (3).
Seed of sueh species ordinarily will lose dovinancey after
about 1 v of stornge, However, N, spegnzzing seedd has a
streng dormancy that may persist longer, hut it can be
overcome hy soaking the seed in 50 ppm gibberellic acid
for 10 min followed by 2 pereent KNOy for 10 min. Sced
of N, noctiflora may also benefit from the same treatment.

Plaut Production

To maintain plants in a vigorous condition and realize
maximum growth, transplant seedlings into 3- to 7.5-em
peat pots, 3-em clay pots, or 3- by 3-em plant bands or
other suitable containers when they arve about 4-em high,
The growth mediwnm should be a sterilized greenhouse mix-
ture such as loamy soil, acid peat moss and builders’ sand
f1:1:1, v:v), One may add supplanental fertilizer but
providing Hoagland’s solution at weckly intervals until
the plants flower is preferable. Do not overwater, When
the plants have become established, keep them slightly on
the dry side as an aid in preventing stem and reot discases.

Depending on the speeics, again transplant to larger
pots about 3 fto 3 wk after the first transplanting. Do
not transplant diminutive speeies (table 4-13. These will
grow well, fower, and produee seed in the original seedling
pot il the stand is thinned to about 6 plants per pot. Also,
seedlings of V. acaulis are difficult to transplant. Larger
gpecies such ns N tomentosiformis da bhetter when grown
singly in containers Z3 em or larger. These larger contain-
ers will suffice to hring most species into Hower and permit
hybridizations and sced inercase itable 4-1). This is par-
ticularly important for some of the late-flowering specics,
requiring 250 « or longer te flower, that mwwust be grown
to maturity in a greenhouse.

If seedlings have heen produced in a plant hed, trans-
plant them to small pots or plant bands so that a zood root
system is established before transplanting {o field plots.

Plants of V. fabeewm or N rustica will grow well when
pulled bare rooted from a plant bed, but most other spe-
vies will net survive this treatment. Many speeies do not
perferm welt under field conditions. owever, if one must
orow them in field plats, plant in well-drained oil to avoid
drowning and hand cultivate them to control weeds. Local
soil condifions will detemnine the [ertilizer requirciment.
Apply it in o gphit application; one-half in bands below
and to the side of the roots and one-half as a sidedressing
4 wk after transplanting.

Soitborne diseases and algae can lmpose severe restrie-
tions on seed germinalion and survival of =ecdlines (ch.
12}. Airhorne spores of Peronospora febactna, the causal
agent of blue mold, may pose a problem in the greenhouse
or plant bed {72). As 1 general rule, disease and inseet
problems can be kept under control hy strict sanitation
practices, by spraying or dusting with appropriate pesti-
cides, and by sterilization of soil and containers (1, 8, 12).
Beeause of potential disease problems, confine the vegeta-
tive peried to a minimum. Suseeptibility to stem diseases
{hactorial =oft rot and sore shin) zometimes makes it dif-
ficult to maintain late hlooming species such as N, tomen-
tostforndds, ofophora, tomentosa and glowea in the green-
house for the long periods required to obtain secd, Aphids
and white flies, as well ax other insects, nmy be bother-
sume in the greenheuse and to a lesser extent in feld plots.

TanLE 4-1.—Requirements of floval induction and seed production of Nicotiana spp.

Speie Bur® wi RS o LN e Tt wi QR o5 g
acaulis' ... ... i, Mar — - — — S borarensis' .............. Mar — - Oct — s'm
geuminata. .. ..., ........ Mar Jun — - - -} Sep — — Feb —

Sep Dec Feb Feb Apr eauicola, . ..ol Mar Nov — - - s-m
alata®, ..o Mar — — Oct — m Sep — - Mar —

Sep Apr Mar Feb Mar clevelandit ............... Mar Jul — - - s-m
amplexicaulis. .. .......... Mar Aug -— - — s-m Sep Jan Feb Feb Feb

Sep Dec — Feb — cordifolia* . ... ............ Sep — — Apr — m
arentsii' ... .. ... .. ....... Jun  — — Jan — ] corvmbasa ... ... ... ... Feb Aug — - — ]
attenuata ................ Mar Aug -— — - m Sep Mar Mar Mar Mar

Sep Mar Apr Apr Apr debreyi................... Mar Jun — — - m
benavidesii . . ............. Sep — — May — 1 Sep Dec Jan Dec Feb
benthamiena*. ............ Mar Aug — — — m “eastii" 4nfsuaveolans). ... Mar Jul — —_ — m

Sep Dec — Dec — Sep Dec Jan Dec Feh
bigelovii ... ... ... ....... Mar Jul - — — m exeelsior .......oov oL, Mar Jul — - — m

Sep Jen Mar Feb Apr Sep Mar Mar Mar Mar

See footnotes at end of table.
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TaBLE 4-1—Requirements of floval induction and seed production of Nicotiana spp—Continued

Sowing Flowering Date’ Plant
W CL WS C-

N Sowin Flowering Date®
Species Date Size? f w cL WS

Species Date

exigua Mar — — s repanda Mar - -
Sep Mar Jan Sep May
forgetiana’® Feb — Sep m rosulata Mar —
Sep Apr Sep Mar
fragrans Mar — rotundifolia Mar -
Sep Sep Mar
Mar rustice var. brasilia Mar —
Sep Sep Jan
glutinosa Mar rustice var. pavonil Mar Dec
Sep Sep Feb
goodspeedii Mar rustica var. pumila Mar —
Sep Sep Feb
gossei' Mar sanderag® Mar —
Sep Sep Jan
hesperis Mar setchellil* Mar Feb
Sep Sep Apr
ingulba Mar - simulans Mar —
Sep Sep —
knightiana® Mar sclanifolia Mar
Sep Sep
langsdorffii Mar spegazzinii Sep
Sep stocktonii Mar
Lk viris Mar Sep
Sep suaveolens Mar
longifiora var. breviflora .. .. Mar Sep
Sep sylvestris Mar
longifiora var, grandifelie®, . . Mar Sep
Sep tabacum Mar
maritima Mar Sep
Sep thyrsiflora Aug May
megalosiphan Mar tementosa® Mar Apr
Sep Sep Apr
miarsit Mar tomentosiformis® Mar Mar
Sep _ Sep Mar
nesophiia Mar trigonophyfla Mar -
Sep Sep Feb
noctiflora® Mar umbratica Mar —
Sep undulata Mar Jan
nudicaulis Sep Mar
Sep ' velutina® Mar -
occidenialis Sep Mar
Sep wigandicvides* Mar Feb
olophora* Sep — Feb
Sep

' The month that flowering occurred is indicated under the respec-
tive conditions of temperature and day length: warm-long (W-L}, cold-
Sep long {(C-L), warm-short {W-5} 2nd cold-short (C-S}.

* Size designation at maturity: 8§ = small, s-m = small to medium,
m = medium, m-{ = medium to large and | = large. The 5 and s-m
plants may be grown in 10-cm pots but it is more econemical to grow
several plants in the same pot; m planis alse may be grown ia 10-cm
pots. Plants of m-] size should be grown in pots 18 cm or less, Most
I-species will grow well and produce an abundance of flowers when
grown in ciay pots 18 cm or larger diameter. Plants of M. thyrsiflora
benefit from soil containers about 30 em diameter.,

+ Self-sterile species that must be sibbed.

* Species in which brush pollination is helpful.

palmeria

pariculata’

Sep
pauciflora*

Sep
petunioides’

Sep
plumbaginifolic

Sep
raimondit*

Sep

Flower Induction

Most Nicotiana spp. are day voeutral sl do not pose 8 grown under rather specific conditions of day-length and
problem in flower initiation, but some will only flower when  temperature {4, 14, 15} {table 4-1}, Excepting N, glulinosq,
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other moembers of =ection Tomentozae flower from Junuary
through Mareh at latitude 36° N., provided they are main-
tained in a vigorous vegetalive condition for af leust 4
months befure flowering. For V. aeanlis, an artificial day-
length of 22 b is optimal for flower induetion {35). The
conditions required to induee fowering in N, thyrsifiora
are cqually bizayre. One must start seedlings in August or
September, maintain them in a vicorous condition, and
provide a day-length of 8 b during April to induce flower-
ing in May {4). These conditions must be strietly adhered
to Hf flowering is to he induced in greenhouse-grown plants.
An artificial vegime using a controlled environmoent cham-
ber may also be used (3).
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SRowing =ceds of N wigandioides in September is prefer-
able to sowing them i Mareh (4) beeause the plunts wil
only flower in Febroary under the cooler temperatures and
shorter day-length of that peried of the year. Although
umder most eircamstanees N tabaewm 2 considered to be
day neutral, cortain aceessions sueli as the mannoth fype
will enly {lower during short days. Under short-day con-
ditions =pecies belonging to the seetion Alatae, N. repanda
and a few others will form a rosette and not begin to flower
until Mareh or April. They can be indueed fo lower carhier,
however, by applying two drops of a 10-ppm gibberellie
acid solution to the eenter of the vosetle at 2-wk inter-
vals.

Seed Production and Storage

Self-ieompatibility  wmong  ecrtain Nicotitna  species
lalata, bonuriensis, forgeliuna. longiflora var. grandifolia,
noctiflora, petunioides, and sandecac) imposes a Lmitation
on seed production (41, Populations of these speeics must
contain plants of different mating tvpes, and sth-poliina-
tions must be made among them to obtain g seed inerense
{71, Grow 10 or more plants of these self-incompatible spe-
cies, and periodieally cross-pollinale them with an artists
brush in a random manner so that a mixture of poilen is
distributed among all the mature flowers {eh. 3). Pollina-
tion of rume self-fertile species also i+ aided by using a
brush to transfer pollen, They inelude N, acaenlis, arenisti,
benthamiana, cordifoliv, glaura, gossel, knightiona, olo-
phora, panicidala, pavciflora, reimondil, scichellii, tomen-
losa, lomentosiformis, veluling, and wigandioides, Speeial
problems oxist with vespeet to the vellow- und red-flowered
forms of N glauea (137 and the grandifolia variety of
N dongiflora; that is, the latter speeies is self-incompatible
when grown at Beltsville, M. £39° N3 and =ell-eampul-
ible at Oxford, N.C*. {36° N1,

A seed increase of N fabaeum or species with a similar
growth habit i+ made in the following manner: Alow the
fiower head to produce from 20 to 30 flowers =0 that the

Vegetative

Most Nicotiara spp. ean be asexually propagated by
stem cutlings or axillary shoots. In the first ense, reniove 2
portion of the sialkk and cut it into pieces so that cach has
at least one node and that an entire leal or luge portion
thereof remaing on the cutting. Plunge the cutting into
meist vermicutite and pinee the eontuiner in a shaded lo-
cation. Treat axillary shoots or suckers in the same mun-
ner. IF not present in sufficient numbers, they ean be in-
duced by removing the apical meristem.

A systematie <udy of reot regencration and shoot de-
velopment in all species hias not been made, Thus, for sume
speeies wse rooting hormones, such as indole-3-hulyrie ncid,
and place the cultings o shoot tips under mist (70). [ox-

stalk i strengthened, remove all mature fBowers and doe-
veloping capsules, dust the Bower bead with an insgeti-
cide =uelt ax earbaryt (-naphthy! methylemrbamate}, and
cover it with o §- or 7-kg wet-strength paper bag, The bag
may he stapled around the stalk or tied if one wishos {o
remove the bag to make individual erosses. [Tarvest the
seedd hetween 43 to 35 o alter bageing. Tn the Sreeil-
house, Ixolate a single plant and allow it to self-pollinate
mdurally, taking preeautions agninst pollen contamination
if the greenhouse i upsercencd or erowded {eh. 3V, The
eap=tle will {orn brown and the seeds will be mature about
28« after pollination. Tn shout 40 d, the eapsule wiil be
completely dry.,

A low refative hnidity (RI ix neeessary when seeds
are stored for more than 1 yr. Viable sced have heen
nuuntained for 10 yr or longer under controlied condi-
Gons, Seed stocks shoukd be maintained in a eontrolted en-
vironmient room at 4 to 5 ¢ and 40 o 42 porcent RH,
Store seed of breeding lines and marker stoeks that are
uredd Frequently in heavy duty eoin envelopes when short-
term ~torage 15 contemplated. When longer Gmes are re-
iredd, sl glass vials ave wore desirable,

Propagation

perience has indieated that N eeanldis is very difficuli to
propagate vegetatively. Fur some speeies, when limied
plant material = available, w shoot may be obtained by
excising an axilary bud and selfing it in =01l containml in
a glass or plastic prepuration dish. Cover the dish to pro-
vide a humid and proteetive enviromment for the buds,

In deal propagation, an entive ical or smal) portion
thereol ix cut to inelude a portion of the midrih or seeond-
ary vaseular strand. The vasenlar portion of the loal,
proxuad {o the stem end, i dipped i 0.3 pereent indole-
acetie aeld swepended W fadewn, The treated leaves or
purtions of leaves are planted in shuded rootinyge heds con-
taining an absorbent soil mix cquivalent to the formulas
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for the John Innes “Seed Compost”, vr Cornell “Peat-iit
Alix C" {10). The petiolar end of the vaseular strand on
the leaf dise, leaf part, or entive leal responds by forming
& callus and initlating roots in 6 to 8 d (6. Shoots emorse
in about 3¢ d.

The method of ehoice for rapid propagation by usexual
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means s from axithuy shoots beecause the size and vigor
of the detached braneh assures rapid vooting and top
growth., Use of axiliney shoots iz alzo muandatory i one
wishes to preserve an existing ehimera. Prapagation by
means of adventitious shoots 1= usefnl when one dexires
to separate # chimerteal plant into itz componoent vell fypes.

Grafting

Approach ar cloft grafting of Nicoliena spp. is velatively
simple. The approach graft invelves relatively tender secd-
lings that receive longitudinal cufs 2 to 3 em long on their
adiacent sides so that approximately half of the stom ix
removed from cach plant. Press the eut surfoaces togethoer
to obtain a good fit of their respeetive vaseular syslems
(103, Hold the grafted arca togother by a looscly wound
length of rubber band, Tn =ome instances, join the out
faces on the stems with the aid of a spring-type, wooden
clothespin. The shoot of the =tock donor is removed im-
mediately, and the stem of the intended scion is cut free
in about 14 days. Evidence of callus developient in the
region of the graft indicates the time fo remove the rubber
hand or clothespin,

The cleft graft has the advantage over the approach
graft that plants do not have to be matehied precisely for

size, Cut the stoek fransversely and #plit the stub to a
depth of 3 enr or more (703, Cut the se1on to o wedge-
shaped point and insert i n the split of the stoek. AMateh
the vaseular systems of the stork and =eign. The eleft
oraft newsl not be supported by o =take # Uhe seion i rela-
tively short, Tlold the eraft logether by weapping it with
s osteip of avion steclking or similar olaztic mesh that is
Found in cortain types of sterile bandages. A disadvantagoe
of the cleft wralt 1= thal it reguires profection agninst dry-
ing conditions. TTowever, thiz ean be overcome hy placing s
plastie bag over the grafted plant and fastening it around
the base of the pot. Rewmove the bag in about 6 days. An-
other wav to prevent moisture loss from the scions is to
place the grafted plants in a mist ehamber {or about 6
duyvs,

Addditional tvpes of grafls are deseribed in chapter 11.

References

(1) Baker. Konneth oo 1957, The T O svedem for produring
healthy conluiner-grown plinis Cohifornin Agrienltieal ¥x-
perimen| Siation Manual 23, 332 pp

{2) Burhidge, Naney T. 1060, The Australiin spevies of Nien-
tann T (Relannceas). Anstealinn Journzl of Bolany §:302-
380,

{3 Burk, L. €. 1837, Overcoming seed dormuaney in Nicotinnn.
Agronomy Journal 49:4al,

{£) 1967, Presorvalion of  Niesttenn  spovies  eolleelion,
Tobaceo Science $1:120-123,

{53 1971, Induction of fBowering in Nicotinne aeonfis and
N. thyrsiflore.  Tolmero Seiches 18:27-28.

{6} 1975, Clonal and selective propugition  of tolwmeco

from leaves. Planl Seienee Letiers 4:009-15.

{7} Brewhaker, J. 1. 1264
of Aodern Genelies Ropies.
N 136 pp.

Agrieultura] genetivs. To Foundaiions
Prontiee Hull, FEuaplewood Cliffs,

(83 Chaplain, 1. 1 and others, 1076, Taobaceo pradneion. T8
Depaelment of Agrieubiare, Agriealioes] Teformntion Bulletin

2450 77 pyn
(o} Gooilpeaml, T. Ho 1951 The Uenus Nieotiopa,  Chronien Bo-
tanien, Walthain, Mas=so 5346 .

tiay Iavtmann, H. T, and 1L E, Koeslor
Prineiples and Practicss. 2nd Ed.
Cliffs, NJL 702 .

iy THoaeland, D0 Ko oand W. 5 Sowder. 19330 Nuleitton of the
strawherrsy plant under conbolled eondition= XAmeriean Ho-
viely for Hortivaltural Seience Proeeedings 30:288-204,

012y s, (1 B 1995,

1908, Plani{ Propagalion,
Prentive ITall, Koslowoord

Disoases of Tolueeo, 3d B Biologieasl
Consulting Associzies.  Roleigh. N 621 jap.

(13 Pandey, Ko KD 1961 B Gene polymorphiam in
Cienpiieal Researeh 10:251-258,

{74} Steinberg, RoAD 19370 Spme growih requirements in the gonus
Nieotiana,  Tobaero Seienee 1:99-102,

{I5) —— 1954,
Liqne species in the greenhouse amd leld,
Jridt-1as

Niroding,

Factors influencing reproduction of some Nico-
Tabneeo Reieiee




S
HAPLOID PLANT PRODUCTION AND USE

M. I. Kasperbuuer and H. M. Wilson

Anther enlivne oo e 13
Tntroduclion ... ... .o o 13
Media preparaion ... ..o RE
Haploid plant prodnction ... . o0 e 13
Twmof haplotd plants oo, i e 33
Reconstitulion of diploids from haploids ........... ... ... 33

Pollew eulliee o 3o
Cuiture mending ..o 36
Physislogieal staius of donor plants ... ... ... ... .. ir
Seleetion amd prefeeatment of anthers for pollon extvacijon 37
Pollen exbraction teehnignes and culltre oo 0ot iiiats H
Recovery of hapleid plants ... ... . . o L i3
DISEUSSIOn L. 38

Referonces L. i

Anther Culture'
Intreduction the medium, stiveing constantly, until the agar mclts. Ad-

Hapleid plant production from immature anthers of
¥reotiana tabacum is relatively caxy. Haploids ean he eul-
tured in large numbers, sercened for disonse resistance, plant
form, chemical content, and =0 forth, and then diploidized
to produce homozyvgous lines.

The primary requircments for sueeessful anther eulture
are haploid cells that divide and organize snd a suitable
culture environment. Different genetie linos somctimes dif-
fer in response to a given chemical and physical envieon-
ment. Consequently, methods used for production of hap-
loids and diploidization may differ slightly according to
the plant materials and laboratory objectives. Pollen and
anther culiure have been reviewed by Nitseh (23) and Sun-
derland and Dunwell {22). This section iz based on the usoe
of anther and tissue culture in tobaceo physiclogy and
geneties by SEA scientists at Lexington, Ky.

Media Preparation

Stock solution components and final contents of the
media—A, B, and R—are shown in table $-1, The oniy
differences between anther, budding, and rooting moedia
are in the content of auxin and eytokinin,

Prepare stock solutions by dissolving chemicals in glass-
distilled water and store them in glass-stoppered bottles
m darkness at 5 C. Only the sucrose, agar, and inositol
are weighed out cach time, Add the stoek solutions and
woighed components to distilled water and bring to the
desired volume with additional distilled water, Then heat

Wrepared by AL L Rasperbauer, Tobacco Produrtion, Cuality and
Breeding Research, Seience mnd Bduention Administenlion, T8, De-
partment of Agriculture, Lexinglon, Ky,  40306.

Just to plT 3.8, using 2.V NaOL, before autoelaving at 121 ¢
for 13 min. The medium can be autoelaved direetly in cul-
turce flasks or test tubes, or in larger flasks. followed by pour-
ing to Petri dighes, If the latter procedure is used, place the
autorlaved fiasks in a sterile transler clhamber. When cool
enough to handle, pour 50-ml aliquots of medinm inte sterile,
20~ 0 100-inm plastie Petri dishes, This size dish is con-
venlent to use beeause 10 or more anthers can easity be cul-
tured in each, and planticts ean he removed casily. Stack
the «dishes on laboratory shelves to eool overnight and then
cover with plastie bags to reduce evaporation.

Haploid Plant Production

Seleet floral buds containing anthers at first polien di-
vision front bealthy plants. Greater success is usually at-
tained with anthers from the first flora) buds than from
buds developed on plants that have heen flowering for some
time, We prefor to excise the entire inflorescence and im-
mediately place the eut end in o fask of water, The floral
buds can e processed inmmediately or stored at 5 © in a
refrigerator for 24 to 48 h. Some investigators report in-
eressed plantlet produetion following chill treatinent {13}.
Usually, floral buds with the corolla visible just beyond
the calvx will contain anthers at the uppropriate stage of
developmient, adthough various genotie lines differ in cor-
relation between meiotic stage and external bud appear-
ance. This stage is deseribed as “Stage-2"" by Nitsch (18)
and a8 “Stage-4" by Sunderlund and Duanwell (22). When
targe numbers of haploid plants are desired from a given
fine, select numerous buds of about the size deseribed
above and culture oxtra anthers rather than pursue the
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Taurs §-1—Composition of media for culture of haplotds

Culture Medinpd

Final
Coneei-
tratian

Constituent Sinek sointion Stovk

Millilite v
pir
fite v
Anther Coiture Medivm (A=A edivm )
1EDTA A 0.50 ki
Fed 500, 38

Grams
mr
liter

Milligrams
mr
? e i

NH.X0,
KXOs

82,50
95.00

H.BO, L2
KH-PO, RN
K1 166
NinATeQ -2 L0 030
CDCi:' 6}1:0 005

MeSG, 7.0
Mak0.-H.0
Zn80,-7H:O
CulS0, 3H.0

Call-2H0
Thiamine-FHCl
Nicotinte acid
Pynidexine- HCI
Glyeine

NAA?

Kinetin®
Suerose

Agar

myo-Thosiiol — — -

Biedding Medimn (B-Moedivn}
Composition s denticnd with thut of A-Medinm, excepi ihat 3 i)
af the kinclin gock solution = wsed giving a linal coneentriion ol
2 g/l

Rooting Medion (E-Medionm}
Composilion is wentienl with that of A-Medium exeppl that no
Einotin or NAA s weed, agaor s redueed (o 3000 nwe and all otle e
eomponents tre half strength, '

"Bring components to volune with glese-distitlod water, Mdjust pll
ta 38 with 2 NV NaQIT Infore nuloeboving nt 121 O for 15 min

Dlodium's madified from thit of Muorashige and Skoog (ch. 7),
{12}, ss usedd by Kusperhbauer and Colling (76},

Cmailer minounts of naphlthalene acelie acid (NAN) and kinetio
stock soluiions we normally prepured boctuse of the small vobime
used.

time-consuming  proeedure of mieroscopieally  examining
one and eulturing the other four anthiers of each bud. TTow-
cver, the intter approach ix desirable when the objeetive
is to maximize the pereentage of anthers that produce
plantlets,
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Decontuniinate the plant material in a sterile transfer
chamber. I the infloreseence is oo large to couveniendly
handle, ent it into smalier segments. Remove floral buds
that are larger or smaller than deseribed above and wash
the floveseence in 70 pereent ethanol for 30 =ee {ollowed
by 0.8 pereent sodium hiyvpochlorite (Clorox:water, 3:17)
for 3 min. Dip all forceps and xealpels in ethanol, fame,
and ool them befure contueting plant waterial, Transfer
the plant material from the sodium hypochlorite solution
to sterile water for a fnal rinse. Remove the buds and
transfor thom to a sterile Petri di<h for exeiston of anthirs,
As quiekly as possible, traps=for the anthers to A-Medium
ftable 3-11 in Pelri dishes, flasks, or test tubes, depending
on the choice of the investigator. We are disposable plastie
Potri dishes heeause they are easy to handle and can be
stacked to conserve space.

After the anthers are plated, tape the Petri dish eover
and place a loose-fitting transparent plastie bag over cach
stack of dishes, The plastic bags help maintain hunidity
around the anthers and reduee the possibility of fungal
contamination when the dizhes are examined in an open
laboratory. The anthe rs ean he cultured suceessfully under
conditions ransing from o devk drawer to an elaborate eui-
ture eleanber (93, Temperatures within tlie norinal range
for tobacco seed wermination are suwitable. However, all
other venditions being equal, pluntlel emergenee s carlier
at 26 ¢ than at 21 C.

Light is aceeptan.e but nol exsential for the first severai
wools of cullure. Nevertheless, light 32 esxentinl Lo prevent
oftolation of the emereing plantiots ad bo intliate chioro-
phyil formation. For anther eulture, use continuous 3lin-
mination from eool-white fluorescent lamps €300 Jux) and
a temperature of 25 O Anthers ean be given a dark treat-
ment in this iwvinated ehamber by eovering dishes with
alominum feil, Plantlets begin {o emerge {rom cultured
anthers after about 4 or 3 wi, depending on the genelie
Hne, temperature, and nedinm eomposition.

Although produetion of haploid plantlets from tobacco
anthers doex oot require auxin and eytokinin in {he eulture
mediung, wo includo these component= beeauze they retard
root formation on the emoerging planiici=. The reotless plant-
lets are easy 1o separate, expecially if they originale direetly
from individual microspares.

The fival-omerged, easily separable plantlets are nearly
always haploids; whereas dantiels cinerging fater may
originate from callus that might have orviginated from pa-
vontal tissue containing nembaplotd eclls. Therefore, diseard
anthers after removing the fisst-cinerged, casily separable
plantlols, These planticts ave transfereed to R-2edium
(table 5-11 when they ave shout 3-nun long,

During the rooting pericd, grow the plantlets in a growth
chamber (22 O and 12-h lght at 5,000 lux from white fluo-
reseent lamipst, e not use ineandeseent unps as ey may
eause exeessive heating, After approximately 10 d under
these conditions, vode cuch pluntiet and eoliget root Lips for
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eytological evaluation of ploidy (ch. 21 (21, This verifien-
tion of haploidy i= extremely mportant if subeoient work
involves diploidizing seleetod haploids.

When the work requires haploid plants to be ohserved
under greenhouse or fickl conditions, first transfer the
plants from the R-2Medinm to a soil-peat mixture (1:7,
viv) in small pots, Start them at 22 O und 12-h tlays uxing
covl-white flnareseent lamps (5,000 tux). Transparent plas-
tic covers can be uzed to obtain high hunidity, Alter several
days, raise the plastie to reduee humidity. During the next
week, sradually jnerense the light intensity to full =unlight.
After the plants have attained =uitable sizo, transplant then
to the field or to larger pots in the @reenbouse for hwther
sereening and evaluation.

A two-step procedure may be reruired for haploid plant
production if undifferentinted eallus, rather than Plantlets,
emerge from the cultured anthers. This geeurs with anthors
fram =ome Nicotiana spp., including some gonetic lines of
N tabrerm. Place callus on B2 Iedium to induce Mantlet
formation. Transfer the plantlets to R-Medium for root
formation. Root tips must be studiod evtologically heeause
a higher pereentage of nonhapleid plants tievelop by this
two-step procedure than by the one-=tep procedure describod
above, Nevertheless, the (wo-stop procedhure offers the os-
sibility of oltaining haploids from sonmie diffenlt-to-culture
genetic material. Beeause the ealing may have originated
frem one or only a few ntierosporex, haploid plantlets de-
rived by the two-step proccdure should not he usordl to study
genetic ratios.

Use of Haploid Plants

Anther-derived haploids offer a unique method of gamete
selection in the form of whole plants. Theoretically, ob-
taining and evalonaling haploid plants of all genotic com-
hinations that a tohaceo plant is capabie of producing in
it= male gametes i= possibie. However, some genetie com-
hinatiens may he self-destruetive and not capable of form-
ing plantlets, TF this is suspocted, he eautious in interprot-
ing apparent genetie ratios.

Many characteristies suel as Teaf shape, stom color, and
relative Jevel of certain ehemical constituents can he se-
leefed in haploids devived from Fy hybrids hetwoeen [Mants
differing in the characteristic under eonsideration. In this
approach, the haploid plants undoer selection must be grown
in an environment that allows segregation for the eharae-
tevistic whether it is physical or chomical.

As an example, we produeed a large number of haploid
plants from anthers of Ty hybrids betwoen a low-alkaloid
and a normal alliuloid cultivar of hurley tobaceo, The hap-
loid plants were grown in a greenhouse undor 16-h, high-
mtensity light periods that ended with red ilght, This en-
vironmental combination favored nlkaloid acetnutlation in
tobaceo. When the plants were about 8G-em tall, the apieal
buds and small upper leaves were removed. All axillary
uds were removed by hand each day for 3 wk hefore
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leaf samples were collected, precessed, and analyzed for
alkaloid=. The favorable envirooment allowed aceumula-
tion of alkaloid levels corresponding to a two-mene genetie
control. Thus, four populations for alkaloid production
were found among the haplold plants. Selected haploids
were diploidized by the leal midvein teehnique deseribed
below. Reveral hamozygous lines were produced for each
of the four populations (31, This material was useful in
studies of alkaloid biosynthesi= (6}, alkaleid relationship
with insect vesistance (251, and so forth. The same gencral
principles of haploid =eleetion under an eptimal envivon-
ment Fallowed by diploidization of =clected haploids should
he equally useful for other phyvsieal ane chemienl charae-
tors,

Another potentinl use of hapleids, that of seleetion at the
cell Tevel, has been deseribed by Melehers (771, The hap-
loitl plant= are first grown under environmental eonditions
to seleel the most suitable plants. Protoplasl eultures can
he established from leal mesophyil colls feh. 83 (77}, The
haploid cell eultures can boe exposed to mutagens and then
to o selective mediom to allow expression of desirable mu-
tants feh. 100, Plants can be regenerated from the proto-
plast euttures and further evalunted, diploidized, and self-
pollinated to prodoee liomozveous lines.

At present, haploidizing, sereening, and  ehromosome
doubling techniques ean he combined to rapidly develop
honiosygous lines to study  genetic-environmental control
syxtems, provide materials for pliveiological and biochemi-
el studies of synthetie pathways, and provide a souree of
material for hreeding programs. Other uses for haploids and
haploid-derived eultures undoubtedly will develop. THosw-
ever, caeh new approach =hould be thoroughly examined
and evaluated against the more traditional anpproaches in
plant breeding and physiology.

Reconstitution of Diploids from Haploids

Several teelmitues can be used to obtain dipleids {rom
haploid plants, However, haploidy of the plant should be
confirmed before the diploicization is attempted (eh, 2},
Without eytological confirmation, the plant to be “diploid-
el may alvendy be a diplaid, possibily derived from con-
neetive tissue in the anther. Assuming that sueh a plant
5 o diploidized haploid eould thoroughly confuse a re-
seavch program in genetics and plant hreeding,

Nometimes regencerating diploids from a seleetod haploid
while vetaining the hapleid plant for {urther study is ce-
sirable, Tn such eases, u procedure is necessary that does
not destroy nor chemically alter the haploid plant. A tis-
sue culbwre technique works well for this purpese (el 7)
(100, Another Tactor in favor of this tochnigque is that it uses
exsenfially the stme cquipment as is used Tor the produe-
ton of anther-derived haploids,

Diploid plants ean be reconstituted from nzed leaf tissue
from seleeted, extologically verified haploids, Seleet a leaf
that has retained a healthy appearance for several weeks
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aftor attaining full expansion, Diseard the lamina and sur-
face sterilize the midvein by washing it in 70 pereent
ctlranol for 2 min. Next, immerse 16 in 0.8 percent sodium
hypochlorite (Clorox:water, 3:17) for 6 min, Wash the
surface-decontaminated midveins scveral times in sterile
distilled water and then eut into 5-mm segments. Place
the midvein segments on B-Medium (table 5-1) in Petri
dishes. Tape the dishes, stack, and cover them with a
transparent plastic bag to retain humidity arcund the
tissue. Incubate the midvein segments at 25 € with continu-
ous illumination from cool-white, fluorescent lamps (300
lux). Leafy shoots will begin to develop from the midvein
tissue in about 3 wk. When the shoots are about 5 mm long,
excise and transfer the normal-appearing ones to R-
Medium. Use root tip eytology to determine ploidy of the
regenerated plants (ch. 2). Ploidy of these plants is cor-
related with the age of the leaf from which they criginate.
Very young leaves produce haploid plants. Leaves that are
fully expanded and of healthy appcarance produce hoth
haploids and diploids. Leaves that are beginning to senesce
produce many aneuploids and an unpredietable mixture of
tetraploids, diploids, and haploids.

Sometimes field-grown plants contain microbial contami-
nants in the tissue of aged leaves but not in very young
leaves. Such contaminants eannot be removed easily with-
out destroying the plant tissue. Therefore, we have de-
veloped an alternate two-step procedure to regenerate dip-
loids from such haploid plants.

Culture midveins from young leaves of the cytologically
verified haploid on B-Medium, These are usually free of
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the contaminant present in the older levels. Leafy shoots
develop from the cultured tissue in about 3 wk. Ixeise
and place them on R-Medium. Study root tips of the re-
generated plants cytologically. If any of the regencrated
plants are diploid, the problem is solved. However, if all
are haploids, they can be grown in the aseptic rooting
medimm for several weeks to develop some aged root tissue.
Transfer root segments, excised 2- to 4-em from the tip,
dircctly to B-Medium and handle them the same as de-
seribed for midvein cultures. Leafy shoots develop from
the root tissue, After rvegenerated shoots are shout 5 mm
long, excise and transfer normal-appearing omes to R-
Medium. Use root tip cytology to verify ploidy of these
regencrated plants. We have obtained about 75 percent
normal diploids from root segments by this two-step (or
second ehanec) procedure.

The root culture procedure is also useful as a primary
diploidizing procedure. This requires that the characteristic
under selection (for example leaf color) is readily identi-
fiable in the original haploid plantlets while they are still
erowing uncer aseptic conditions. Stem tissue from young
haploid plants also can be cultured to produce diploids;
however, the procedure does not allow the plant to be used
in extensive screening hefore the stem is excised. Pith ex-
plants from older haploid plants are usually unsafisfactory
because the regenerated plants include many aneuploids
(10).

Some investigators advocate use of colehicine to produce
doubled haploids. Techniques with small plantlets and
grown haploid plants have been established (I).

Pollen Culture’

In 1973 Nitsch and Norreel (17) demonstrated that isc-
lated pollen of Daiure innoxic formed plantlets when
euttured on a simple medium supplemented with a boiling
water extract from cultured D. imnoxia anthers. Pelletier
{19) reported, in the same year, the regeneration of plant-
lets from isolated Nicotiuna tabacum pollen Ly using
Petunic hybride callus as a nurse tissue, Defined media
have since heen developed to achieve this purpose (13);
the technique is known today as pollen culfure.

Species of Nicotiana, particularly some cullivars of .
tabacum, have proved responsive, although in terms of
application and exploitation pellen eulture remains in its
infancy. Difficultics have been encountered in obinining
repeatable results, and anther culture generally gives higher
vields in terms of numbers of plants recovered. Howcever,
for convenience of handling in mutation studies and for o
more direct approach to the study of the nutritional re-
quirements of pollen cultured for haploid plant regencra-
tion, the use of isolated pollen is clearly advantageous, In

*Prepared by H. M. Wilson, Department ol Plant Pathology, Uni-

versity of Wisconsin, Madison, Wis, 53706,

addition, the culture of isolated pollen removes the element
of doubt, inhcrent in anther culture, coneerning the gametic
origin of regenerated plants whieh have the somatic number
of chromosomes or arc polyploid.

Culture Media

The media used for tohacco pollen culture arve derived
mainly from those developed for anther culture. Most au-
thars ngree that phytohormones are not required though
thore is controversy regarding the addition of certain amino
acids. On the basis of an amino ackl analysis of anther
tissties supporting polien cmbryogenesis, Nitsch (14) ree-
ommendled the addition of 100 mg/L of L-serine. Wernicke
and Kohlenbach (26) and Horner (7}, on the other hand,
were unable to deteet serine in amino acid analyses of
similar extracts. The latter author found that asparagine,
glutamine, and proline were present in the largest amounts
hut that media containing these amino acids were unable to
sustain growth of pollen directly isolated from anthers.
Nitsel: (15) and Wernicke and Kohlenbaceh {26} have dem-
onstrated the requirement for the addition of 800 ing/L glu-
tamine to the culture medium and Nitsch (15) reported the
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heneficial effect of increasing the amount of myo-inositol
from 60 mg to 5 gm per L.

Physiclogical Status of Donor Plants

No data are availabie relating directly to pollen culture,
but the physiological status of donor plants is of major
importance in determining the response of tobacco poilen
cultured withia the anther. Responses are greater in an-
thers taken towards the beginning of the flowering period
than at the end {21) and are about 60 percent greater when
the donor plants are grown under an 8-h day, high light
intensity regime (5).

Selection and Pretreatment of Anthers
for Pollen Extraction

Buds with anthers containing pellen just before, during,
or just after first pollen mitosis are most suitable as start-
ing material. This means, in the ease of V. tabacum cv.
White Burley, scleeting buds with petals between 17 and
21 wmm in length. Before every experiment the pollen stage
should be correlated exactly with petal length by making
squash preparations of anther samples in acctoearmine
(ch. 2}.

Nitseh {13} advizes that the detzched huds be cold-
treated ab this stage. This treatment is given by placing
them in a dark, humid cnvironment at 3 C for 2 d.
This treatment is less effective when given to the whole
plant, excised anthors or isolaled mievaspores {16). Rein-
ert, Bajaj, and Ieberle (20) cold-treated buds for 3 d
whereas Woernicke and Koblenbaeh (26) obtained prom-
ising results in the absence of exposure to a cold environ-
ment.

Immediately before dissecting oub the anthers, surface-
sterilize the buds by immersion in 7 pereent caleium hypo-
chiorite for Z min, followed by five washes in sterile
water. In the procedure foliowed by Nitseh (15) the five
anthers in cach bud are removed aseplically and floated on
the surface of 5 wl of Hguid culture medium I (table 5-2)
in a plastic Petri dish (6-cm diameter). The dishes ave
sealed with Parafilin and incubated at 25 C under Gro-Lux
tubes (500 lux) with a 12-h day-length, After betwoen
4 and 6 d ineubation, polien within these anthers is suitable
for extraetion and culture.

ther procedures used for pretreatment of the anthers
are similar in outline (23, 26}, In these ecases, however,
detailed accounts are best given along with the particular
pollen extraction technique umployed.

Pollen Extraction Technigues and Culture
To caleulate the final number of pollen grains per milli-
liter of culture medium it should be remembered that cach
anther of N. fabacwomn contains about 40,000 grains (24).
Threc separate methods of extracting pollen for isolated
culture have been deseribod:
{a} The simplest approach is that of Sunderiand and
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Tapts 5-2 —Anther enlture medivm I

Mitligrams

fer

Hier
KNGy Q50
NING o i e 775
)IgSO:' ?I'I:O ..................... 1¥3
CaCli 166
KHPO oo 88
F(‘SOJ‘?.H-.'O ..................... 27.8
;\'il:EI)T:\ ........................ 37,3
Glulamive ... .0 o e 800
Serine ... e 10
mye-Inositel ... ... o, 5,000
BUCIORC o v i 20,000

Adjust pE fo 3.8 and stevilize by Allration.
'Nitseh (13,

Roberts 123}, They observed that anthers floating on liquid
medium o plastie Petri dishes deliseed soon alter inoeu-
lation and released pollen inte the wediom, This pollen
continued to grow if the anthers were removed from the
dishes, Chilling of the buds for 12 d at 7 to 8 (' is an
huportant reguivement for carly dehiscence of tobacco
anthers. Tor hest resuits chill buds when they reach a
corolla iength of 21 to 23 wm (just alter frst pollen mito-
sis). After this period, dissect out the anthers from three
buds and fluat thent on the surface of 5 ml of liquid me-
diuny II (table 5-3}. Then transfer the anthers to fresh
medium of thie same composition after 6, 10, and 14 4.
Beal dishes with Parafilm and ineubate at 28 C in darkness
for the first 14 d. Then teansfer them to 25 C in the lght
{Cire-Lux, 300 iux, 12-h day-lengih}. The polien released
into the medinm at 6, 10, and 14 d continues to grow and
give vise to haploid embryos and eventually plants.

(b} The current Interest in culturing isolated pollen to
produce large numbers of haploid plants has been generated
principally by the work of Nitseh and her colleagues {13,
74, 153, The technique they developed for liberating pollen
into the eulture nedium depends upon the mechanieal
disintegration of the unther. For this methed place approxi-

TaABLE 5-3.—dnther culture medium I

Milligrams

fer

fifer
KNOQs 30
X'H;.\'Ou ......................... 325
MeSO-FHO 183
Ol 220
KHPOO o 33
FeSOe7dHO Lo 178
Nuw:EDTA K
BUETOR i it et 20,000

Adjust pH e 55 and sterilizge by wule-
elaving (13 p=i for 13 min «f 121 C),

‘Sunderland wnd Roberts (23).
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mately 50 anthers in a 100-ml beaker containing 20 mi of
culture medium I (table 5-2). Use the piston of a 30-ml
glass syringe to burst the anthers by erushing them against
the sides of the beaker. Remove the debris by filtering
through nylon mesh (40-w pore size) and then centrifuge
the peollen suspension filtrate at 100 g for § min. Wash
the pollen pelict twice in fresh medium by resuspension and
centrifugation, then dilute with culture medium to give a
density of 10,000 grains/ml, Pipet the final suspension in
2.5-ml aliquots inte 5-em Petri dishes, seal the dishes with
Parafilm and incubate at 27 to 30 G in the light (500 lux).
In suceessful experiments using this technique, 5 percent of
the pollen grains are reported to give rise to haploid plants
(15).

(¢} Wernicke and Kohlenbach {26) were able to achieve
only limited success with Nitsch’s method. Similar prob-
lems have heen encountered in other laboratories, and
evidence suggests that the random damage to the anther
walls, which occurs when they are crushed, can inhibit
pollen embryogenesis (8). The approach taken hy Wer-
nicke and Kohlenbach (26) is aimed at minimizing antiier
damage during pollen extraction. Allow the anthers to
float on 5 ml of culture medium III (table 5-4) for 4, 8
and 16 d. For anthers containing uninueleate polien at
the beginning of the culture period, 16 d pre-extraction
ineubation, are required; for those in which pollen is just
completing first mitosis, only 4 d are necessary.

To remove the pollen, gently hold the anthers with for-
ceps while making incisions wvsing a fine sealpel blade.
Squeeze out the contents of the anthers into the culture

TABLE 5-4—Anther culture medinm I

Mitligrams
" per
fiter

KN, oo Q30
NHXNO, oo 720
MgSOr7 L0 ..o 183
CHCI'.' ............................ 166
KHPO, oo 68
NII]SOF‘”II:O .................... 23
H.BO: oo 10
ZI]SOI‘?}[:O ..................... 10
NaMoQ2HLO 25
CuS0ysH0 oolaL. i 025
F[‘SOV?.‘HI:O ................ baae o 2?8
Na:EDTA ... 37.8
Nirelinie avid ..., 3
Glyeineg ..o 2
Pyridoxine-FICL ... ... ...oo0. A
Thinmine-HCl ... ... ... ... .. .3
Tolieacid ..o 3
Biotin ... 03
myo-Inosilol ... oo 100
BUCTORE oo ir i i e e 20,000

Adjust pH to 3.5 und sierilize by flirasion,

"Wernicke and Kohlenbueh (24).
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mediwm, discard the anthers and seal the Petri dizh with
Parafilm. TUsing culture wedimm econditioned in 5-ml ali-
guots by mmcubation with two anthers for the appropriate
period is important. For best results the final coneentration
of pollen in the conditioned medium should be about
100,000/ml. Culture the extracted pollen either under the
sume conditions ag the anthers, namely "a 12-h photoperiod
{800 lux) at 25 ¢, or in the davk. The time required for hap-
loid embryogenesis is shortenad by 4 to 6 d when the pollen
15 grown 1o the dark. In the most suceessful experiments 1
pereent of the pollen, isolated after 10 4 culture within the
anther, gave rise to haploid plantlets.

Recovery of Haploid Plants

Oncee the plantlets have elearly defined leaves, they can
be removed from the Petri dish and transferred to an
agar medium with a low salt concentration (half-strength
Murashige and Skoog's mineral salts (eh. 7) (12} to induee
root formation, The resultant whole plants ure then potted
in compost or a mixture of peat and sand and covered
with plastic bage to maintain humidity until they are
well cgtablished, Make chromosume counts an the root
tips of the regenerated plants as soon as an adecuate root
system has developed (ch. 2),

Discussion

In briefly appraising the three approaches to pollen cul-
ture deseribed above, consider the purposes for which such
cultures will he needed. Owing to the present dilfiealties in
maintaining stable cultures of haplonl ceils, there is great
inferest in tie use of izolated pollen Tor mutation studies,
Although obtaining mutants 1s possible by X-ireadiation
of N. tabacum flower huds and the subsequent regeneration
of plants through anther culture (4), cultures of isolated
poatlen have greater potential for mutation screening and
facilitate the applieation of chemical mutagens.

The stage at which the pollen is isolated is of particu-
lar importance in this context, To avoid chimaerism the
pollen should be treated with mutagens at a stage when,
in subsequent embryogenesis, it is functionaily uninucleate.
The youngest pollen ab present, whieh responds to culture
in isolation, iz early bicellular, This pallen would he suit-
able if normally differentinted into o vegetative and #
generative cell heenuse the latter degeneratos rapidly dur-
ing the course of pollem embryogonesis. Flowever, in the
case of Nitseh's technigue, the presence of abnormal pollen
with two identical nuelei bhelore isoluted culture is con-
sidered essentinl to sueeess (15}, This technique would,
thevefore, appear to be inappropriate for use in mutation
stuelies,

The diffieultics in obiaining reproducible resuits ran
prabably he traced to the use of donor plunts with different
physiological statuses and, in the case of pollen extraction
through mechanical disruption of the anther. to differing
degrees of anther wall damage (8),
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Introduction

Although all tissue eultures originate from organs ov their
seetiong, the progenitor erganization need not always be
retained during i vifre development. But an organ eulture
has as its aim the acbhievement of an orgunized strueture,
the morphelogy and physiology of which are identifiable
with the speeified organ. Tt usually hegins with o primor-
dium explant.

The first successful cultures of excized plant parts in-
volved organ cultures, not cell or tissue cultures, In 1904,
Hannig (25) obtained crucifer seedlings by culturing em-
hryos excized from immature fruits. The potentially un-
limited growth fn viire of irolated tomato roots demon-
strated hy White (700} also preceded by several years the
first suecess with eell or ealluz cultures.

Organ cultures were most significant between the carly

1040's and the mid-1960"s, Interest in them has deelined
sinee. Today, with the exeeption of the shuot apex eultures
that are heing used to achicve rapid elonal propagation
and pathogen-free plants, virtually no aetivity is associated
with argan eultures. The diminished interest should not be
interpreted as signifying a lesser need of argan culture in-
vestigations, With many plants argan cultures remain unat-
tainable.

Orean cultures are helpful in development studies, inas-
wuch as many correlative facfors that churacterize the
attached state edan ho minimized. Nutritienal and environ-
mental reguiremients of an organ, ax well as differentiation
amd functioning of speelalized tissues, ean be explored
more precisely.

Vegetative Organs
sequently confirmed by Dawson (721 Levine (45); Solt

Root Culture

1. Background and characteristics. Kotte (39) and
Rol:bing 173 were first to explore the eullurability of cx-
cised roots. Thoeir cxperiments with several legumes and
cereals did not yield indefinitely eulturable elones. Poten-
tiadly unlimited growth of roots wa= eventually realized
by White (7001, who cexperimented with fomato and em-
ploved a nutrient szolution that contained mineral salts
aceording to Uspenski and Uspenskaia, suerase and yeast
exiract.

White (101) was able to extend iz suceess with tomato
to root eultures of ecrtain species of Nicotiana as N langs-
dorfii and N. {abarum, Execised voots of N. glulinesa,
rustica, and sylvestris were not muintainable beyond a
fow pnssapes, White's succosses with Nicotiana were suh-

Tyepartment of Plant Seiences, University of Culifornia, Riverside,
Cnlif. 92502
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(701: Rolt, Dawson and Cheistman 80): and Kisaki,
Mizusuki and Tamalki (37).

Roots enbtured in i=olation penerally possess the same
morphological characteristies ax those thal wee attached
to the plant. The quicscent center ean be observed in the
root apex (631, The vaseular pattern typieal of the species
= algo retained 1891, Lateral branching occurs and is
manipulatable by ecertain nutvient addenda (881 or Hlumi-
nation (221, Many physiologieal phenomena that typify
roots in vivo ean he reproduced i witre, that iz, undimin-
ished production of the alkaloids, anubasine and nicotine,
Ine Nieottana root eultures (19, 37, 79, §61. This obscerva-
tiun s signifieant beeause eells and eallus ecultures arce
often  assoeviated with reduced synthesis of  sccondary
metaholites,

Bome eullured roots may not retain the progenitor geno-




Nicotiana: PROCEDURES FOR EXPERIMENTAL USE

type. P. R, White® had noted that his tomato root cultires
were tetraploid when examined after 30 years, Whether this
signified a ploidy change that Lad occurred during culture
in pitro or a chance seleetion of a tetraploid progenitor has
not becn cstablished. However, alteration of cliromosome
numbers during the course of repeated subeulture has been
cneountered in other instances such as root cultures of rer-
tain cereals (9).

2. Requirements of isolated roots. The degree of ease
or difficulty of eulturing isolated roots is not predictalile
on faxonomie grounds. Although mueh of the succosses
have been associated with herbaceous dicots, to generalize
that monocot roots are more intractable than those of dicots
or that root cultures of woody genera are less probable
than those of herbaccous plants is isleading. Cultivars
within a specics can show signifiennt variations. Street
noted cven intraclonal variations (13, 8§3}. Exeised roots
arc normally grown in gently agitated, liquid media, Maxi-
mum development is aftained when all essential mineral
elements, including micronutrients, are provided. Of eurious
interest has been White's obzervation that tomato roots are
stimulated by I-, an ion whose essentiality to plants remains
uncenfirmed. Tron must be provided in the elielated or otler
organically complexed form, The term “staling” has heen
applied to media that have lost their eapacity te support
root growth beeause of diminizhed iron supply (83).

Suerose has served as the main earbon source of most
root culturex and, when tried, it has not been replaceable
by an cquivalent of fructose and glueose. Glucose may be
superior to suerose for roof cultures of some grasses.

The yeast extract of White's tomate medium has heen
replacealle by a combination of the vitamins, thiamine,
pyridoxine, and nicotinic acid, as well as the amine acid,
alycine. Expertence with a variety of in vitro cultures has
established that thiamine is a eritical addendum. Pyri-
doxine and nicotinic acid enhance growth but are usually
not essentlal, and glycine is probably unneecssary,

Inositol may have significant nufritional effeets on some
excised rvoots (24). Asparagine, glutamine, and arginine
may also be benefieinl. No evidenee has been shown of an
exogeneus cytokinin requirement. Presumably it is =vn-
thesized in suflicient quantities by most roots. Giliberollin
has been shown to stimulate euftured roots of genctienlly
dwarf cultivars but not of normal plants (49).

Street (15, 83) has categorized plant eultivars according
to the response of their root eultures to supplied auxin.
Roots of some cultivars are unaffected or nre inhibited hy
auxin as in temate; others are enhanced by an auxin pro-
vision as in pine; in still others the roat cultures may be
dependent on an external source of auxin as in rye. The
initiation of lateral rootz is promofed by an auxin adden-
dum (88). '

LT ] 1
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The pI optimum for elengation of roots i vitro is in
the range 5.0 to 5.5 (99), whereas that of initiating lateral
routs is in the range of 6.0 to 6.5 (88).

Low levels of illumination may enhance growth of some
roots (83). However, other root cultures are inhihited by
exposure to light. The redueed growth of excized wheat
roots in light has been correlated with the presence of ivon,
suggesting an involvement of chlorephyll (143, Lateral
root initiation is repressed by rved light; this effeet could
he veversed by far red light (22). _

In the absence of data concerning the temperature re-
ruirenents of eultured roots, the praetice has been to pro-
vide an environment that approximates one where the culti-
var is normally found. Many root cullures can be maintained
at constant temperatures in the neighborhood of 25 to 27 C

Disinfestation is usually imposzible with roots obtained
from plants grown under greenhouse or field conditions.
Tungi and bacteria are often lodged in ereviees of the root
and sometimes Tound residing intracellularly, Tliminating
them may require exeessive injury {o the cxplant. The
usual practice in root cultures is to obtain explants from
aseptically produced scedlings, Reeds are surlaee diginfested
and germinated in sterile mediom. Ratisfactory disinfesta-
tion sometimes requires removal of all zeed enats. Germina-
tion i= lasteat in constant darkness,

Acdventitious roots that arise in callus ar organ segments
coulit also be used as sources of clean explants.

A convenient length of the roat tip ix severed and placed
in nutrient sclution. After 7 to 14 days, seetors ave suly-
cultured, The original apex 1= normally not reeultured, ex-
eepl in inztances where lateral root initiation is rare. Seg-
ments of =ubapical regions, ecach containing one to fow
newly emerged laterals, are transferred to freshly prepared
nutrient solution. The subeulturing process is repeated at
suitable intervals and elones are quickly established. All eul-
ture reqquirements ean he considered Tulflled when the pre-
seribod eondition: enable indefinite subeulturability, A pro-
prossively diminizhing growth of subeultures. on the other
hand, refleets a still inadequate situation.

3. Sample procedures,
(a) Aseplically germinating seeds:

(1) Dispense 50-ml aliquots of White’s nutri-
ent solution (table 6-1) into 230-ml FErlenmyer
flasks, Take two cireles, together, of 9-em
diameter Whatman No, 42 filter paper and make
several, small, aceordion folds along the periphery.,
Porforate the center with & sharp instrument to
enable air passage. Place filter paper in nutrient
flasks with folds faeing down. A platform, with
the supporting surface remaining slightly ahove
fhe nutrient level, should result. Plug flasks and
autoelave 15 min at 121 C,

{2} Place seeds to be disinfested In o swall
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TasLe 6-1.—IVhite's nutrient solution for rootl tip culture’

M0V HO Ll milligrams per Jier. .., ... 720
CQ(NOQ)!"II'IJO ............. 13 T 00
NaaSOi oo to. ... 200
KNGO, oo do. Lo, 80
KO o do. oo, 63
|02 P ¢ . 0
MoSO,-H.O ... do. ool 5.4
2SO0 Lo do. oo i
HBO,. ..l do. oL, 1.3
L do. ..ol 73
Glyeine. ..o e de. ool i
Nicotinie weid. ., oL dos oo, 3
Pyridoxine IICH ,............ do. oo i
Thiamine-HCl.............,. dos oo, A
Suerose ... wramE porditer.....o .., el¢]

Supply iron by adding 10 misLL of a stock solution con-
tuining 2.784 g1, FolSO, 70O and 3,724 ¢/, NaFDTA
Addjust pH lo 5.0

White {(100).

vial. Add a generous quanfity of 0.23 pereent
sodivm hypochiorite (Clorox:water, 1:19) and o
small amount of detergent, enp vials, and et
stand 10 min. Decant disinfestant and rinse soeds
with sterile water three limes. Using a sterilized
mierogpatula. trunsfer a small sample of seeds to
nutrient flasks, distributing seeds neatly over the
filter paper platform. Do not erowd sceds beeause
crowding causes enmeshing of roots and difficully
in obtaining explants. Allow gerinination to oceur
in darkness at 27 C.

Iitiating root culture:

{1} Prepare nutrient mediom of the same com-
posgition ne above and dispense 25-mi aliquots
into 125-m! Delong flasks  {(Brlenmeyver flasks
may suffiee, in which ecase cotton plugs or other
similar closares will be neeessaryt. Cap Delong
flasks with MMorton stainless steel closures and
autoclave 15 min at 121 C.

{2} Tn excising and planting root Lips, handle
seedlings delicalely, No aleobol or hot instruments
should be allowed to toueh roots. Using a pair of

(b)

long, thin tweezers, {ransfer seedlings to sterile
Petri dishes that have been lned with meist,

Whatman No. 50 filter paper. Do not grasp scwxl-
ling ab ils roots, With a surpeon’s sealpel fitted
with & No. 10 or No, 13 disposable blade, =ever
i em of the tip of the primary root, Grasp ex-
cised tip at its eut basal region with fine-tipped
forceps and transfer to nuteient flask st one ox-
plant per flask,

{3) Incubate eultures by placing freshly plant-
ed Hasks on a gyratory shaker 180 vpm) and ineu-
bate in darkness at 27 €\
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() Subeulturing and establishing clones:

(1} To prepare scetors for subeultuving, aflter
7 ¢ when the initially ecultured rost has clon-
gated considerably and produeed numerous lat-
erals, remove it to o sterile Potri dish and divide
into sectors, each possessing one or wore, 1 em
or longer, lateral roots. Place seetors in froshly
prepared nutrient solution of the same composi-
fion und reineubate as above

{23 Crowth measuring process of subeultured
sectors =hould be repeated every 7 to 10 d. Sue-
cessful establishiwent of a elone will be evident
in undiminishing growth from one subeulture to
next. Measurements that might be recorded at
the end of caeh subeulture are total increase in
length of lateral root= and nuniber of newly
emerged laterals,

Shoot Apex Culture

t. Applications and bhackground. The earlicr cfforts
with shoot apex cultures were directed primarily at their
use in morphogenetic investigations. The expericnees, par-
tieularly of Ball (3, 61, Wetmore and Morel 197), and
Wetmore (961, led {0 the eoncept that the apieal moevi-
stews of ferns and nngiosperms differed in their ecapaci-
ties for antonomous development. The shoot apieal meri-
stem of ferns could be isolated and eultured to produce
rooted plants i a relatively simple salt-sugar wodium. Tn
contrast, that of the higher plants was unable to develop
more than a few leaves e vitro, even when provided with
& complex of nutritional supplements. Rooted plants {rom
angiospernt - meristenms were  obtained  only  whon  the
eaplant contained a few primordial leaves and some sub-
jncent 2tenn The coneept has been invalidated by the more
recent demonstration of Smith and Murashige (78, who
produced complele plants from apieal dome explants, with
no subjacent leafl or stem tissues, of several angiosporms.

Several investigators have employed shoot apex eultures
to explore flowering phenomiena (4, 26, 37, 631, In some
mx=tanees, idducing flowering in ritro i possible with shoot
tips serving as =cnsing oregans of florigenie stimuli.

Shoot  tip cullwres are flinding extensgive horticultiural
applieations, The proeedure hias heen identificd in some
circles by the unfortunate misnomoer “mweristem culture.”
The term meristem eufture should be reserved for cases
where the explant has been restrieted to the apieal tissue
distnl to the youngest leal primapdium. AN others involv-
ing the shoot apex vegion should he more appropriately
ilentificd s shoot apex or stool {ip eultures.

Currently, shoot tip euftures are fnding major uses in
tad veeovery of pathogen-free stoek amnd (b)Y rapid elonal
waltipliealion. Polential henefils from their use have been
demonsteated in eryogenie preservation of germplasm (751
and n international transport of genetie stoeks 132).
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The reeovery of pathogen-free plants through shoot tip
cultures is hased on the premise that pathogon concentra-
tion is nof uniform throughout the infeeted plant. Fre-
quently, the apex of a rapidly clongating stem remains
uninvaded by pathogens. Tts isolation and culture i vitro
could result in a pathogen-free plant. Morel and Martin
(52) weve first to verifly this principle by obtaining virus-
free dahlias from infeeted lants. Lstablishing pathogen-
free stock through shoot tip eultures is now standard prae-
tice with many elonally propagated crops (59).

Morel was also first to demonstrate the effectivencss of
shoot tip cultures ax a rapid eloning proeedure (51). lix
effort to recover wviruz-free Cymbidiums {rom infeeted
plants resulted in exelusion of virus, as well as in elonal
inereage of plants, st rates that woere substantially higher
than those achieved by iraditional propitgation methods.
Today a wide varicty of crops, especinlly onmumentals, are
being propagated commereially through an extension of
Morels findings (35). Rapid clonal propagation of N,
rustica through shoot tip explants has heen demonstrated
by Walkey and Woeolfitt (941,

2. Requirements. The i vitro requirements of shoot
apices vauy with the dimensions of the explant=, the in-
tended use of the eulture, and the genotype. FExplants com-
prised of the meristem dome alone apparently require hor-
monal supplemients, wherens those consisting of the dome
together with a few primordial and emerging loaves do
not {76). The leaf struetures. particularly those that are
emerging and enlarging, are the major sources of hormones
in the shoot tip,

Shoot tip explants for the recovery ol pathogen-free
plants should he relatively small, 0.1- to 0.3-nun tall, to
ensure high frequencies of exelusion of pathogens, especi-
ally viruses and viroids. In contrast, those intended for
rapid clonal multipiicalion van bhe quite large, several milli-
meters i many instanees; the survival frequency, growth,
and propagule multiplieation rates are often related di-
rectly to the explant size.

Variations in culturability may be cneountered even
amaong cultivars of a speeies. But sueeessli] shoot tip cul-
tures, resulting in rooted plants, ean now he expected of
any cultivar, whether forn or angiospernt, monocot or dieot,
herbaecous annual or woody perenninl. Tn addition Lo the
usual econcern for nutrient medivm and eulture environ-
ment, particular attention should bhe paid to eertain char-
acteristies that ave associated with the explant and s
source,

Bmith and Murashige's (78) sueeess with eultures ol
angiosparm  apical meristems is possibly  attributable {o
their use of a nutrient formula vich in inorganic salts.
Certain  desirable, high level wineral ions, ospecially
potassium, have heen chserved elsewhore (533}, Sucrose in
a3 pereent coneentration has heen satizfactory for shoot
apex cultures. Inclusion of thiamineHCI and inositol may
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he dezirable. Tor oxplants constituted solely by apieal
meristem tissue, the wedium should contain both auxin
and cytokinin (761, These hormones may not be erivieal
to larger explants, hut even thea they eoukl be employed
alvantageousty. They often enhance growth of all cultures
and, Turthermore, the pattern of organogenesis in shoot tip
vultures can he manipulated by vieving the Tevels of the
two hormones in the notrient medium. A multitude of
shoots. w desired Teature in elonal multiplication, is ob-
tained by providing high levels of eytokinin, Exogenous
gibbercllin i ravely neeessury, although attaining rooted
plants from relatively small shoot tips has been enhaneed
in =otne instances (5.3).

Apar-gelled media are most often used in shoot tip eul-
tres, Gently agitated, liguid formudations are somoetimos
helpfal with eultures that are intended for rapid propiga-
tion as in certain orchids. Unagitated liguid media ean
al=o be used, but Fur amall explants this might require a
filter paper bridlye ar platforn supports.

Small, shoot (ip explants hould not be exposed to high,
light intensities, An intensity of 1,000 lux is about optimum
for initiating and maintaining mest shoot tip cultures,
However, providing exposures to higher light intensities.
3.000 te 10,000 lux, may be neeessary to harden roated plants
before transferving to soil. Fluoreseent lamps of the Gro-
Lux type are most widely used, althongh no disadvantage
has been observed with the ordinary, cool-white types.
With the above light intensities, n daily oxposure of 16 h
s hoen satisfaetory.

Pechaps the diurnal temperatures of @ eultivar's natural
habitat should serve ax guide to the o vitre vequirements
ol its =hoot tip cultures. The frequent practice. however,
has heen to maintain o constant temperature at about 27 ¢
With many pereonials, expeeially those of the temperate
climate. consider seasonal dormaney as an important re-
quirement  when  obtaining explants. Prior exposure of
souree plants or organs to ¢hilling temperatures or appro-
priate photoperiods, or both, may be neeessary.

3. Sample procedure. The procedure below distinguishes
hetween shoot tip eultures that are intended for recovering
pathogen-free plants and those Tor rapid, elonal propaga-
tion,

(2) Nutrient media:

t1) Prepare a hasal medium containing Mura-
shiige and Skoog's mineral salis feh, 7], and the
following in milligrams per liter: =ueroee, 30,000
thiamines HCI, 0.4; i-inositol. 100 und Phytagar,
8,000.

(2} Obtain individuaily rooted plants from the
substantinlly smaller cheob tips, as are desired
when reeovering pathogen-free plunts by supple-
menting the basal medium with ghout 0.3 my/L
[AA and 0.3-1 mg/L kinetin.
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TanLe 6-2.—Nuirient medivm for leaf culfwre

STOCIK SOLUTIONS FOR HELLER'S SALTS

.\—H.XO:
Xﬁ H:IJO;‘ H:O

TeCly 6110

:\viCE:‘ 6H:O
K1

ORGANICS

Surrose grams per ey
Thiamine-TCI milligrams por liter
Inositol
Nieotinie acid
Caleium pantothenate
Pyridoxine H{']
Cheling eliloride
para-nminoheonzoie arcidl
Rihoflavin
Folie acid
Biotin
Phytagar
Adjust pH to 3.7 hefore adding agar,

Heller (28).

Use/litor of medium: stoek A, 7.5 ml; steek B, 6 ml; stock €, 2.5
ml; stock 12, 125 ml: slock E, 7.3 ml; stovk I, 1 mib; and stock G

1 ml
Breeves Gubriel and Steeves (81).

(3) Use 2 mg/L each of TAA and kinetin,
80 mg /L adenine sulfate«2IT:0 and 170 mg L.
NallePQuH.O for rapid clonal multiplacation

through proliferation of shoots.

{4} Adjust pH of both media to 5.7 before

adding agar.

{5) Dispense media in 25-ml aliquots into 23-
> 150-mm culture tubes, Cap tubes with poly-
propylene elosures, autoelave 15 min at 121 G

and cool as 43° slants,
Preparing explants and planting:

(1) Remove large leaves near the stem apex
and sever a terminal segment containing 1 em of

stem ane small leaves,

(2} Disinfest by immersing 1o 0.5 percent so-
dium hypochlorite {Clorox:water, 1:9) contain-
ing a few drops of concentrated detergent for 10

min.

(3) Rinse three times and transfer the segment
to a sterile Petri dish for exeision of the shoot

tip.
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{4} Txeize the meristem dome alone or the 0.1
to 0.3 mm shoot tip with the aid of a quality
dizseeting microscope. Hold explant source erect
with a pair of small foreeps and remove all
emerging and expanding leaves with a sharp seal-
pel (surgeon’s sealpel fitted withi o1 No. 11 blade},
until the shiny moeristem dome and its two to
three immediately subjacent leaf primordia he-
come visible. If a true meristem culture is desired,
obtain explant by removing orily the tissue distal
to the voungest leaf primordium. Sever the dome
at its hase by a transverse incision, using the
very tip of the sealpel blade. Allow explant to
come to rest on the tip of blade and transfer it
immediately to nutrient tube. Slivers of brittle
razor blades, inserted into sinall dowels, might be
used if the exeision requires scalpels with finer
tips. Virug- and vivoid-free plants are obtainahle
without resorting to true, meristem cultures. The
explant must nevertheless be sufficiently small.
Sever shoot apex trangversely at the buse of the
secondd or third teaf primordiun to obtain a strue-
ture 0.1 to 0.3 mm tall. Onee again 1ift explant with
the tip of the secalpel hlade and transfer it to nu-
trient tube.

{3} For rapid, clonal propagation, trim the
disinfested stem terminal superficially by remov-
ing one or more of the outer leaves and a w~mall
portion of the basgal stem tissue. This should still
leave a large explant. Transfer the entivety to a
culture tube containing shoot multiplying me-
dium.

Incubating and handling of the smaller, shoot
apex culture:

{1} Place cultures under Gro-Lux or cool-
white, fluoreseent lamps (1,000 lux), for 16 h
daily at constant 27 €.

{2) Transfer rooted plants from the shoot apex
explants, when abeout 1 em, to 10,000-lux itllumi-
nation and culture a further 2 wilk.

i3) Remove from nutrient tube and transplant
infe =oil. Providing high humidity and shading
may be desirable during a short period immedi-
ately after transplanting.

Incubating and handling Iarger explants:

(1} Incubate larger explants at 27 C under
fluorescent lamps (1,000 lux) for 16 h daily.

{2) Separate individual shoots from the multi-
tutle of shoots that arise after about 4 wk.

(3) Subeulture cach shoot in {reshly prepaved
nutrient tubes.

(41 Repeat subeulturing al monthly intervals.

(51 Transfer individual shoots to a nutrient
medium of conposition similar to that employed
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above in reoting the small shoot-apex explants
after the desired number of shoots is attained.
This enables regeneration of roots. Sevoral shoots
can be placed in cach of fairly large euiture ves-
sels during the rooting step. Provide a higher
light intensity (10,000 lux) in the rocting step.

{6} Transplant rooted shoots in soil and place
in high humidity and shade during the first few
davs.

When the intent is to oxclude pathogens, each of the
plants produced i wvitro should bo tested appropriately,
and the pathogens eliminated should be identified. More-
over, the plants obtained through in vitro cultures should
be ascertained of reproduction of eultivar characteristics;
any variability should he neted. Minimizing subeulturing
of highly wvariable plants is advisable, inasmuch as the
proportion of varianis has been observed to jncrease with
each passage,

Leaf Culture

1. Background. Auch of the work on leaf cultures has
becn confined to ferns. In 1953, Sussex and Steeves (94)
deseribed the frst suecess in achieving developinent from
leaf primordia of QOsmunda cinnamomea. They observed
that the ultimate size attained hy isolated leaves was
smaller than of leaves that developed while attached to the
plant. Extensive studies with forn leaf cultures have shown
further that cxplants of the young primordia can produce
shoots as well as leaves, whereas those of the oldey primor-
dia emerged only as leaves (813, Evidence of a leai-deter-
mining substance has been obtained (40). Cultured forn
leaves have also been shown to produce functional spor-
angia and spores {18, 27).

Steeves, Ciabricl, and Steeves (82) have reported the
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only instance of anglosperm leaf culture. Their investiga-
tion was focused on Hellanthus and Nicotiana. In contrast
to the ferns, the excised leaf primordia of angiosperms
developed only as leaves. The ultimate size attained by
angiospermn leavey in vitre was also smailer than that in
vive.

2. Requirements. Not much is known rvegarding the
requirements of isolated leaves. All reported cases have
cmployed media of relatively simple compositions. Among
the significant observations of the fern experiments have
heen the direct relationship hetween available sugar and
ultimate leaf size (16, 85) and the maximum initiation of
sporangia in constant darkness (27},

3. Sample procedure. Steeves, Gabriel and Steeves
(81} described the following procodure for their Helignthus
and Nicotiana leaf cultures:

{a) Nutrient medium:

(1} Dispense medium (table 6-2) in 25-ml ali-
quots in 25- X 150-nun culture tubes. Cap tuhes
with polypropylene closures, autoelave 15 min at
121 C and eool as 45° slants.

Preparing explants:

1} Remove outer leaves of apieal bud to ex-
pose leaf primordia.

{2} Excise and [ift out primordia 1 to 5, num-
bered from youngest to oldest, with fine-tipped
sealpels (razor hlade slivers may be desirable),
and transfer to nutrient tubes. No prior disin-
festing of apical bud usually is necessary.
Incubating conditions:

Light and temperature requirements and other
environmental conditions #r vitro have not been
specified. Perhaps those that are satisfuctory for
Nicoliana shoot tip cultures would be applicable.

(b)

(c)

Reproductive Organs

Embryo Culture

1. History and applications. As noted earlior, the first
plant embryo culture was reported in 1904 by Hanmig {25).
Since then, the in vitro method has boen used extensively
by plant breeders to resolve certain problems eneountered
in rearing such hybrid seedlings as in Linum (477 and
Prunus persica {92}. The germination of orehid seeds,
whieh is currently accomplished routinely in vitro, is, es-
sentially, applying embryo culture methods (38).

Although many papers have heen published under the
heading of embryo culture {56, 71}, only a small portion
can be identified that deals with true ermbryo cultures. In
most instances, fully differentiated hut undersized struc-
tures had been placed in enlture, and the development at-
tained was simply that of aseptic germination. The toch-
nique of true embryo culture uses a small explant, and its
aim is to achieve an autotrophically viable entity from

one that is not. The globular cinbryo, vomprised of about
30 cells, has heen the smallest isolate that has been cul-
tured suceessfully dn vitro. The feat of isoiating the zygote
of a higher plant and accomplishing its differentiation into
an cinbryo in vitre remains unattained.

2. Requirements. The germination e vitro of fully
differentinted but undersized embryos is possible in simple
nutrient media containing primarily salts and sugar. In
contrast, the requirements @ vitro of relatively undifferen-
tiated isclates are more demanding. A complex natural
supplement, such as coconut endosperm, may be necessary
(20, 93). Sometimes this requirement can he satisfied by
providing high concentrations of sugar, that is, 8 to 12 per-
cent suerose {721, or by supplying suitable osmotica (48).
In still other instances the complex need has heen fulfilied
by providing suitable balances of oxogenous hormones,
especially  auxin, cytokinin, and gibberellin (66). Small
cercal embryos have been reared successfully in a chemi-
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cally defined nutrient medium containing mineral salts,
sugar, mixtures of vitamins and amino aeids, and malic
acid (62).

The usual practice in plant embryo culture has heen to
employ nutrient media solidified with small amounts of
agar.

Embryo cultures are normally exposed to temperatures
comparable to these of the eultivar’s natural environment.
Sometimes it may be necessary to satisfy seasonal tem-
perature needs. Relatively mature embryos of many per-
ennial species of the temperate climate, for example, must
be given chilling treatments to ensure their development
into normal plants (36, 43, 44). Embryo cultures are usu-
ally maintained under the same illumination conditions as
those of shoot trip cultures.

3. Sample procedure. No published report on embryo
eultures of Nicetiana has been located. Perhaps this is ex-
pected becausc no obvious advantage is seen in the use of
embryo cultures in Nicotiang hybridization. Nicotiana em-
bryos are furthermore very small and difficult to use in
morphogenetic  cxperimentation. The proecdure outlined
below is derived from Novstog’s work with barley (62)
and has not been tested specifically with Nicotiana; it may
prove satisfactory, nevertheless.

(a) Preparing medium:

(1) Prepare nutrient medium (table 6-3).

{2} Sterilize ingredients except agar by filtra-
tration.

(3) Autoclave the agar solution 13 min at 121
C.

(4) Combine agar and filter-sterilized ingredi-
ents and pour inte 13- X 100-mm Petri dishes at
20 ml/dish, Seal dishes with Parafilm to minimize
evaporation,

Isolating and planting tobacco embryos:

{1} Obtain immature tohacco sced peds and

disinfest with 0.5 pereent sodium hypochlorite
(Clorox:water, 1:9),

{2} Transier to a sterile Petri dish, make incis-
ions longitudinally, and spread open carpels to
exposc ovules.

(3} Remove ovules individually and transfer
to another sterile Petri dish.

i4) Txeise embryos from the ovules with a
quality dissecting microscope, Grasp ovule with
a pair of fine-tip tweczers and make shallow
longitudingl ineisions through its integuments
with a sharp sealpel.

{3) Pry open the ovule to reveal the embryo,
which is visible as a tiny, glossy structure in the
mieropylar end of the embryo sac.

{6) Biseet embryo sae and, with the tip of the
sealpel, 1ift out embryo and trausfer it to nutrient
medium,
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TaBLE 6-3.—Nubrient medium for embryo culture’

Milligreons per Hier

MgSO, i H'_O
(.‘-ilcle‘zH:O
Mn&0:-H-O
ERO, ...
ZUSOE'?HL‘O
COCI'_"GH‘.'O
CI.IHO " SI{:O
NaMoaO,
Fe-vilraie
meso-Inosiiol
Thiamine-HC|
Ca-pantof henitoe
Pryridoxine- HC'
L-glutamine
L-ulaning 30
{.-tysieine 20
L-urginine 10
L-leueine 10
L-phenylaluanine 10
L-tyrosine 10
Makie acid
BUCTOEC a8, 200
Purifiod agar

Adjust pE fo 4.9, Sterilize all ingrediemts exeepl spar by filteation.

Norslag (62).

(¢} Incubating embryos in vtiro:

Place eultures at 27 € under Gro-Lux lamps
1,000 lux for 16 h daily. Leaving the cultures in
constant tlarkness the first few days may be help-
ful.

Ovary Culture

1. Background. LaRuc was perbaps the first to attempt
cultures of exeised ovaries, or pistils. In 1942, he deseribed
results with 92 species of munocots and dicots {42}, He
noted that some explants rooted; others showed swelling
of the ovary. The more systematic studios of ovary cultures
ware performed by Nitseh (613, who revealad that ovaries
from unpellinated flowers required exugenous auxin for
their enlargement into fruits. Following Nitseh's investiga-
tiong, a flurey of activity with ovary eultures was apparent,
espeeinlly wnong  bofanists in India. Unfortunately the
activity lasted only 10 yr. Today, there is hardly a major,
ovary culture investigalion.

Suceessful cultures of exeised ovaries have been limited
to species that are characterized by morphologically sim-
ple and rapidly maturing fruits, ITn most instanees, the
frujts obtained i ritre have been substantinlly smaller
than those that are left attached to the plant. Nevertheless,
the enlargement pattern of the ovary hus usually paral-
leled that in vive. The fruits rvipened without noticeable
abnormalitics, and those arising from pollinated flowers
eontained viable seeds although fewer than in fruits ma-
turing in 1iro.
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The intent of most ovary culturcs has been to study
fruit morphogenesis. Unfortunately, the limited investiga-
tions in witro have served simply to confirm findings dis-
closed by move traditional, experimental methods. An in-
teresting application of ovary cultures might be in plant
hybridization (30). Ovary cultures can cnsure the attain-
ment of seeds in instances where premature roit abseis-
sion is a problem.

2. Requirements of excised eovaries. Better growth has
been attained when the calyx is loft attached to the explant,
Hormonal supplementation of the nutrient medinm is ugu-
ally not necessary with ovaries excised a few days after
the flower has been pollinated. In contrast, ovaries from
unpollinated fiowers must be provided some auxin and per-
haps also cytokinin or gibbereilin, or both (17, 61, 74).
Most ovary cultures are allowed to develop at a tempera-
ture of 25 (' and with some illmmination.

3. Previous work. Nitsch {61) included N. tabacum in
his initial investigation. He noted some growth among
fertilized tobacco ovaries, but they produced no sceds.
The pistils of N rustiea were subsequently cuitured sue-
cessfully by Rao (69, 70) using a putrient medium con-
taining mineral alts and sucrose, They were excized from
unpellinated flowers and fertilization was aceonmplished by
applyving pollen in vitre. Dulicy 121) was able to aecom-
phish successful test tube fertilization with N fabacum by
applying pollen in vitre to eultured ovaries.

4. Bample procedure. This method has been uscd by
Rao and Rangaswamy (70) to culture N rustica ovaries:

(a) Preparing medium:

Dispense the nutrient medium ftable 6-4) at 25
mi/tube inte 23- > 150-mm culture tubes. Cap
with polypropyiene elosures, auntoclave for 15 min
at 121 " and cool as 45° stants,

Preparation of explanis and implantation:

(1) Obtain flowers or Aowoer bhuds, trim their
pedicely, and remove stamens and petals.

{2} After dipping pistils in 70 pereent cthanol,
immerse in 0.5 pereent  sodinm iy pachlovite
(Clorex:water, 1:9) for 10 min 2nd rinse with
sterile water.

(3} Transfer pistils {o nutrient agar.

(41 If the pistils must be pollinated in vitro.
avoid wetting the stigma during the disinfosta-
tion proeess. Obtain pollen from anthers that had
been excised a day before anthesis and allowed
to deliisce in a sterile vial. Colieet polien on a
sterilized micro-spatula and transfer onto pistii,
The culture environment:

Incubate at 27 C temperature under Cro-Lux
lamps (1,000 lux) for 16 h daily. Successful cul-
tures should produce enlarged fruits that contain
viable sceds. The seeds subsequently may gormi-
nate within the ovary.

(b}

(c)
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TauLe 6-4—Nuirient medium for ovary eulture®

Mithgrams per liter
C:I-{ XO:) z" -;I‘{:O
KXNO:
MpsO-HO
KPS,
MnRG, - 1H.O
ZIISOF TH_‘O
HBG: o
CTIISO:'SH:O
NudloO,
CaC'l:
IFo-eifrate
Glyeine oo
Nieotinie aend
Thiamine-HCY
Ca-pantolhenate
Pyridoxine HCL .. .. .
Cusein hydrolysale ... . .. ... ... 300
Suerose
Phytagar
Adjust plI o 3.8 bofore ndding agar.
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"Rao and Rangaswamy (76).

Ovule Culture

1. Background. Ovule cultures are often used as an al-
ternative to cmbryo cultures when the exeision must be
performed before the embryo has attained sufficient size
to cnable successful isolation and culture. The ovules are
1solated a fow days after the flower had been pollinated
but before the zygote had divided, such as in orchids (98]
and Iberis {47}. The practice of pollinating ovules in vicro,
or test-tube pollination (34) has useful applications. Vi-
able seeds have bheen obtained by applying the method to
such normally self-incompatible cases us Petunia (57, 68)
and Brassica {33). Ovule cultures have also been used to
study fiber differentiation in cotton (7, 8.

2. Characteristics of ovule development in vifro. The
successful culture of an ovule is characterized hy the for-
mation of a viable seed. Polyembryony may he encoun-
tered, as a result of irregular proliferations of the zygote
or zygotie embryo, or through embryo initiation in cortain
ovular cells as nucellus {677,

3. Requirements and general culture procedure. De-
veloping viable seeds from fertilized ovules of Zephyran-
thus required supplementing with complexes sueh us co-
conut itk or hydrolyzed casein (35). The amino acids
histidine, arginine, and leucine were able to replace the
casein hydrolysate. Viable sced produced from fertilized
ovules attached to placental tissue of Pefunia hybrida was
enhanced by the presence of high NHy* and BOs® in the
medium (58, 59). The efficiency of BOs% was deperadent
upon the form of iron and the kind of sugar provided (59},
Tron as Fe EDTA cnabled the development of Pelunia
ovules In the absence of placental tissue (60). The 138
requirement of Pefunie ovules in vitro furthermore de-
pended on the iron source (59).




TaBLE 6-5.—Nutrient medium for ovule culture’

Milligrams per liter
Ca(NO:h’-}H:O ......................... 300
KH.PO.
KNG,
.‘MgSO.'H:O
MuSO-4H.O
HBO: o
ZnSO;' ?H.O
Na.MoO,
Cus0,-3H:0
Te-citrate
Glyeine oo
Nieotinie neid ..o
Ca-panthothenale
Pyridoxine-HCI
Thiaming-HC ......... ... ..., .
Casein hydrolysate (optional) ........... 300
BCIO8C .. it e iaaa ... 30,000
Phytagar ... 7.000

Adjust pH to 5.7 before adding ngar.
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Wantu and Maheslnear] (34).

The precise requirements of nutrients, light, and tem-
perature have not heen established for Nicofigng ovule
cultures. In most cases, the medium used was that de-
veloped by WNWitseh (61) and supplemented with such
natural complexes as eoconut endogperm or casein hydroly-
sate (34, 68). Light and temperature conditions have heen
similar to those provided for other types of tissue cultures.

In performing test-tube pollination, the pollen may be
applied directly to the isolated ovules, or placed on the
placenta or ovules, or both, of explants comprised of ovules
attached to placental sections. The pollen may he dusted
onto the cxplant or spread over it us & suspension in a
solution of borie acid.

4. Sample procedures. Exeising and culfuring ovules
from pollinated flowers is extremely simple; thus it will
not be treated spec.fieally. Instead, two methods of per-
forming test-tube pollination or fertilization are suggested
helow. The nutrient mediwm and ineubation conditions will
apply equally to ovules from pollinated Aowers,

One method was used by Kanta and Maheshwari 134)
to accomplish test-tube fertilization with N, rustica wnd
N tabacum and by Siddiqul (771 with N, tabacum:

(a) Preparing nutrient medivm:

Dispense outrient medium {table 6-3) at a rate
of 25 ml/tube in 25- > 150-min culture tubes
Cap with polypropylene closures, autoclave 13 min
at 121 C and cool as 43° slants.

Preparing, excising, and planting explants:
{1} BEmasculate flower buds before anthesis.
(2) Isolate ovaries at anthesiz from the fAowers

and disinfest with 0.5 pereent sodium hypochlorite

(Clorox:water, 1:9).

(3} Thssect ovary and scoop out ovules with o
sterile scalpel.

(b)
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(4) Transfer ovules to nutrient agar slants.

{3) Bxcise flower buds 1 to 2 h before an-
thesis and disinfest in dilute sodium bypochlorite
golution,

{6) Remeove anthers, scoop out their pollen,
and spread them onto and around the ovules,
which have just been placed on nutrient agar.

(¢) Incubating cultures:

Incubate eultures at 27 € and in cither dark-
ness or under Gro-Lux or cool-white fluorescent
lamps (1,000 lux) for 16 h daily.

A second method was developed for N, tebacum by
Balatkova and Tupy 2, 3} and moadified slightly by
Zelruikovskaya-Rikhter and Bahasyuk (102), Sections of
the placenta with adhering ovules arve used instead of iso-
lated ovules.

(a) Preparing nutrient medium:

Prepare a nutrient medium similar in compo-
sition to that employed in the first method.
Preparing, excising, and planting explants:

(1) Colleet: emaseulated flowers one day after
anthesis,

(2) Disinfest pistils in 0.5 pereent sodium hy-
pochlorite (Clorex:water, 1:9).

(31 Remove the external ovary walls by mak-
ing several Iongitudinal ineisions but without in-
juring the ovules or placenta.

{4) Bisseet the placenta Jongitudinally and
transfer each half, together with the adhering
ovules, to the nutrient agar, with the cut surface
in contact with the agar.

t3) Collect pollen aseptieally us in the pre-
vious method and dust pollen onto a portion of
the plarenta.

(c) Incubating cultures:
Incubate the pollinated material at 27 C and
in darkness or under Gro-Lux lammps (1,000 Tux)
for 16 h daily.

(b)

Flower Bud Culture

1. Backgreund. In dealing with flowers {0 vitro. distine-
tion must be made of their development from (a) excised
flowor buds, {h) flowering induced i riiro in oxeised shoot
apices and {cl initintion of flowers in cultured sections
of stem, leaf, root, and other materialz, As noted previ-
ously, ome of the experimental applieations of shoot apex
cultures has been in the induction of flowering by photo-
period treatments in vitro. Sections of various organs and
tissnes of come gpecies, oxcised when plants are in flower-
ing condition, have been observed to generate flowers di-
reetly from coxplants or from their callus (1, 46, 90, 95).
Our discussion will he confined to eultures of explants that
are alreardy in the primordial or [urther stage of flower
development.
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Flower bud cultures are particularly useful in examining
the conditions that enable diffeventiation of such gpecifie
floral parts as stamens, pistils, petals, and o forth, They
are also useful in exploving sex expression and other vepro-
ductive phenomena.

2. Characteristics of cultured flower buds. Develop-
mg reproductively functional flowers has been achieved in
only a few instances, for example, melon {64) and N. ta-
bacum (28). TUsually, incomiplete or nonfunctional Sowers
have resulted: Aquilegin (10, 11, iz, 86, §7), chrysanthe-
mum (99}, and Kalanchoe (50}, Perhaps noteworthy, flow-
ers resultant from buds that are differentiated in vitro de-
velop into functional structures, producing a high fre-
quency of viable seeds: Browallin (23), Chicorium {45},
and Nicotiana (1),

3. Requirements. The precise, nutritional needs of oX-
etsed flower buds remain unestablished. The heneficial ef-
feets of cxogenously supplicd hormonal substances have
been confirmed (10, 11, 12, 29). The importance of associa-
tion with developing leaves has heen obscrved consistentiy.
Blake (13) noted that Visceria flower huds developed into
mature flowers 0 vitre only when the explant had onc
pair of leaf primordia attached to the yvoung expiant. With-
out the leaf structures, the explants completely developed
only if they had already initiated sepal primordia (13).
Hicks and Sussex (29} found that kinetin could replace
the Teaves in Nicotiana flower primordium cultures.

4. Bample procedure. Following is the method Hicks and
Sussex (28} used with X, tabacum Havana 38 (Wis 38).

{2} Preparing nutrient medium:

(1} Prepare a nutrient medium  containing
Murashige and Skoog’s mineral salts (eh. 7} and,
in milligrams per liter: thiamineHCI, 0.4; myo-
nositol, 100; sucrose, 40,000; and kinetin, 0.1-1.0.

{2} Adjust pH of mediumn to 5.5 before auto-
claving, :

{3} Dispense media in 23- X 150-mm enlture
tubes at 15 mi/tube or In 125-ml Erlenmeyer
flasks in 45 ml aliquots. Cap or plug the culture
vessels and autoelave at 121 C or 15 min.

{b} Excising and planting explants:

{1} Dectach immature inflorescences from the
tobaceo plants.

(2) Hold small portions of each infloreseence
under a disseeting microscope in a sterile transfer
hood and expose individual flower primordia by
vewsoving the floral bract that subtends ecach
primordia. Disinfesting the plant material is not
usually necessary.

{3} Using a fine surgeon’s scalpel {No. 11
blade}, exeise the individual primordia and trans-
fer to nutrient medium, one per culture vessel.
Allow the primordia to float on the surface of the
nutrient solution.

{¢} Incubating cultures:

Tneubate cultures at 27 C under Gro-Lux lamps
{1,000 to 4,000 lux) for 16 h daily.
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ntrodaction

In 1939, White (36) reported that tissues from the hy-
brid Nicotinna glaucna X N, langsdorfii could be cultured
indefinitely on a nutrient medium. IHis experiments, to-
gether with those by Nobecourt and by Gautheret who
used carrot, were the first real successes at growing masses
of undifferentiated tissues n wvitro. Thus, from the begin-
ning, Nicotiona spp. have played a eentral role in the de-
velopment of plant tissue culture methods, Early accounts
of tissue culfure work have heen presented by White (37)
and Gautheret (6}.

Nicotiana spp., particularly N. tabaewm, are controllable
in tissue culture. Many procedures, for example, growth
of haploid plants from pollen grains (ch. 3), have either
been developed with or were inittally successful with N,

tabacum. Thus, as a model for development of feehniques
with other plant species and as experimental systems for
studies of basic phenomena in plants, culture of Nicotiana
spp. can be useful, Today, cxperimentation with Nicotiana
tisgue cultures has many facets ranging from basic studies
on the synthesis of macro-molecules to differentiation of
plants with new agronomic capabilities, The experimenter
should be aware, however, that there are limitations hoth
te the extension of methods to other systems and to corre-
lation of results with events in intact plants, Readers who
desire more information are directed fto the laboratory
maunual by Gamborg and Wetter {(5) and to the extensive
treatises on tissue culture such as the one by Street {33).

Potentials and Limitations of Tissue and Ceil Suspension Cultures

Growth Substance Assays
Jablonski and Skoog (16) noted that . tabacum pith
tissue would grow if placed in contact with or closely ad-
jacent to pieees of cambial tissue. This observation led to
a cell division assay for cytokining, which was useful for
the isolation of kinetin (20) and subsequent isolations of

‘Beience and Edueation Administration, U.S. Deparlment of Agri-
culture, Department of Plant Patheology, Universily of Wiscongin,
Madison, Wis, 53706,
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cytokining from natural scurces (29 and rveferences there-
in), Murashige and Skoog {22) developed a tissue culture
medium (MS medium) that, because of its high salt con-
tent, screens out promoting cffects of =alts in natural ex-
tracts.

The quantitative nature of the response to exogenous
eytokinin has permitted extensive studies on the structure/
activity rclationships of cytokinins and the development
of inhihitory eytokinin analogs (7, 31). Although the total
vields of tissue are dependent on the carbohydrate supply
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{35}, the logarithmic growth rate of N. tabucim tissues
arc programmed by the cytokinin concentration in the
medium (8, 13). Tissue growth is stimulated by gibbereliie
acid (Z4) and thus natural gibberellins in extracts iy
affeet bioassay results. The tissues are markedly inhibited
by texic materials in crude extracts and by a fungal toxin
{11}. Shoog and Armstrong (30) have reeently published
their bioassay procedures as a taboratory exereize,

Plant Metabolism

The availability of actively growing tissues on defined
media has permitted extensive studies on plant metabolism,
Both suspension cultures and cultures grown on solid media
have been used. For example, enzymatic reactions in sugar
metabolism have heen examined by Scott and others {27}
and Thorpe and Laishley {37}, Berlin and Widholm (1}
have studied altered phenolic wmetabolism of N, tabacum
suspension cultures that are resistant to p-fluorophenyl-
alanine,

In 1965, using suspension cultures of N tabacum, Filner
(3) demonstrated that deoxyribonueleie acid synthesis in
cells was semiconservative, More vecentlhy, Kemp and his
coworkers have done extensive studies on protein synthesis
(17) and nucleie acid synthesis (78} in agar-grown cul-
tures of V. tabacum,

Experimental Manipulation of Growth Form

Skoog and Miller (32) showed that the halance of auxin
and cytokinin controls differentiation of N fabacum. The
facile manipulation of growth form (fig. 7-1) has since
been used in several ways. With high levels of eytokinin
relative to auxin, buds can be obtained which, if detached
and rooted, can yield whole now plants. With intermediate
levels of auxin and cytokinin, for examiple, 11.3 oM indole-
acetic acid (IAA) and 1 u) kinetin in MS medium, X,
tabacum tissues will grow as tight hemispherical masses
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ideally suited for radioactivity tabeling and other manipu-
lations (/7). Finally, if the auxin level is high relative to
evtokinin, friable masses of cells ideally suited for growth
substance bioassays are obtained (8, 13, 25).

The levels of growth substances required by various spe-
cies may differ and modifications of phytchormone addends
may be required to achieve the desired results. For example,
goud yields of buds have been obtained with N. acwminaia,
goodspeedii, megalosiphon, phanbaginifolia, suaveolens, and
tabacum using MBS medium supplemented with 1 mM phos-
phate, 1 23 IAA and 10 gV 6-(3-methyl-2-butenylamino)
purine (2iP). In contrast, no buds were obtained with N,
benavidesii. gosel, knightiuna, and paniculata on this me-
dium (Helgeson, unpublished),

Pathological Studies

Plant tissue cuiture media also support growth of most
bacteria and fungi, Thus. introducing a given pathogen
and knowing that unly that organismi is present in addition
to the Nicotiena spp. is velatively easy. One such model
system employs X, fabacwm tissues containing 2 gene for
biaek shank resistance that was extracted from N pluan-
baginifolia (16, 123 tfig. 7-2). Responses of the tissues can
be studied under controlled conditions hoth physical and
chemicaly where cell types are relatively uniform, and
where wounding of tissues to bypass particular barriers is
not required.

Another pathological systemy that uses Nivotivna tissue
cultures is erown gall. Galls are induced on tobacco stems
by inoculation with the bacterium Agrobacterium tume-
faciens. When picces of these galls are removed from the
plant, plated on culture medium, and freed of bacteria, they
no longer require auxin or evtokinin for growth. Today,
there s considerable interest in the study of this system
to determine the mechanisim by which the bacteria can
transform normal eells into tumor cells (ch. 1) {2).

Figure 7-L—Maorphologies!l forms ni X
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PN-63068
Figure 7-2—The appearance of V. tebacum tissue culiures from a
resistant plant {left) and a susceptible plant (right) 7 d after
ingeulation with zoospores of race O of Phyloplhora parasitica var.
nicolianae,

Tissue Cultures ard Crop Improvement

Tissue and eell suspension culture techniques are im-
portant for obtaining new plants from single ecells. Nitsch
and Nitsch {24} used passage through tissue culture to
obtain haploid plants frem pellen grains {eh, 3}, Nagata
and Takebe (23) relied on tissue culture media to keep
their protoplasts alive. Recently, Shepherd and Totten (28)
obtained successful results with the isolation, growtlh, and
differentiation of protoplasts from N. tabacum (ch. 8).

Limitations

Although tissue and eell suspension eultures have proven
useful, the techniques have limitations (for example, spe-
cies and cultivar differences, changes in culture, and dif-
ferences in morphology or biochemieal processes bebweoen
intact plants and tissuc cultures).

Basically, tissuc cultures are not whole plants but, when

Cultivation on
Media

The M8 medivm deveiloped by Murashige and Skeog
{22) can serve as a basis for studies of cells growing on
solid media. It was developed to optimize growth of V.
tabaciom tissues. Linsmaier and Skoog (191 maodified the
medium slightly, omitting some organie constituents. In
my lahoratory this latter modium supports good growth of
10 Nictoiana spp. (N, acwminala, cordifolia, goodspeedii,
gosset, knightiang, megalosiphon, plumbaginifolia, rustica,
suaveolens and tebacwm)., A fow gpecies (N, benauidest,
pamiculata, ratmondil, and solanifolia) appear to grow less
well but can be maintained. Whether these tissues will re-
quire a different basic medium, additional organic supple-
ments, or different phyiohormone balances is not vet
known. A useful diseussion of the above and otlicr ecom-
maonly used media has heen published recently by Gam-
borg and others (4),

actively growing, resemble only the meristematic arveas of
the plant. Cell types may be considerably deercased in
the culture and some metabolic processes normally oceur-
ring in different parts of the plant may not be operating
in tissue ecultures. For example, thiamine is required for
tissue culture growth although intact plants are self-
sufficient. For this reason it is useful, if possible, to ecom-
pare intact plants and tissue cultures. For example, dirvect
comparisons of rooted shoots and callus tissucs showed that
the gene for resistance to black shank is expressed in both
cultures and intact plants (1),

Another major problem with tissue cullures iz species
variation in response to media addenda. Thus, although
gencral techniques mav be deseribed, the precise details for
guecess with a given speeies or cultivar may require con-
siderable experimentation. Conditions that give good
budding of N. tabacum, for example, are completely unsue-
cessful with sovbean or corn tissues. When fourteen Nico-
Hana spp. were culbivated using 11.5 udf TAA and 1 oM
kinetin {the standard conditions for compaet callus with
N. tabacumm}, T observed results ranging from budding of
tissues through tight, compact and loose, friable growth and
death {Helgeson, unpublished).

A major problem with tfissue cultures may be gonetie
instability after extendoed periods in eculture. Thus, one has
no assurance that the tisrue in euiture has more than a
superfieial resemblance to the original explant. Murashige
und Nakano (27} examined thiz problem using N, tebaeum
and found that tissue pleidy hecame highly variable {ch,
23. Tn other cases, tissues may lose their requirements for
growth substanees and beeome “habituated.” Thue, if
possible, the original plant that yielded the original culture
should be maintained clonally to permit reisolation. Peri-
odie cheeks of the ecuitures should be made to ascertain
that they have not changed substantially.

Solid Media

Medium Preparation

The ingredients of M8 medium are listed n table 7-1L
In general, use the highest quabhity of =uaite and other eon-
stifuents and  plass-distifted  water in preparing media.
Bacto-ngar 1= satisfuctory; somwe ingredients in other agar
jreparations ean be toxie to some t=sues, The cost of com-
mereially prepared media mixes is often considerably higher
than if & medium s prepared from the individual ingre-
dients (appendix). Keep stoek solubions of mineral salts
in Nalgone botfles in o refrigerator. Alternatively, divide
the stocks into =mall quantities and store the units in 2
freezer. Add dry organic ingredients such as suerose and
vitaming during medium preparation. Cytekinin solutions
are conveniently standardized by TV absorption maxima.
Auxing such as 2,4-10 or naphthalencacetic ueid ave often
preparved in coneentrated stock solutions. Hlowever, us TAA
is rather unstable, add it by dissolving in ethanol {about 2
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TaBLE 7-1.—Murashige and Shogg’s mediwm®

STOCK SOLUTIONS I'OR MINERAL 5ALTS
Sait

CGroams per liter

MnS80,-H.0
RIgSO; ‘TH.O

TFeS0.-7H.O
~aEDTA

FINAL MINERAL SALT CONCENTRATION QF MEDIUM

Mithgreems
per titer
1630
1000
O

AMilligrauns
por liter
6.2 100
MnB0:-H-0 16.9 100
Zns0,- THO R4 30
KI .83 A
_\':I:BIOOUZI'IQO 1
Cux0,-3H.O .01 1
CoCls-6H0

Salt

NHXO,
KXNO,
CaCl.-2H.O
MgS0, TH.O
EH.FO,
Na:EDTA
FeS0,-7H.O

J.uhr
N 41,2
13.8
3.0

Nall
H!BOT‘

aM

370 L3
170
37,

3
278

L25

Nu

ORGANICS COMMOXNLY ADDED TO MEDIUM

Sucrosa

Glyeine
Indoleacetic acid
Kinedin
myo-lnositol
Nicotinic acvid
Pyridoxine- HO
Thiamine- HC!

Dlurashige and Skoog (22).
*Tse 20 ml/LL mecium.

se 5 mizL medium.

mg/L) and then adding the ethanol solution to the diluted
medium.

TFollowing is a step-by-step proecedure for preparing I
liter of M8 medium containing 11,5 pdf TAA and 1 pl/
kinetin; Place appruximately 500 ml of glass-distilled
water in a 1.1, Erlenmeyer flask containing a magnetic
stirring bar. Add the following dry ingredients to the stir-
ring solution: 30 g sucirose, 100 mg myo-inositol, 0.1 mg
thiamine:HCl, 0.5 mg pyridoxing:HCL, 2 myg glycine, 0.5
myg nicotinic acid. Add 20 ml of stock solutions A, B, and
G and 5 mi ecach of stock solutions C, 1), B, and T {table
7-1). Dissolve, with slight warming, 2 mg of TAA in 1 ml
or less of absolute ethanoi and transfer this solution to the
medium with several rinses from a squirt hottle confaining
glass-distilled water. Add 20 mi of a 50 M aqueous solu-
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tion of kinetin {OD of 0.95 at 267 nm). Make the solution
to a velume of about 900 mi with glass-distilled water and,
with constaat stirving, adjust to pH 5.8 = 0.2 with 1 N
NaQH or KOH.

Remove the stirring bar and pour the contents of the
flask into a 1-L graduate eylinder and adjust the volume
to 1 I,. Pour the contents of the graduate inte a 2-L
Erlenmeyer flask, add 10 g of Bacto-agar and steam the
=glution in an autoclave at 100 C for 23 min (be sure to
use a flagk about twice the volume of the solution to aveid
loss of medivin to beiling over during steaming). After
steaming, allow the solution to cool to about 90 C, and then
swirl the solution vigorously to insure complete m'xing of the
melted agar in the solution. {Caution! Do not swirl solution
immediately after removal from sutoclave)) The medium is
now ready for distribution in appropriate quantities to indi-
viclual containers.

If heat-lzbile addenda are used, make the medium
slightly more concentrated than above. Then dilute it with
cold-sterilized addenda in water to proper volume just be-
fore the agar =olidifies after auvtoclaving, For some appli-
eations, for example, the addition of small quantities of
evtokining, the dimethylsulfoxide {(DAISO} method de-
seribed by Sehmitz and Skoog (26) may be used. Use par-
ticular care not to spill any DASO on your skin as it
facilitates rapicl penetration of the dissolved material.

Cienerally, inciuding antibioties in media is not necessary.
Howover, if rvequired (for example, to kill baectoria when
wolating crown pall tissues) inelude (cold-sterilized) 50
mg/L of neoyein and streptomyein sullate, 80 mg/L: of
penicillin G, and about 50,000 units of polymixin B.

Containers for Growing Tissues

Alany carly experiments were done with 125-ml Erlen-
meyer flasks or with preseription bottles. The Hasks can
be stoppered with foamn or eotton stoppers. When tissues
are grown in light, or when ambient nir is not filtered,
flasks or capped preseription hottles ure preferable, How-
ever, when tissues are grown in incubators, Petri dishes
{100 by 20 mm)} are more convenient. Culture dishes {100
iy 80 mm) are particularly convenient for growing budding
tissues or for rooting shoots ¢erived from tissue eultures.

Uzc the following procedure for adding media to Petri
dishes: Hwirl the melted medinm vigorously and pour it
into a dispensing apparatus with a 50-ml| head (Kontes
K-67330). Place the Petri digh bottoms in a wire tray
and dispenze the mediun in §0-ml portions in the dishes,
Place the covers on the Petri dishes and sterilize the me-
dium and container for 15 min at 121 C. Remove the dishes
ns soon as the autoclave has returned to 100 C. Let the
moedium cool at room temperature until the agar solidifies.
Use the medium immediately after solidifieation. Other-
wise, store it se that no dirvect light hits the medium,
Do not use media over 2 d old and aveld remelting
media.
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Isolation of Tissues

Stem tissues are particularly useful for obtaming tissue
explants. Certain speeies have thick stems with a well-
delineated pith regton. Others have much thinner stems
and isclating pith tissue is inconvenient. The methods de-
scribed Delow yicld viable callus lines from & number of
Nicotiana spp.

1. Isolation and culture of pith tissues. Isolate callus
tissues from such plants as N. {abacwm by the following
procedure: Remove stems of nonflowering plants about 1-m
tall (make cuts 10 om or so above the soil surface so the
plant will regenerate by sprouting of lower buds. In this
way, tissue cultures and intact planis that are clonally
related can be obtained.} Cut the middle one-third of the
stem into 3- to S-cm segments. Immerse the segimments in
70 percent ethanol for 30 sec and then in 1 pereent sodium
hypoehlorite {Clorox:water, 1:4) for 10 to 15 min. Rinse the
segments with sterile, distitled water. Remove the pith
with a cork borer {No. 1 or No. 2 size). Use o sterile, glass
rod, which fits inside the barrel of the cork horer, to ex-
irude the pith segment into a sterile Petri dish. Remove
the end pertions (about 5 mm} with 4 sterile sealpel and
cut the remaining pith into eylinders about 3-mm long.
Place these pieces on MS medium containing 11,5 3 TAA
and 1 pdf kinetin.

2. Isolation of callus from small stems. If a large
stem with ample pith is not availsble, an alternative
procedure using young stem or petiole sections is often
suceesstul. Use the procedures deseribed zbove for steriliz-
ing stem scgments. Exercise particular care in the steriliz-
ing procedure so that the tissues are exposed to hypochlor-
ite for the proper time. Tou long an exposure can kill the
tissues whereas too short a treatment may not kill micro-
bial contaminants. After sterilization, thoroughly rinse the
tissue with sterile, distilled water, Transfer the segments
to sterile, dry Petri dishes for dissection. Cut the segmients
into 3- to 4-mum segments, Split the segments down the
middle and place the cut surface of the half-cylinder on
the medium. Again, M8 medium containing 11.3 wM TAA
and 1 2 kinetin appears satisfactory for many Nicolinna
spp.

All eperations after the frst immersion in ethanol are
best done under a transfer hood or in a transfer room.
IExereise particular care to steriiize all instruoments (dip in
95 percent cthanel and flame} and to allow sufficient tine
for the instrument te cool before dissection. An ample sup-
ply of sterile, dry Pebri dishes {preferably gluss) should be
available to provide cutting surfaces.

3. Growth conditions. Grow callus tissues in the dark
in biological Incubators at 26 to 28 C. If the incubator is
reasonably full of Petri dishes, an RH of zbout 70 pereent
is obtained by water evaporation from the plates. How-
ever, if only a few dishes are present, place a pan of water
on one of the shelves to prevent execessive drying of the
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medium. Ab times, high airflow rates (such as those in most
plant growth chambers equipped with lights) can cause
exeessive contamination of the eulturves. If this oeceurs,
place an air filter over the fan intake.

Cultivation of Tissues After Initial Isolation

1. Subculture from the initial callus, Within 3 to §
wk after initial isolation of plant tissues, considerable
growth of pith explanis usually occurs. In some eases, the
new tissues closely resemble callus lines that have been
through a number of subcultures. Alternatively, the growth
may be loose and friable. The latter grewth type often
wecurs when intaet, small stem segments were used as the
tissue source. Generally, 20- to 50-mg {fresh weight} pieces
of the amely formed eallus tissues can be dissceted from
the old tissuwe, put on identical media, and grown into
untform callus lines. In some eases, growtht deelines after
the initial irolation and fnally loss of the eallus line oe-
curs. In this case additional supplements mny be reqguired
in the medium {4).

2. Maintaining the cell line. Onee established, transfer
the callus tissues froguently, As a selection of ecll types will
take place upen subsequent transfers, transfer a new line
several fimes hefore doeing eritieal experiments {sec dis-
cussion in 4}, The transfer intervals required will depend
on the growth rate of the tissuc and the size of the explant
usedl for subeulture (see below for growth measurements).
For cxample, loose friable tissues of N. tabacum cv. Ha-
vana 38 (Wis 38} grows legarithmically until about half of
the sugar in the medium is depleted (15, 35). Transferring
the tissues before their leaving log phase will permit a
continuous supply of healily, logarithmically growing cells
for bioassays and metabotie studies.

Measurement of Calius Growth

Mome quantitative measurement of eallus growth is par-
Geularly useful for msuving uniformity in sampling of tis-
sues. Technigques for dry weight measurement and cell
mitotic indices are given by Gamborg and Wetter {(5) (sce
also ch. 2}, The procedure given helow has been used for
micasuring growth kineties {73). For this procedure, alumi-
num moisture dishes and 2 topleading balance are con-
venient.

A typieal growth curve for N, tebecwm cv. Havana 38
{Wis 38) is shown in figure 7-3. For a curve such as this,
use approximately 40 Petri dishes containing 6 pieces of
tissue per dish. An expericnced person cun cub pieces
frechand so that a standard error of 3 to § pereent is ob-
tained per 24 picees of tissue on the initial planting. Trans-
fer all tissues to the fest medivin and then harvest the con-
tents of 4 (24 pieces) for cach weight point. Label moisture
dishes on the bottom with the experiment number and har-
vest date and then dry in an oven {65 C) until the empty
dishes reach constant weight. Record this fare weight, Add
pieces (earclully removed from the media without nclud-
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ing any agar) onc by one and record weights to give a
running cumulative total. Data reduetions are then made
conveniently with a computer program (table 7-2). This
procedure will provide recording of individual weights of

o7

pieces, the average weight for the point, the standard devia-
tion for the point, and the standard error for the point,
Repeat the weighings at intervals appropriate for the
periad of growth fo be examined.

Cultivation of Suspension Cultures

The cultivation of ecclls on agar media is useful for a
number of experimental purposes and for maintaining cell
lines. At times, however, cultivations of single cells or small
clumps of cells in suspension eulture is more desirable,
This technique simplifies the study of materials that arc
elaborated into the medium and assures good contact of
individual cells to various additions to the culture media.

Media

The MS medium is used as the initial starting medium.
Prepare the medium, adjust the pH and sterilize it without
the addition of agar, Useful phytohormone addenda are
1 pM 24-D and C.1 pM kinetin. Species may differ in
their requirements for various salts and sugars and also
for such organie addenda as vitaming and amino acids.
Therefore, after obtaining a eallus culture, modify the
mediuim so it will support adequate growth.

A critieal aspect of suspension culture is adeguate stic-
ring to provide oxygen. Suspension culturces are fragile and
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Figure 7-3.—Compuicr plot of tobaveo tissue cnliure growth curve
Each weight point is the logarithm (hase 10) of the avernge fresh
weight. The vertienl bars designute the limits for one standurd
error of the mean,

mechanieal stirving may be too harsh for some lines. A
rotary shaker (60 to 120 rpm) loeated in a 26- to 28-C
controlled room works well. Cultures can be grown con-
veniently in Erlenmeyer flasks or, if large quantities are
desired, in Fernbach flasks. As long as the quantity of the
medium is kept to ahout one-fifth of the total velume of
the flask, rengonable acration is maintained on the shaker,
Reciproeal shakers are less satisfactory and may cause
considerable splashing of the medium on the eotton or
foam rubber plugs used to stopper the flasks.

Preparing the Initial Culture

Tiseue cultures grown in a loose, [riable form usually
form good suspension cultures quickly. With A, tabacum,
this tissue form can be obtained by subeulturing the stock
ti==ue on MBS moedium containing 11,5 pM TAA and 0.1 pM
kinctin., The following is a step-by-step proeedure. Work-
ing under a sterile transfer hood, remove the plug from
a 300-ml Brlenmeyer flask containing 100 mil of MS me-
dium. Flame sterilize the lip of the flask and, with sterile
forceps, drep 2 to 3 g of logse {riable tissue into the me-
dium, Take eave that the tissue does not come in contact
with the upper part of the flask. Again, flame the lip of
the flask, replace the plug, and immediately put the flask
on a rotary shaker. The shaking aetion will fragment the
pieces adequately so that eutting of the tixsues is unncees-
sary. After Z to 3 wk, a suspension of mar.y small clumps of
cells and a few individual cells is usually obtained.

At this point, filter the cells through a nylen net or some
other nontoxie mesh ta remove larger cell clumps. A con-
venient procedure is to fold a eircle of nylon net of the
desired pore size into a eone as one would fold filter paper.
With a paper clip, hold the cone in its folded form, place
it in a beaker, and then autoclave it, The heat will perma-
nenfly mold the net into a cone shape that will it conveni-
ently into a sterile funnel for transfer of eolls to new Aasks.
Tt ean he antoclaved repeatedly in a heaker.

After initiation of the culture, subculturing the line sev-
cral times s often necessary until a uniform cell suspension
is obtained. Also providing a minimum quantity of old
“conditioned” medium may he neeessary to successfully
maintain the culture. A a rule, early in the development of
the eell line, avoird diluting the ecll concentrations to less
than one-fourth the original vaiue.

Maintaining a Primary Cell Line
A well-established culture of N, tabacum ceolls will deuble
its ccll weight cevery 40 to 60 h (9). For uniform main-
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TasLe 7-2—Computer program in BASIC for weight
caleulations

10 OIM X(120)

20 UIM A{120)

30 PRINT HEX(03)

40 FRINT *37TD ERR®

50 PRINT HEMPT™3

60 FOR I=1 YO 120

Te X{I}=0

80 NEXT I

90 INPUT A%

108 PRINT “ENTER TAREY:

119 INPUT 23

128 SeTaN=C

13¢ PRINT PENTER ~1 TQ ENDs «2 TO DELETE LAST DATUM™
1450 PRINT MENTER DATA®

150 PRINY “RAN DATAR,%uWTH

169 INPUT X

170 IF X=-1 THEN 3230

188 IF X=-2 THEN 28¢

190 N=N+1

200 A{Nl=X

210 X=X=Z3

220 S=5+X%

230 X{N)=X

240 PRINY TAB{1G}+HEX{OC)aX{M}s
250 T=T+Xi2

260 23=23+x

270 6070 160

280 S=S-Xi{nN)

230 T=T-(XiN}}I2

300 23=23-X{N)

310 N=N=-1

320 BOTQ 160

333 PRINY “INSERT BATA SKHEET InN TYPEWRITERH®
340 PRINT "PUSH CONTINUE®

350 STOP

360 SELECT PRINT 211

370 PRINT * EXP: “iAs

380 FOR I=1 TO N STEP €

390 PRINT “RAW DATA"{

400 B=o

810 NI=I+5

420 IF NI<O=N THEN 440

%30 Ni=N

40 FOR J=1 TO NI

450 B=B+}

460 PRINT TAB(12+7T=B11A{J}1

470 NEXT J

480 PRINT

4913 PRINT *INDIVIDUAL WEIGHTSY;

S00 B=0

510 FOR J=I TO N1

520 B=8+1

530 PRINT TAB{12+7#B}ixX{J)

240 NEXT J

550 PRINT

560 PRIANT

570 NEXT I

583 M=S/N

590 V={T~(5{2/N}}/{N=~1)

600 PRINT
610 PRINT
628 PRINT
&30 PRINT
640 PRINT

*OBSH="IN

UNUMBER OF OBSERVATIONS ="iN
NHEAN=V IR

UVARIANCE=YIYV

HSTLDEV.="iSGRIVY

650 PRINT "ST. ERR.=MISQR{V}/SQR{N)

660 PRINT "% STD ERR ="3{SQR{V)/SQR{N}}/M»10¢
670 SELECT PRINT 005

&80 END
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tenance of cell lines, determine the doubling time of the
particular culture as a guide for transfere. If cell coneen-
trations cxcced 40 mg fresh weight per milliliter medium,
transgfers with vo appreciable lag before the togarithmic
phase will he obtained. To aveid serious oxygen deficiency,
maintain cultures within 40 to 400 myg fresh weight per
wmithliter. They become so thick that they almest solidify
if the fresh weight per milliliter cxeceds 400 myg. Generally,
weekly transfer of the cells is advisabie and more frequent
transfers may be required for a rapidiv growing line, To
transfer cells, swirl flaskk and pour cells and medium into a
sterile graduate eylinder. Add the contents of this eylinder
te new medium. Alternately, pipet {remove the tip of the
pipel to prevent clogging by tissucs or use 2 Cornwall pipet
with a size 12 or larger needle) a portion of the old medium
into the new medium. This latter procedure is particularly
convenient for adding uniform samples to small flasks.

The eell Jine established in suspension eculture can also be
transformed back into 2 line grown on agar. Pipet 2 to 3 ml
of cell suspension onto agar-solidificd M8 medium con-
taining 11.5 pdM IAA and Q.1 pM kinetin. A “lawn” of
loose, friable tissue is obtained by this method.

Measuring Culture Growth

The growth of the culture ean he followed in several
different ways. The cell number or mitotic index can he de-
termined {ch. 2} (5) or the weight of a given velume can he
determined. In the latter case, vemove a unilorm sanple
by pipet and place it on a small e¢ircle of JMiracloth in the
eenter of a Hirseh funnel. Apply vaeuom until the medium
i= drawn off and then serape the cells onto a tared alumi-
num moisture dish, Tdetermine the fresh weight of the
sample on the dish. Determine dry weight after 48 h
drying at 65 €. For critical experiments, use duplieate
ar triplicate samples {rom duplicate or triplicate Hasks.

Auntomated Procedures

The motheds deseribed above will yield hateh cultures
af cells. If standardized with eare, the results can be re-
produeible. Bateh cultures ean have serious limitalions,
huwever, Both cell population and nutrient supply are
changing eontinuously and, in some rases, these ehanges
are highly undesirable, To stabilize cither nutrient supply
or cell population, various avtomated proecdures have been
develuped (5, 331, In general, a bateh culture is used to
charge the automated system and both air supply and nu-
trient supply are carefully controlied. Clolls can be removed
at various intervals or removed continuously so that a
stable growth rate of cells ean be maintained under stable
nutrient conditions,
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Introduction

As early as 1892, Kilercker succeeded in izolating proto-
plasts from plasmolyzed cells of the water warrior (Stra-
tiotes aloides) by mechanical means (2}, Early physiclogi-
cal studies on such protoplasts were hampered by the small
numbers cbtainable. In 1919 Giaja isciated protoplasts in
large numbers from yeast by removing the cell wall with
snail cnzymes, However, not until recent years were hulk
preparations of wviable protoplasts obtained from cells of
higher plants.

Cocking (1) was the first to isolate protoplasts from
tomato root tips by exogenous application of cnzymes that
macerated the tissue and degraded cell walls. Since then,

cellulytic and peetic enzymes have been used successfully
to isolate protoplasts in large numbers from many higher
plants including Nicotiana spp. Takebe and others (3)
isolated protoplasts from leaves of Y, fubacwm cv. Bright
Yollow and demonstrated that they were metabolically
active insofar as they supported multiplication of tobacco
mosaie virus (TMVY. Sinee then, naked tobacco leaf pro-
toplasts have been used for a range of physiological, bio-
chemical, and genetic studies including virus infection,
deoxyribonueleic acid {DNA) uptake, partiele uptake,
somatic hybridization, cell wall formation, and membrane
{unction.

Iselation Procedures

Species and Cultivars

Beveral gpecies and cultivars of Nicotiane have heen
uscd as protoplast sources. Among these are N. glulinosa,
N. otophora, and the foilowing cultivars of V. fabacum:
Turkish, White Burley, Burley 21, Bright Yeliow, Xanthi,
Xanthi ne, Maryland, and Samsoun. Considering the range
of families and genera of plants from which viable proto-
plasts have heen isolated, probably many other Nicofiana
spp. and cultivars will be found suitable. The proeedures,
however, for growing plants, isolating protoplasts, and
growing them may have to be modified for each.

Growth Condifions Before Protoplast Isolation
The ahility consistently to obtain preparations of viable
nrotoplasts depends to a large extent on the disposition of
the source plants hefore protoplast isolation. Optimal grow-
ing econdlitions may vary depending on the purpose for

Department of Plant Pathelogy, University of Culifornia, Davis,
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which protoplasts are to be used, the type of plant, or even
the individual experimenter. Usually, experimenting with
different growing conditions is necessary until ones are
found that allow isolution of viable protoplasts, Once such
conditions have Deen determined, they should be strietly
retained.

shepard and Totien (4) found that the [oliowing con-
ditions were best for growing V. tabacum e¢v. Xanthi nc
bofore protoplast isolation under low osmotic conditions
for cell and plant regeneration: maintain plants in con-
trolled growth roams in 30-em pots af constant 23 C under
vool, white Auorescent light (1,500 ft-¢) for 16 h and 70 to
75 pereent REL Use heavy, loam seil containing peat moss
2:1} and water with a solution contaiping 1 g/T. of
soluble 20-20-20 Peters lertilizor. Take care to prevent the
soil from being continually saturated. Collect leaves when
they reach approximately 25 em in length from plants that
are less than 0.7-m tall and which have not yet begun to
fower,
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Asepsis

If plants are to he vegenerated from isolated protoplasts,
carrying out all steps under aseptic conditions is essential
from initial isolation of protoplasts until the time regener-
ated plants are potted in soil. Before extracting protoplasts,
surface sterilize tobaces leaves by submerging them in 0.5
percent sodium hypochlorite (Clorox-water, 1:9) for 15
min. Then rinse with sterile, distilied water. Place them in
a sterile, laminar flow hood until visible, free moisture has
evaporated. Protoplasts and cells can most casily be main-
tained without mierobial contamination if all subsequent
manipulations are carried out in the hood. Either autoclave,
or pass through a micropore filter, all solutions.

When incubating chloreplasts under sterile conditions is
not cssential, as in virus infeetion studies, micrabial con-
tanmination can be held to a minimum hy adding antibictics
such as rimocidin (10 mg/L) to the incubation medium.

Protoplast Isolation

Protoplasts may be obtained from cither eell SUSpensions
prepared from tobacco eallus cultures (ch. 7) or intact
leaves. Two approaches have heen used to isolate tobaceo
leal protoplasts. In one, leal tissue is macerated undler
high osmotic conditions using mannitol as an osmoticum.
This approach has been widelv used for preparing proto-
plasts to be inoculated with viruses. The other approach
Uses sucrose as an osmoticum under comparatively low
osmotic conditions. It has hecr particularly useful for
regeneration studies.

Cell suspensions. The following method was used by
Uchimiva and Murashige (5) to isolate protoplasts from
cell suspensions grown in liquid nutrient medium (ch. 7)
derived from callus cultures of N. tabacim ov. Bright
Yellow. Centrifuge the cell suspension at 300 g for 10 min.
Resuspend 500 mg of cells in 5 mi of enzyme solution in
a 50-m! DeLong flask. The enzyme solution is composed
as follows: 0.2 pereent Macerozyme R-10, 1 percent Cellu-
iase Onozuka R-10, and 0.8 M mannitol. Adjust to pIT 5.7
with 0.1 N HC! or NaOH. Place on a retary shaker (30 to
100 rpm) for 3 to 4 h at 27 C. Filiep suspension throupgh
nylon eloth (150- to 200-um mesh). Centrifuge at 100 ¢ for
2 min and resuspend the protopiasts in 0.7 M mannitol.
Wash protuplasts three more times in 0.7 3f mannitol,

Leaves—high osmotic conditions. This procedure was
inmtially used by Takebe and colleagues (3) to prepare
protopiasts for virus infection studies. It provides a rela-
tively uniform population of protoplasts derived from leaf
pallisade cells from several cultivars of N. fabacum, Re-
move the lower cpiderniis of the leaf by stripping with fine
tweezers, Place 7 g of tissue in 2 150-mi evacuation flask
containing 20 ml of solution composed as follows: 0.1 per-
cent Maccrozyme R-10, 1 pereent potassium dextran sul-
fate, and 0.7 M mannitol. Adjust to pil 5.8 with 0.1 ¥
HCL Vacuum infiltrate the tissue for 4 min, Place the flask
on a reciproeating shaker (100 excursions per min) at room
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temperature. After 11 min, pour off the enzyme solution,
add 20 ml of {resh Macerozyme solution, and shake as
before for 1 h. Pour the tissuc suspension (containing
some macerated cells) through several layers of cheesecloth
and set aside the cell suspension.

Place the undigested tissue in the flask with 20 ml of
fresh MMacerozyme solution, shake for 1 h, and again
filter the suspension. Repeat this operation a third time
pooling the three, 20-ml cell suspensions. Wash the cells
twice in 0.7 M mannitol containing 0.1 mM CaCl. by
centrifuging at 100 g for 2 min, then resuspend the cell
in the same solution. Centrifuge as above and resuspend
the cells in 40 ml of cellulase suspension having the fol-
lowing composition: 0.3 perecent Cellulase R-10 and 0.7 M
manmnitol. Adjust to pH 5.4 with 0.01 ¥ KOH. Incubate
in a water bath at 37 C for 1 to 3 h, swirling occasioneally.
When most of the cells have been converted to free proto-
plasts (as determined by microscopic examination), wash
the protoplasts twice in 0.7 M mannitol and 0.1 mM CaCla
by centrifugation and resuspend in the same solution. If
protoplasts prepared in this manner are to be used for
virus infeetion studies, immediately inoculate them (ch. 11}.

Leaves—low osmotic conditions. The success of this

Tanue 8-1.—Composition of media for protoplast prepara-
tion and cell regeneration
Mediun I

Constifuent Medium IT Medium 111

Milligrams per liter

CafNO ) 4HO L. 180

NHXO: oo 8235 825 823
ENO: oo, 050 167 930
CoaCl-2H0 ... ... r 220 22 322
MpSO-THO L. 1223 147.3 1223
Nu:SO, ................ 180

KHPO, oL 680 68 630
}':IH-JPDPH:O ......... 14,0

KCU oo 58.3

NwEDTA ... ..., 373 37 7
PeS0-7HO ... ... 278 2.8 2
l“O:(SOJa .............. . 23

KT . .83 7a 83
H.BO: o 6.2 2 6.2
MnSOQ,4FL.O .......... 1.1

R’IIICIQ‘JH:O ........... 19.8 2 16.8
ZnSOTH.O ... ...... 9.2 23 0.2
.Nllah'jOOl’zH:O ........ 23 03 .25
CuB0-sHO ..., 023 003 023
COSOI - ?Hzo ........... {03 003 .03
meso-Tnosital ..., ... 100 10.7 100
Thismine-HCl .,....... ! 19 1
Cilyeine ..o .. 2.7

Nicotinie aeid .......... A5

Pyridoxine-HCI ,......, .1
a-Nnphthalenoseetieo arid i 1.2

indolearetie aeid ....... 4
6-Denzylaminopurine -, 1 o 1
Kinetin ,............... 2.56
Suerose ... Ll Varinble Variahle 0.05-0,3 Af
pH o PO 5.6 5.6 5.6

'Shepard and Tolten (4),
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method (4} depends on rigid adherance to the conditions -

for growing plants before protoplast extraction (see Grow-
ing conditions before protoplast isolation). Surface steri-
lize leaves of N. fabacum cv. Xanthi ne and place them in
sterile paper fowels overnight in a refrigerator. Do all
subsequent steps aseptically. To {acilitate enzyme pene-
tration, remove the lower epidermis by stripping with fine,
sterile tweezers. Alternatively, eut the leaves into thin strips
{about 1 mm). Place 2 g of tissue in a 250-ml evacuation
flask containing 100 ml of the following sterile solution:
0.1 percent Macerozyme R-10, 0.5 pereent Cellulase R-10,
2 percent polyvinylpyrrolidone (mol. wt. 10,000) and 0.2
M sucrose. Adjust to pH 5.4.

Regeneration of

Two procedures for regenerating cells and intact tobaceo
plants from isolated protoplasis are given here, the first
by Uchimiya and Murashige (46). Obtaln protoplasts of
N. tabacum cv. Xanthi or Bright Yellow using the pro-
cedure outlined in Cell suspension. Transfer protoplasts
to 50-ml Delong culture flasks containing 5 ml protoplast
culture medium (table 8-2). Each flask should contain
about 3 X 10° protoplasts. Incubate without agitation at
27 C under Gro-Lux lamps (1,000 lux) for 16 h daily.
After 1 to 2 wk, add an equal volume of fresh culture
medium containing 1.6 percent Difco Bacto-agar. This
medium is prepared using 0.3 M suecrose in place of man-
nitol, Transfer Z to 3 ml of the suspension to 10 3 33-mm
sterile, disposable Petri dishes. Incubate 1 to 2 mo. By
now callus masses (2- to 3-mm diameter) should be ob-
tained. Transfer callus masses individually to 25 X 150-
mim culture tubes eontaining 25 ml of shoot-indueing nu-
trient agar (table 8-3), When sheots forin, transier to eul-
ture tubes containing rooting medium (table 8-4). Incubate
under Gre-Lux lainps (10,000 lux} for an additional 2 to 4
wk. Transfer rooted plants to pasteurized soil and grow
in the greenhouse.

The second procedure is that of Shepard and Totten
{4). Isolate protoplasts under low osmotic conditions (ses
Leaves—low osmotic conditions) from leaves of N, taba-
cum L. ¢v. Xanthi ne. SBuspend protoplasts in culture me-
dium II (table 8-1) eontaining 0.59 percent ionagar No. 2
and 0.4 M sucrose at a density of 1 to 1.5 X 10* protoplasts/

TABLE 8-2 —Medium Jor protoplast culture

Murashige and Skoog’s mineral salis {eh. 7)
Milligrams per liter

Sucrose

Manonitel

u-Nuphthaleneacetic acid

Kinetin

Thiaming-HCI

Pyridoxine-HCI

Nicolini¢ acid

myn-Inosifol

Glycine
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Vacuum infilirate and incubate at 30 C on a rotary
ghaker (maximum of 40 cyeles per min) for 4 to 6 h.
Colleet protoplasts by passing the suspension throagh four
layers of cheescclotli into 16.5-cm graduated, Babcock
milk test bottles. Centrifuge at 400 g for 5 min in a Bab-
cock eentrifuge, During this step, viable protoplasts will
migrate centripetally forming a green band in the neck
of the hottle. Withdraw the protoplasts with a Pasteur
pipette and place them in Babcock bottles containing a
rinse solution of 0.25 to 0.4 A sucrosc and one-fenth con-
centration of medium I (table 8-1). At this point the
protoplasts should be suitable for regeneration of cells and

plants (4).

Cells and Plants

ml. Add 5 ml of the protoplast-agar eulture medium mixture
to 230-ml glass prescription bottics. Form thin agar layers
hy placing the bottles in a horizontal position. Incubate at
21 C under white Auorescent light (400 lux). After 27 I in-
crease the light intensity to 700 lux. After 2 wk, add 2
mi of eulture medium IT (lacking agar) and tiit the bottles
slightly to prevent the liquid from covering the agar sur-
face.

Begin dilution plating from the hottles after about 4
wk of culiure. This is done by first disrupting the soft
agar layer with a glass rod, then disrupting the colonies
by gentle repipetting. Dilute the colonies tenfold by mix-
ing in 10-mm Petri dishes 1 ml of the colony suspension
with ¢ ml of medium I (table 8-1) containing 0.05 3
sucrose and 0.7 pereent agar. Seal dishes with Parafilm and
incubate in clear polystyrene boxes at 24 to 26 C under
fluorescent light (1,500 lux}. When most colonics exceed
1-mm diameter and have turned green, transfer them with
a fine-pointed scalpel ta Petri dishes containing medivm

TabLE 8-3.—Shoot-inducing nuirient agar medium®

Murashige and Skoog's mineral salts (ch. 7)
Sucrose grams per liter
Thiamine -HCI milligrams per liter
myo-Inositol

Kinetin

Indolencelic acid

Adenine sulfate-2H.0

NﬂH:POFH:O

T-tyrosine

Bacto-agar

Trehimiya and Murashige (6).

TanLE 8-4.~Rooling medivm’

Murashige and Skoop's mineral sults {ch. 7)

Sucrosn gramsper liter. ... ..o o o 30
Thinmine - HC]

niyn-Inosilol

Indolencetic aeid

Baclo-ngar

"Wehimiyn and Murashige (6).
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IIT (table 8-1}. Colonies should grow rapidly and differ-
entiate shoots and leaves on this medium, When colonics
have cxceeded 5 nun diameter and have inittated primor-
dial shoots, transfer them with tissue foreeps into Pyrex
cassercle dishes (Corning No. 681) containing 150 ml of
1/2 coned: 'ration medium 1 {table 8-11, 0.025 M sucrose,
0.6 percent ionagar, and no hormones. Seal the dishes with
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Parafilm and incubate under white fluorescent light (7000
lux]. When shoots are well developed and root formation
hag hegun, remave the plants from the dishes, transplent
into solid, peat growing blocks, and place them in an en-
virenmental ehnmber at greater than 85 percent R When
the root system has become fully developed and shoot
growth has resumed, transplant the plants into soil.

Microscopic Methods

For various reasons, examining pretoplasts microscopi-
cally is often necessary during or following their iselation.
As an example. in the fusion proeedure to be discussed,
light microscopy can be used to detect heterkaryons as a
eriterion of fusion between protoplasts from two different
Nicotimne spp. However, by far the most eommon use of
light microscopy is simply to determine the condition or
viahility of individual protoplasts and cells in suspension.
Criteria for assessing whether or not a protoplast is alive
will he discussed together with procedures for preparing
protoplasts for study with the electron microscope. Anti-
body labeling techniques, particularly useful in virus in-
feetion studies, arc given in ehapter 11,

The simplest way of telling whether protoplasts are
alive is {o place a drop of the suspension on a microscope
slide, add a cover slip, and examine the preparation with
phase contrast optics. Living protoplasts prepared under
low osmotic conditions (sce Leaves—low osmotic condi-
tions) cicarly exhibit protoplasmic streaming, that is, or-
derly movement of mitochondria and mierohodies about
the protoplast. In dead protoplasts, or cells, mitochondria

I'N-G308
Figure 8-1.—Leaf proloplast of N. febacim isolalod under low os-
molic comlitions showing the periphemi orienintion of the ehloro-
plast. Nomarski differential inlerference-contracel oplies, magnifien-
tion 1900%.

and microbodies exhibit brownian movement, shaking
about at random. Protoplasmic strcaming is less easy to
rlefeet in protoplasts prepared under high asmotie condi-
tiony {sce Cell suspensions and Leaves—high osmotic
conditions) because the chloroplasts form a nearly con-
tinuous shell at the periphery of the spherieal protoplast,
oceluding the inner contents (fig. 8-1). However, the fact
that the protoplasts are spherieal and the chloraplasts form
a continuous shell around the periphery are themsclves
indications that the protoplasts are alive. Dead protoplasts
usually are irregularly shaped, and the chloroplasts become
clumped and disoriented.

Another means of determining whether protoplasts are
living is their ability to take up vital stains such as neutral
red. Such staining is not necessary, however, if one has
access to a phasc-contrast microscope for detecting proto-
plasmic streaming.

Thin scetions of protoplasts may be prepared for ultra-
structural study in the manner used for intact tissues
except that it is necessary that the primary fixative {gluta-
raldehyde) contains an osmoticum, Alse, protoplasts will
withstand more rapid dehydration hefore infiliration with
epoxy resin than will intact tissues,

The following procedure works well for protoplasts that
have been isolated under high osmotie conditions (sec
Leaves—high osmotic conditions). Place 1 m! of proto-
plast suspension in 8 BEEM ecapsule (eylindrical tip, size
00} and pellet the protoplasts by cenirifugation at 100 g
for 2 min. The initial coneentration of protoplasts should
be such that after centrifugation the pellet of protoplasts
should not eecupy more than T mm at the tip of the cap-
ule. Peur off the supernatant fluid and fill the capsule with

pereent glutaraldehyde in 0.05 M potassium phosphate
huffer, pIF 6.8, and 0.7 M mannitol, Tix for 1 h at room
temperature.

Wasl: twice with phosphate buffer (without mannital)
and post-fix an additional hour with 2 percent 0sQ4 in the
same buffer without mannitol. Wash twiec with huffer and

=
-
3

TanLE 8.5—Spurr’s low viscosily epory resin

Grams
Vinvleselohexene dioxide (VO e, 130
Diglyeidyl ether of polvproplene glveol (DER 7360 .......... 9
Nonenylsuecinie andrydride (NSAY ..o v i9
Bimethylaminoethanal (8-1) .. . . A

'"Mix componotils ul room lempernture in the order listed.
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once with distilied water for 1 h. Centrifuge at 10,000 g
for 20 min to pack the protopiasts tightiy in the bottom of
the capsule. Pour off the superantant fiuid and fill the
capsule with 95 percent acetone (EM grade). After 15 min,
make three changes of 100 percent acctone during 1 h,

Then, using a Pasteur pipet, withdraw half of the ace-
tone from the capsule and fill the capsule with Spurr’s
low viscosity epoxy resin (table 8-5}. Stir gently with a
glass rod, taking eare not to disturb the pellet. Let stand
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for 3¢ min. Withdraw half of the acetone-resin mixture
and again fill the capsule with epoxy resin. Let stand for
4 h. Withdraw all of the resin from the eapsule and refill
the capsule with fresh resin. et stand at room tempera-
fure overnight. Pour off the resin and refill the capsule
with fresh resin, Cure at 70 C {or 8 h or longer. Proto-
plasts embedded in this manner may then he sectioned and
stained with lead citrate and uranyl acetate in the usual
manner.

Applications

DNA Uptake

Owing to a lack of a cell wall, protoplasts provide a po-
tential means whereby genctic material can be transferred
from one plant to another. Under proper conditions isolated
protoplasts will incorpeorate exogenously applied DNA. If
plants are subsequently regenerated from protoplasts that
incorporate DINA isolated from other plant species or cul-
tivars, their genetic constitution can be altered. The follow-
ing procedures were found most effective for uptake of
DNA by protoplasts of N. tabacum cv. Xanthi, a systemie
host of TMV {4).

Quantitatiive measure of absorbed DNA. Protoplasts
of N. tabacum cv. Xanthi are obtained from cells using
the procedure outlined in Cell suspensions. Suspend the
protoplasts ir protoplast culture medium (table 8-2} at a
density of 5 X 10° protoplasts per milliliter, Add *H-
DNA (specific radicactivity 1.9 X 10® epm/ug) in 0.015 M
trisodium citrale and 0.15 37 NaCl, pH 7, to a concentra-
tion of 7.26 pg/ml. Incubation is conveniently done in 10-
X 75-mun culture tubes containing 270 ul protoplast
suspension and 30 ul. DNA. Seal tubes with Parafiim
and incubate at 27 C for 5 h. Collect the protoplasis by
centrifugation at 480 g for 5 min and resuspend in fresh
protoplast eulture medium lacking DNA. Wash twice more
in fresh culture medium. Remove DNA adhering to the
protoplast surfzce after the final centrifugation by re-
suspending the protoplasts in 450 pl. of protoplast
culture medium and 50 pls of DNase solution (I mg/ml
DNasge in 0.03 M MgClo). Incubate at 37 C for 5 min and
wash protoplasts three times by centrifugation with cul-
ture mediem. Lyse protoplasts by suspending them in 450
pL of the trisodium citrate-NaCl solotion containing
sodium dodecy! suifate (10 percent by wi/vol). Add an
equal volume of cold 10 percent irichlorgacetic acid {TCA)
eontaining 10 percent bovine serum albumin. Collect the

resuiting preeipitate on o BMillipore membrane filter (0.43
vra) and wash with 30 mi cold 3 percent TCA, then 5 mi
cold 95 percent cthanol. Dry and measure radioactivity
uging 5 il foluene containing 4 mg/ml Omnifiuor (New
England Nuclear} as a carrier. Using this procedure, about
3.5 percent of the initial rvadionetivity was taken up by
the protoplasts (Shalla, unpublished).

Gene tran-fer studies. The following procedure was
used by Uchimiya and Murashiga {7) to transfer (TMYV)
loeal lesion genes from N. febecum ev. Manthi ne to N,
fabacum cv. Xanthi. Buspend protoplasts in 2- to 3-mi pro-
toplast cultwre medium {table 8-2) at a density of 10° to
10° protoplasts per milliliter tn 13- X 115-mm centrifuge
tubes. Add uniabeled DNA {in the trisodium citrate-NaCl
solution) to a final concentration of 20 to 30 wg/ml. Seal
tubes with aluminum foil and incubate at 37 € for § to 10
h. Wash three times by centrifugsiion at 300 g for 2 min,
resuspending the protoplasts cach time in fresh protoplast
culture medium. Protoplasts may then be manipulated to
promote regeneration of plants (46},

Protoplast Fusion

Fusion of protoplasts from different =pecies or genera
provides a potential means of combining genetic material
to form artificial hybvids. To date, most such attempts
have been unsuccessful, possibly hecause of difficulties in
working with the protoplasts of many species, parbieularly
of cereal origin. Nevertheless, the potential is present, and
Interspeeific fusion has been accomplished with some sys-
temns, notably different Niecotiana spp. {ch, 9),

Virus Infection
Infecting isolated protoplasts synehranously is possible
with plant viruses, This provides a system wherein the se-
quential steps in viral infection. and pathogenesis may be
studied {ch. 11).
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Infroduction

Past successes in cell fusion and organelle uptake have
proven that hybrid cells can he made and novel eytoplasms
created. Methods to promnote the stable cofunctioning of the
mixed nuclel and cytoplasms must he developed to extend
the range of hybridization beyond that which has been
achieved. Understanding how genes are regulated and how
the nuclous is organized is erueial to this endeavor.

Several approaches to somatically altering the genetic con-
tent of plant cells are being taken They include {a) fusing
protoplasts within species, hetween species, between mono-
cots and dicots, and between plants and animals (146, 28,
38, 46, 48), (b) inserting organelles such as nuclei, plastids,
raitochondria and chromesomes into protoplasts (8, 22, 43,
71, 74), (c) inserting microorganisms such as hlue-green
algae, bacteria and viruses into protoplasts (12, 21, 36},
and (d) transferring nueleic acids, which may be infective,
transforming, or wvector-borne into protoplasts, meristems,
stem wounds, or ovaries (27, 42, 45, 54, 57, 62, 73, 75). De-

seriptions of the successes and potential of introducing
genes from various sources into plant cells e recently
appearced {13, 23, 26, 37, 41, 71}.

Mueh of this work has been significantly aided by the
amenability of Nicotiana spp. to protoplast technoiogy.
Indeed, the outstanding creations have been the new
chromosemal variants and cytoplasmically altered phe
notypes obtained in the progeny of somatie hyhrids «:
Nicotiana spp. (4, 71, 72). Four of the six (4, 30, 67,7, 72.
suecessful attempts to somatie hybridizing from whiel: 1er-
tile plants were obtained used Nicolfana species V. glauca
-+ langsdorffis (13, 72), N. tebacwm - N. debneyi (4),
and two different inivaspecific N. faebacum combinations
(38, 60).

Cells containing transferred organclies are called cyto-
plasmic hybrids or heteroplasts. Cells containing nonidenti-
cal nuclei are referred to as heterokaryons or heterokaryo-
cytes; when these nuelei fuse, a hyhrid ecell is formed.

Agents and Mechanisms of Protoplast Fusion and Organelle Uptake

The first step in protoplast fusion and organelle uptake
requires the aggregation or agglutination of cells or orga-
nelles with cells. Although immune sera (39), poly-L-
ornithine (53), or concanavalin A (1I) can agglutinate
protoplasts, they do not induee fusion,

Membrane fusion between plant protoplasts is promoted
by sedium nitrate {65), polyethylene glycol (PEG) (17,
50), environmental conditions of high pH, high Ca** con-
centration, and elevated temperature (52), and lysolecithin
combined with PEG (17). Using these facts, two methods,
which give high frequencies of protoplast fusion, have been
devised by Keller and Melchers (52, 60) and Kao and
collaborators (50, 51). The methods can be used with

‘Department of Biology, New York University, New York, N.Y.
10003,

highly wvacuolized mesophyll cells and meristematic cells
from culture. After treatment the fused cells recover and
subsequently divide. The first method ecombines high pH
(10.5}, high Ca** (50 mM CaCle2H:Q), and high tempera-
ture {37 C) treatment that promotes fusion at frequencies up
to 20 to 50 pereent (52, 60}. Centrifuging cells during the
40 to 45 min treatment may he necessary to induce fusion
with certain tobacco pretoplasts (52), The second method
uses PEG (15 to 50 percent) and Ca'? (10.5 mM CaClge
ZH:0} and osmoticum {17, 49, 50), When followed by elution
with « high pH/high Ca*® solution this method has heen
successfully used to fuse protoplasts of many species (28, 46,
48, 67, 72). Interspecific fusion cvents range between 4 and
39 percent.

PEG is widely used to induce both protoplast fusion and
organelle uptake. Its general formula is HOCH, (CH.-
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0-CH,)}, CH:OH (5¢); the ether linkages make the mole-
cule slishtly negative. In addition to its effectiveness with
plant protoplasts, PEG promotes the fusion of bacterial
protoplasts (69) and animal cells (24). PEG may not work
with all cell combinations, Fer example, although PEG
induced yeast protoplast fusien {2¢), it did not promotc
fusion of yeast protoplasts with Boston ivy, Parthenocissus
tricuspidate (21}, Rather, the yecast protoplasts were taken
inte the cell in vesicles formed by the Parthenocissus plas-
malemma.

The molecular weight and concentration of PEG (10, 21,
31, 50, 51), as well as that of Ca** (50, 52), are critical
to achieve both aggregation/fusion and uptake. The most
effective molecular weight classes arc 1,540, 4,000 and
6,000, When applied to Deaucus carote protoplasts, the
optimum concentration of PEG {for inducing the greatest
number of binucleate cells (25 percent) and the least num-
ber of multinucleate eells (about 3 percent) was 0.2 M
(31}. The percentage of heterckaryocyte formation in-
duced by PEG also varies with the biological system used;
for example 0.2 pereent for plant -}- animal cells (28, 461,
4 percent for Petunia parodii + P. hybrida (67}, and 39
percent for N. glauce -+ soybean (48},

To optimize adhesion, the coneentrations of protoplasts
and organelles need to be regulated. A concentration of 2
to 3 X 10° cells/ml yielded 9 percent heterckaryons (50).
BExtensive protoplast aggregation in dense protoplast sus-
pensions {4 ¥ 10° cells/ml) promoted a higher incidence
of protoplasts with incorporated chloroplasts (8). With a
chloroplast to protoplast ratic of 10:1, ehloroplast incorpo-
ration frequencies of 10 to 16 percent were observed (10).

Ahkong, Luey, and collaborators (I, 2} have proposed
a mnodel of membrane fusion compatible with evidence ob-
tained from treating animal cells with various fusegenie
chemieals, including PEG and Ca*?, and high temperature.
They suggest that fusogens and heat perturb the bilayer
structure of the cellular membrane that leads to an in-
grease m the fluidity of the lipid region. Protein/glyce-
protein particles then beeome aggregated within the per-
turbed membranes leaving regions of the membrane {ree
of protein. Caleium also may aggregate intramembraneous
proteins, These protein-free regions on closcly apposed or
agglutinated membranes arc probably the sites of fusion as
the lipids interact and intermix. Recently, a new class of
bioiogically active compounds, called moembrane mobility

Efficiency of Organelle

The efficiency of uptake of microorganisms by plant
protoplasts varigs. After treatment with PEG 6000 (40
percent wt/vol), 20 percent of Boston ivy protoplasts con-
tained from one to many ceclls of Anacystis nidulans, a
bluc-green algae. N. fabacum cv. Xanthi ne protoplasts,
on the other land, did not take up A. nidulans readily
(21). Following PEG 4000 treatment {52 pereent wt/vol},
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agents, have been dezeribed whicl promote loeal disorder
within memhbranes (55}, They actively promote fugion of
animal eells; however, their effects on plant profoplasts are
not well documented.

Cell plasmolysis and deplazsmolysis oecur during fusing
and uptake treatmients. PEG plasmoelyzes protoplasts mak-
ing the plasmalenuna available to invaginate around ex-
ternally adhering organelles (8, 27). When agglutinated
protoplasts are washed froe of PEG, the cells deplasmolyze
and fusion necurs. In the high pH/high Ca®/high tempera-
ture fusion methiod, eeft fusion eceurs in mildly hypotonie,
deplasmolyzing conditiens (52). The membrane perturbing
effects of PEG are probably achieved by raising the tem-
perature to 37 C (2, 52},

Electron mieroscopie studies of ecll 4- eell fusion induced
by sodium nitrate (78) or PEG (33, 74, 77) indicated that
agglntinated plasmalemma first fuse in smnll, localized
arcas forming cytoplasinic bridges. This process beging
after PEG has been eluted. Continuing fusion of the agglu-
tinated mombranes leaves plasmalemma-hounded vesieles
in the eytoplasn:. Organclles then migrate to the periphery
of the fused ecll and mix, leaving the vacuoles in cloge con-
tact, Cytoplasmic mixing is eomplete when the tonoplasts
fuse. In certain heterokaryvons, the organelles of once spe-
eies retain nornal structure wherea~ those of the other
species appear to degenerate (341,

Tltrastructural studies by Davey and colleagues (21, 22}
showed invaginated protaplast membranes fusing around
yeast protoplasts and chloroplasts, thereby releasing filled
membrane-bound vesicles into the cyloplasm. Eventually
the chloroplast membranes or yeast plasmalenuma fuse with
the vesicle membrane, veleasing the vesicle cantents into the
eytoplasm. Apparently, uptake of hluc-green algae requires
development of deep invaginations of the plasmalemma,
Davey (21) ascribed the laek of uptake by N. tebacum
av. Xanthi ne mesophyll protoplasts to chlaroplasts pack-
ing the peripheral evtoplasm and keeping the plasmalemma
taut. Intact double-memlraned chloroplasts can fuse di-
rectly with the plasmalemma similar to what ceeurs in cell
4+ cell fusion (21}, Taucheria dichotoms chloroplast lamel-
lae may he transferred inte carvot protoplasts in this man-
ner. The photosynthetic lamellae are present in eytoplasm
of carrot protontasts 30 min after PEG treatment without
thoir own limiting membrane and without carrot plasma-
lemma surrounding them {8).

Uptake and Servival

1 pereent of N. fabacwm ov, Havana 38 (Wis 38) proto-
plasts havhored o single cell of Gloeocapsa, a nitrogen-
fixing, photosynthetie, nontoxin producing bluc-green al-
ga (72). Isclated organclles may he treated with mem-
hrane modifiers, such as lysozyme (63) or sodium nitrate,
to encourage uptake, along with slow centrifugation (63).
One to 5 extra nuelei and 1 to 20 extra chlovoplasts were
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transferred inte 0.5 pereent of the recipient protoplasts,
meluding Nicotinna protoplasts, using these methods (63).
Chloroplasts from the alga. 1. dichotoma, are taken up by
9 to Z4 percent of earrot protoplasts during PEG 1340 or
4000 (28 percent wt/vol) treatment (8, 10). In these
experiments, PEG induced protoplasts, but not chloroplasts,
to aggregate and fuse. Chloroplasts were not taken up by
protoplasts when they were centrifuged together if PEG
was not added (10).

Subprotoplasts are fragmented protoplasts that often
lack a particular group of organelles—nuclei, chloroplasts,
mitochondria, or nucleus and mitochondria. They may be
an alternate way to transfer ovgenclles into cells (5, 6).
Fusing subprotoplasts with each other or with protoplasts
could have two advantages. Organclles may be proteeted
from damage during isolation, and the technique would
allow the subprotoplasts to be direetly released into the
comnon cytoplasm unencumbered by an enclosing plasma-
leima vesicle.

To assure that successful intracellular colonization oe-
curs, the organelle or organism must be isolated and pre-
sented to the recipient protoplast in a viable condition.
Rathram and Edwards (68). Blaschek and others (7} and
AMennes and others {671 have perfected methods for isolat-
ing viable, metabolically active chloroplasts and nuclei
from tobacco. Plant protoplasts are a convenient source

67

frein which te harvest organelles {5, 7, 63, 68). Leaf proto-
plasts retain about 100 percent of their photosynthetic ae-
tivity, measured by CQO.-fixing ability, for up to 20 h when
stored on ice (68}. Chloreplasts isolated from these proto-
plasts also retained more than 80 percent COa-fixing ability
after 20 h. In short-term eulture, Bonnett and Banks (9)
detected clectron transport in algal chloroplasts that had
been transferred into higher plant protoplasts.

Stable incorporation of the transferred organelles or
algae, which implies continued division and funetion of the
introduced genctic material, generally has not been achiev-
cd. However, there are some notable exceptions.

Persistent nitrogen fixation and acetylene reduction has
een detected in colonies of the fungus Rhizopogon, which
developed from protoplasis that had incorparated the nitro-
cen-fixing bacteria, Azotobacter vinelondii (36). Albing N,
tabaciem protoplasts seem to have incorparated and main-
tained muclei and chloroplasts from green N. suaveolens
(56). The N. tabacum plant obtained was variegated, had
supernumerary chromosomes, and synthesized small and
large subunit molecules of Fraction I protein characteristic
of both N. tebacum and N. suaveolens. In contrast, with
rare exeeptions, somatic hybrid plants produced by cell
fusion betwcen N. glauca - N. langsdorffii and their ofi-
spring up to the F; gencration contained chloroplasts of
sither N. glaveca or N, langsderffii (14).

Efficiency of Protoplast Fusion and Hybrid Cell Recovery

Identification of fused ecells is commonly based on dif-
ferential staining of heterokaryons (18, 53), distinetive
chromoezome morphaologies (48, 51), and chloroplasts that
differ in chlorophyll content, size, grana or stroma struc-
ture and inclusion hodies {34, 507, Crueial events that fol-
tow cell fusion or erganclle uptake and lead to hybrid cell
formation are nuclear fusion, cytoplasmic mixing, and sta-
ble expression and replication of the combined nuclear or
cytoplasmic genomes,

Interphase nuclei have heen observed to fuse in hetero-
karyocytes (18, 29, 48). Nuclear consolidation may also
occur during the first mitotic division after protoplast
fusion in heterokaryocyte combinations in which division
is synchrenized (57}, Overlapping spindles can lead to in-
clusion of hoth sets of chromosomes within the new nuclear
membrane. Alternatively, a nueleus from an interphase
cell, for example, leaf mesophyll, may undergo precocious
chremosome condensation if fused with a highly mitatie eell,
from cultured cell lines (66). Hybrid mitotic eclls that
oceur immediately after fusion may be of this type (51).
Because the precociously eondensed chromosomes are not
attached to a spindle, they may be easily lost. The impact
of post-fusion events is illustrated by the fate of V. glauca
-+ N. langsdorffii heterokaryocytes. Although expected to
be compatible, only 13.5 pereent of the heterokaryocytes

underwent nuclear fusrion and formed hybrid cell colonies
(51).

Heterokaryons commonly lose nuclei, chremosomes and
organelles, especially if selective pressure is withdrawn or
none is applied (34, 51, 66). Certain phenomena suggest
that cukaryotic cells may have mechanisms for destroying
foreign, non-self deoxyribonuelcic acid similar to the re-
strietion cnzyme systems of hacteria (25). When these
phenomena are sufficiently understood they may become
assets in experimental design. Use of restriction enzymes
to clone genes is onc example {40) and the rapid advances
in mapping the human genome with man and mouse so-
matic eell hybrids is ancther (59),

Various selection schemies have been used fo recover
hybrid cells. They are applied at different times after fusion,
namely, immediately after fusion hut before cell division
has occurred (67}; after division has started: or when
calli are visible (51, 60, 67, 72). Power and others (67) re-
port that the frequency of P. hybrida + P. paredis somatic
hybrid plant formation was one out of 1 to 8 X 10° proto-
plasts. Their sclection scheme was based on differcentisl
parcntal protoplast growth responses on Murashige and
Skoog’s medium eontaining actinomyein D. Melchers and
Labib (60} indieate that 12 intraspecific somatie hybrids
originated from 2.2 X 10% calli tested. In their experimental
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design, ecomplementing ehlorophyll mutations in green hy-
brid callus were distinguished from the yellow parental
calli. The selection seheme worked cffeetively only after
redueing the organic constituents in the medium five- to
tenfold. On the high organic medium, both ecalli of the pa-
rental chlorophyll mutants and somatie hybrids were deep
green during exposure to high light intensities and could
not be distinguished. Using auxin autotrophy of hybrid
callus as the method for selecting somatic hybrids of A
glasica + N. langsdorffii (ch. 1), large numbers of hybrid
plants were recovered (72). Kao (48) has cstablished a
number of N. glauca + soybean hybrid cell lines using
another strateey. He physically isolated and cloned hybrid
cells in small wells (Costar's Cuprak tissue culture dish,
#3268}, thus remuving them from competition with parental
cells, which grew faster.

Somatie plant hybrids have been recovered without se-
lection (37, 38). Sexual hybrids are available for each
combination so that the somatic hybrid eould he recognized
after differentiation. Belliard and associates (4) recovored
many nuclear and eytoplasmic hybrids hetween a male
sterile N, tabacum carrying N. debneyi cytoplasm -+ fer-
tile N. tabeewm without apparent scleetion. The nuelear
hybrid had leaves that were intermediate between the pa-
renta] sessile and petiolate types. Unique somatic mixing
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of the two eyvtoplusts wax evidenced by unusual inter-
mediate floral phenotypes and changes in fertility.

Potrvkus and Lorz (641 attempted to repeat the sucecess-
ful somatic hybridization experiment of Alelehers and
Tabily (601 bhased on complementing nuclear chlorophyll
mutants by fransferring nuelei from one haploid N, taba-
e mutant line into protoplasts of the other mutant line.
The green plants that were praduced, however, did not ap-
prear truly complementary.

Cellulir ineemypatibility between species, which de not
farm =exnal hyhrids, may net wholly aeccount for the pres-
ent lnek of success in abtaining this kind of somatic hy-
hrid. Constabel and co-workers (79) reported that the tim-
ing of first mitosis in intergeneric heterokaryons that were
identified hy the eo-presence of chloreplasts of one parent
(N langsdorffii, glanvea, rustica ov {ubacum) and leuko-
plasts of the other parent (saybean callus eclis) was inter-
mwediate betwoen the expeeted first mitosis of each parent
aftor protoplast formation. Although they did not score
fused hyhrid nueled, this observation suggests that lack of
early and offective scleetion of this subpopulation of divid-
ing cells, rathor than their self-generated suicide caused by
inecompatibilities, may be the recasan that few somatie hy-
Irid eell lines have been recovered from populations known
to include heterokaryons.

Biochemical Markers for Hybrid Cell Selection

An important area in plant ecll geneties involves the
selection and characterization of mutant cell lines (ch. 10).
In a recent review, Maliga (58) cites plant eell lines that
are resistant fo various chemicals. However, drug resistant
mutants and nuftritional auxotrophs have not yet become
standard metheds for seleciing hybrid plant cells as they
have for animal cells. There is, however, a notable exeep-
tion. Schieder (70) demonstrated that somatic hybrid
plants could be recovered from complementing nicotinie
actd and glucose auxotrophs in the liverwort Sphaerocarpos
donnellil following protoplast fusion. Cell lines of A, tabo-
cum resistant fo amino acid analogs (aminocthyl-I.-cys-
teine, p-fluoraphenylalanine, hydroxylysine, methionine sul-
foximine (MR80Q), s-methyl tryptophan), purine and pyrim-
idine analops (bromodeoxyuridine (BdU'r), azaguanine),
NaCl, KCIQ;, streptemyein, and threonine have heen iso-
lated. N. sylvesiris cecll iines resistant to 8-azaguanine,
NaCl, 2,4-dichlerophenoxvacetic acid, and low temperature
are available.

Cell lines auxotrophic for hypoxanthine and lysine have
also heen selected from N, tabecin cultures, The verified
gene mutants among these phenatypic variants are the
MSO, BdUr, streptomyein, and 3-methyltryptophan resis-
tant cell lines and hypoxanthine and lysine auxotrophs.
All these coll lines are available as hiochemical markers
for somatic hybrid cell scleetion systems.

Because the ability to differentiate appears related to the

time eplls have been culturved, rvegeneration of somatie hy-
bridd plants sclected from complementing mutant ecll lines
may depend on the age of the ecll lines used (58). Nat-
urally existing differenees in resistanee to drugs among
speeies hynpassos this disadvantage heeuse protoplasts ean
he prepared direetly from leaves. Fndogenous resistance to
actinamyein 1 has heen combined with differences in nu-
tritional requirements of each speecies to seleet gomatic hy-
brids of P. parvodii + P. hybrida (671, Distinet hormane
recuirements also may have general application as a sclee-
tion tool. Tzhar and Power {441 have provided cvidence
that partieular hormaene dependencies segregate in hack-
erosses and may have a penetie basis, In addition, they
showed that complementations ocewr between different hor-
mone auxotrophs.

Animal eoll genctie =tucics have made steady progress
heeause of a number of general seleetion schemes, foremost
of which iz the ITAT syetem (59), AT refers to hypoxan-
thine, aminopterin and thymidine that are wdded to the
stleetion medium. By speeifically inhibiting dibvdrofolate
reductase, aminopterin prevents de novo synthesiz of pur-
ines and pyrimicdines, Parines and pyrimidines ean he syn-
thesized alternatively via a salvage pathway by hypexan-
thine phosphoribosyltransferase (ITPRTY and thymidine
kinase (TK), AMan and mouse mutant cotl lines deficient in
TR {TK-} or IPRT (TIPRT ) cannot uge thvmidine or
hypoxanthine as precursors in the salvage pathway. TK-
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and HPRT- cells complement cach other for the cnzyme
deficiencics and grow in HAT medium so that hybrid cells
are enriched.

A genecral biochemical seleetion method similar fo the
HAT system has not yet been developed for plant cells.
Continuved suceess in producing coll hybrids ean be ex-
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peeted with plant cells, nevertheless. Auxin autotrophy,
romplementing chlorophyll mutants, response te growth and
differentinting  media are distinetive botanical sclection
methods. Other partieular scleetion deviees may also work:
for cxample complementing resistance to tobacco mosaic
virus and tahoxins in tohacco,

Methods

Protoplast Fusion

The extent of ccll fusion and heterokaryocyte formation
can be controlled in a number of ways (8, 50, 51, 76): (a)
length of time in enzyme solution to produce protoplasts,
{b) molecular weight and concentration of PEG, {c} dura-
tion and temperature of fusion treatment, (d) pH of fusion
mixture, and (e} protoplast or cell density.

First method: For fusing protoplasts, Kao and co-
workers (48, 49, 50, 51}, used a wmethod adapted
for a ~varicty of plant and animal cell systems
(3, 28, 46). Scparately prepare protoplasts from each
source ab the same time (el 8} 176). Filter the protoplasts
together through a stainless steel gereen (80 pm) into a
centrifuge tube. Pre-mwoistencd dliracloth is alse a good
filter. Centrifuge at 100 g (unit of gravity) for 3 min and
resuspend protoplasts in wash solution (table 9-1). Repesd
centrifugation step. Washing also can be done by allowing
the protoplasts to settle in the tube, then drawing off the
supernatant with a Pasteur pipet. Pipet 0.1 to 0.2 m] pro-
toeplast suspension onto a coverslip seeured to a plastie
Petri chsh with a drop of silicone oil, or place protoplasts
in glass Petri dish. Wait 5 min to allow cells to settle onto
glass surflace. While chserving through the microscape,

TavLe 9-1—8olulions for protoplust fusion

Wash Selution
0.5.0f plucose
3.5 mA CaCle- 210
0.7 mM KILPO, TLO
pH 5.7
PEG Solution
0.33 M PLG 1,340 or 600 Af PIEC 6,000
10,5 mAf CaCl.-2IL0
0.7 m\f I{H:PONI’[:()
0.1 M plucose
pH 5.5
Propare immediately helore use

Eluting Solution
i
100 mM CaCly-2H.0
04 A glucose
i
100 m} NaOH-glyeine hufier, pil 10.3
04 A plucose

Prepare solutions @ and Jf soparately il
mix {1:1Y just hefore use,

stowly add 0.2 ml PTG =olution in smull drops. The PEG
goos through the protoplast suspension like a wave, foree-
fully aggiutinating protuplusts at the moving front. The
degree of agglutination can he controlled by adding more
or less PIEG salution {this solution also eauscs protoplasts
to adhere to glass).

Incubate the protoplasts at room temperature for 15 to
40 min out of diveet light. Slowly add 0.5 ml cluting solu-
tion. Wait 10 min. Add an additional 0.5 m! of cluting
selution. Lel star < 5 min,

Wash protoplasts free of PEG by the following dilution
procedure: Add 0.3 mil protoplast eulture medium (PCM)
(table 9-2) to the protoplust suspension. Wait 5§ min and
remove 0.3 ml of liquid with a Pasteur pipet. Repeat §
tines, Always feave sotme medium covering the protoplasts
while washing,

Culture the protoplasts in 0.2 (o 0.4 ml PCAL on the
coverslip ot glass dish. To keep the dish humid, add drop-
lets of medium around the coverddip. Seal dish with Para-
film and ineubate undisturhed in low light (50 lux). In 4
to 6 d division <hould oceur. In 2 to 4 wl calli beecome
vizible. During this time add to the cultures inercasing
volumes of PCM in which the osmwoticum  (glucose)
concentration is gradually deereased, When ealli are 2 to 3
mm large, transfer them to differentiating medium.

Second method:® Fvans and coworkers (32) have a
different method for fusing profoplasts from N, tabacum
ev, Nanthi and N, otophore. This & a partienlarly useful
model svstem for stwlying (usions with V. ofophora he-
cause it possesses intranuclear heterochromic blocks that
allow eaxy identification of heterokaryons (che, 1, 2). Tso-
late protoplusts from leaves of eacli sourcy using the high
osmotic proectlure detailed in chapéer 8 (0.7 A mapnitol
ax the osmotiewn).

Rediment the protoplasts Iy ecntvilugation at 100 g for
5 min and resusperl them in o salts-suerose solution {(table
9-3). Centrifuge at 200 ¢ for 5 win, The protoplasts should
float to the wurface while colls and debris sodiment. Re-
move the protoplasts with a Pasteur pipet and transfer
them to u «olution contatning the saits listed above but
substituting 0.7 3 mannitol for the sucrose.

Centrifuge the protoplusts at 100 ¢ for 5 min and re-
suspend them in fresh salt-mannitel solution, Mix the two

Prepared by T,A Skalla, Depritment of Plant Pathology, Uni-
versity of Ualifernia, Davis, Calif, 93616.
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Tarre 9-2.—Profoplast culture medium’

A, Stock solulion macro salts
Grams per liter
25.0
2,50

KNGO,

NH.NO,
CaCl-2H-0O 2,00
MeS0,-7H.O 2.50
CﬁH:(POJ)'}'H:O .50
{NH.)-80, 1.34
NaH.PO,-H:0 150

B. Stock Solulion micro salts
Milligrams per
108 mitliiter

Ma30,- 10O 1000

HBO,

Za50,- 7.0 i

N{lzL\‘IOO.l . 2H20

CuS0,

CoCl-.- . 61{:0

. KI 73 mg/ 100 ml

. Iron souree
Crams poer fler
Fes0,-7H.O 5.5%
Na.-EDTA 755
Aerate lo dissolve

i, Vitamins
MMilligrams per
160 milliliter
Nicolinie acid 10
Thinmine- I 100
Pyridoxine-HCI 10
myo-Inositol 1000

. 2 A-dichlorophepoxsacelie acid (2,4-1) 1 mpgsml

1. 6-benwyindenioe (6-BAP) 1 tagsnd

H. w-naphihueneacetic ackl (NAA} U mgg/md

1. N%dimethvislivindenine (2i0) .01 myr mi

To make 200 mi Protophst Culture Medinn, mix the above stock
solutions ul the volumes indieated,
mithlider. oo i 20

Cocorut milk fdeproleinized). do

N-Z amine Type A milligrams
Xylose
Cihicose ELIS .. e
miflliler. .. ..o i enn RN tn 200.0
Adjust pH to 5.7 with 0.t ¥ NaQH or 0.t ¥ HC l and filter sterilize

through 0.22-um filler.

“This medium promotos cell division and enllus formntion by
protoplasts of Nivoliena tabacum, gleuca, lgsdorfis, rrsticn,
longiflora, and debnreyi as well asg other Solnnaceas and Iegumes (18,
H. H. Smith, personal communiculion). T4 is essen{ially Kuo’s M-3
medium (51) but differs in fron scures, addition of 1P and elininza-
tion of MES buffer,
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TasLe 9-3.—Solution for protoplast purification’

(aCli-2H.O
KNG,
KH.PC,

grams per liter
milligrams por liter. ... .1, -

Cu, 50 - 3H0
Sucrese
Adjust pH o 5.8

‘Eyans and others (32).

sources of protoplasts in a ratio of 1:1 and sediment by
eeptrifuition at 100 g for § min.

Resuspend in Fs culture medium (table 9-4) containing
40 pereent PR {mol. wt, 6,0001 that had previously heen
heated to 37 C. Incubate for about 1 hr at 37 C. Remove
a small saunple and examine under the Jight microscope for
the presence of fused proteplasts. If two or more proto-
plasts adhere to one another and subsequently round up
into a sphere, fusion is judged to have occurred. When
frequent fusions have occurred, remove the PEG by sev-
eral washings with Fs medimmn.

Ta doetect heterokaryons, fix a small sample of the proto-
plast suspension overnight with 4 percent buffered formal-
dehvde, pH 6.8, containing 0.7 M mannitol. The remainder
of the protoplasts may then be cultured in Fs medium.
Sediment the fixed protoplasts and plaee a drop of the sedi-
ment on a glags microscope slide together with a drop of
carbol fuehsin stain (3 percent basie fuchsin in 70 pereent

TABLE 9-4.—F5 culiure medivm for protoplast fusion}

Milkigvams per fHler

{aCh-2HA) 850
KXNQ; 525
MgS0, - TH.0 730
KILPQO, RN
MR- HAA 11.15
T30, ES!
S0, 7IL0O 1.3
NaMoQ.-2H RS
Ki
o, TH0 015
{uS0- SHLO (028
N EIYTA
12ex0,-7H0
-\' IE:.\'O;
meso-Tnositol
{ilveine
Thimmine - HOI
Nicotinir aend
Pyridoxine - T
Folic amd
Biotin
-Nuphthalepneweeiie pebd (NAA)
s-Benzylaminopurine (6-BAP)
Suerose, woight/volume
Mmanitol, weighl /volume

Adjust pH 1o 38

rparson and others (35},
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cthanol}. Cover the sample with a cover ship and examine
with bright field opties, Heterokaryons of N. olophora -
N, tebacum can readily he deteeted in this manner because
nuclei of the former speeies contain heterochromatin blocks
that are absent in nuclei of the latter speeies.

Preparation and Transfer
of Chloroplasts Into Protoplasts

A method of preparing elean chloroplasts from prote-
plasts of tobacco, as well as other spocies, has been devised
by Tdwards and eolleagues 143, 47, 68). The method malkes
isolating physiologically active ehloroplasts from tobucco
a routine matter. Profoplasts are first purified by the
aqueous lquid-tiquid two phase method consisting of dex-
tran and PEG containing sorbitol and salts. Chioroplasts
are completely recovered from protoplasts following gentle
rupture of the plasma membranes, Intact protoplasts col-
leet at the interphase of the two phases. Debris from
broken protoplasts remain suspended in the lower phase.

Protoplast purification by dextran-PEG two-phase
method. Suspend washed protoplasts from 1 g of tissue in
0.6 ml solution I f{alle 9-3), Rathnam and Edwards (681
keep plants from which protoplasts are prepared for this
use in the dark for 2 days and then illuminate themn 30 min
befure collecting leaves. Thoroughly mix 5.4 mi Dextran-
PEG solution in a 13- > 100-mm test tube by inversion.
Gently add 0.6 ml protoplast suspension, Invoert the test
tube again to mix theroughly. Centrifuge at 300 ¢ for 6
min in a swinging buecket centrifuge. Intact protoplasts
that collect at interphase tend to stiek together, Transfer
protoplasts with a Pastenr pipet into test tube.

Choek protoplast preparation for purity and ecellular
integrity by mixing 0.1 ml of 2.5 pereent Bvan’s Blue in 0.5
A sorbitol with 0.1 mi of the protoplast preparation on a
microscope slide, Intact protaplasts exelude the dve and
appear light against s blue backeround. If celluliy debris
is present, repeat proloplast purification procochire with
Dextran-PEG solution and centrifugation.

Chloroplast isolation and transfer. Tf the protoplasts
colleeted at the interphase are satizfactory, suspend them
in equal volume of =olution IT {{able 9-53 at 4 C. Aftach
a oylon net (20 pan mesh) over the tip of 1 mi disposable
plastic syringe. To ruptwre protoplasts, suek them into the
syringe through the wet twice. Centrifuge the protoplast
homogenate at 600 g for 90 soc and resuspend the sedi-
mented chloroplasts in solution IT fomit sodium pyrophos-
phate and BSA). The remaining steps are done at room
temperature, 25 C.

In a 15-ml centrifuge tube, mix I mi of the chloroplast
suspension (2 X 10%/ml with the recipint protoplasts
{6 X 10% in 1wl PCM. Slowly add 2 ml PRQ solution to
the chloroplast/protoplast misture and gently but thor-
oughly mix. Wait 20 min. Gradually dilute the mixture by
slowly adding 7 wnl solution TII (table 9-5} over 15 min.
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TasLe 9-5—Solutions used fo prepure and transfer chioro-
plasés in prefoplasis

FOR EXPERIMENTAL USE

Solution 1

0.5 3 sorbitol

1 md Mpd,

oM KH.O,
Mdiust pH 1o 1.3

Dextrnn-1PE(: Solufion

Final voncentration
3.3 pereent
10 pereeni
10 ml/
460 mf

Milliter added
A0 pereent PR 6000 {w w2
20 poereent Dextrmn Te fwowd
0.2 8 N HPO-NeB10,
24 Rorbitod
Aidjust buffer pH 10

.30

i

ol suspeension
T MpOL o 8.5 m M
0 A Trieine! 3 midf
0.6 A Sorbitol 60 mif
Adjust buffer pH to 8

Solufion I

0.3 W Sorbitol
0 mY HEPES
U MeCL
m A WHLPO,
m¥ Dithinthroitol
m W Sadinm pyrophosphate
0.1 poeveott Boviee serum allmimin (3341
Meljusi Bnilfer 0T Lo 7.6

PEG Solition

409 W aquesns PEC 1500
10,3 md Call 27RO
0.5 md KiLPO,
0.t W Clueos:
Ailjust pH o 5.5

Solution 111

10 m A (all,

O F 3 OGlineoyse
07wl KIHPO,-HA
Adjus pif (o 57

"Nt thydroxymetiaD-meihyighvonp
IN-2-hydroxyelhy )piperazine-N-2-ot hune-sulfonie  aeid

Allow the protoplnstz to settle, pipet off selution IIT and
resuspend them in 10wl fresh solution T, Centrifuge al
100 & for 3 min,

To eulture, resuxpend the protoplasts in PONM at o con-
centenition of 2 > 105/m). Thistribnte 0.1 ml. droplels in
5= "¢ 60-mm pinstie Petri dishes and ineubate in low light-
(200 luxi untit eells begin {o divide, Replace PCAI as
evaporation occurs,
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SELECTION OF BIOCHEMICAL VARIANTS FROM CELL CULTURE

G. W. Schaeffer?

Inlvoduction
Feedback inhibition

Experimental scheme ... ...,

Cell sourees
Seleetion prossur
Plantiot developmoent
Callus inerease
Tissue ansivsis
Serdls
Biochemieal anal
Progeny analysis
Relferenees

Introduction

The major advances in understanding the nature of
gene coding, the meehanizms of tranzeviption, translation,
and profein svnthesis were made possible beeause of the
availability of mierobial mutants, which were easily identi-
fied and cultured. Plant =eientists now need similar plant
mutants to understand, define, and control plant growth
and development. Seleetion of mutants from large numbers
of individual or small aggregates of plant eclis in liguid

Feedback

The syathesis of many mnino acids iz controlled by feed-
back inhibition in which the end-product amino aeid in-
hibits the first step in s own synthesis. Deregulation of
the first-step enzyme permits the accumulation or over-
production of the end-product. This altered feedback is
accomplished by selecting eolls ab inlibitery amino acid
levels so that only derepulated cells grow vapidly, Thus,
the nutritional value of plant tissue may be modified by
the selection of deregulated, “feedback insensifive™ cells,
Als0, analogs of specific amino aeids ean be used to apply

suspension or on agar should provide such tools. The rich
rogervoir of genetie variability preseat in plant cell eultures
is strikingly demenstrated by the genetie mosaices found in
sugareanc (731, In tobareo. a wide variety of merphologi-
eal and anatondeal types alse muay be reeovered {rom
vitro eultures. The seleetion of vamants at the hicehemical
levels should be equally rewarding.

Inhibition

specific seleetion pressures. Those that coupletely inhibit
normal growth allow {or the reeovery of mulants that
cither metabolize the analog or have some by-pass mecha-
nismt to avercame the wmetabolie bloek, Therelore, nuini-
tional cell types may he readily identified with growth
inhibitor teehmiques. However, there are two major diffi-
eulties in the application of these teehnigues: Seleetion
specifieity s limiled by the specificity of the analogs, and
relatively few speeifie inhibitors are available.

Experimental Scheme

Tobaecco seloctions: Hapleid cells derived from anthers
of Nicotiara tabarum, ev. Marviand caélerton, have been
solectod against two amino acid analops: aminocthyleys-
teine (ARCHY, an analog of lvsine, and erotviglveine (CH).
an analog of methionine, The stops in their culture and
selection are illustrated and diseussed below (g 10-11,

Cell Seurees
Chop tissues tembivos and developing haplodd seedlings)

ol Culiwre and Nitroger Fixalion Labore{ory, Beltsville M-
rnliure Resoareh Conter. Sewenee and Bduention Adminisivation, T.5,

Depnrtment of Agrienlture, Bellaville, M, 20703,
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from anthers enltured 0 pifre on Nikseh and Nitseh's
modivm {744, Inerease the tissue mass in AMurashige and
Skoog’s medium {ch, 7} supplemented with either 1 mg/
I, indeleacetic acid (TAAY and kinetin or 2-4 dicho-
rophenoxyacetie acid (2.4-1 (12Y, The former medium
vields partintly differentiated stem-like straetures in liguid
culture, whereas the Iatler wediwm produces suspended
colls and wmall eollular aggropates. Filter 2,4-1) Leeated colls
theouedr an 18-miesh stainloss steel sieve and eolleet on a
30 (30 4) or 60 (230 w1 mesh sieve, Then mulngenize cells
for 2 h with 0.2 pereent ethylmethylsutfonate (EJTS),
wash with eulture medium, and plate out on medium with
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mutogenes|s

(A} CELLS (B} SELECTION PRESSURE
(protoplasts} {anafags)
fcomplele cells) {toxins)
{aggregales) {stress}t

{grawih fociors)

{C] CALLUS INCREASE

{G) BIOCHEMICAL ANALYSIS

\
/ (F) SEEDS

{H} PROGENY
lgenelc and recombinant anolysis]

{B) PLANTLET DFEVELOPMEMT

[E} TISSUE ANALTSIS

Figure 10-1—8ehematic for the selertion of biechemical varianis
agninst inhibitors and the reeovery of new coll (rpos

the seleetion pressure. Mutagenized cells are normally
plated on 0.8 pereent agar in 10-cm Petri dishes containing
40 m! el medium. However, when using expensive analogs,
3-em dishes containing 4 to 5 ml are appropriate (TFalcon
makes a suitable dish with snap-on eover, appendix),
Camma irradiation of callus {6,300-10,000 rads) is a clean
and eflective metlied for indueing mutations as well. N-
nifrosoquanidine {1 mg/mb alse may be used,

One of the major advantages of using emhryonic tissues,
such as those derived from anther eulture, is that cells
earily differentiate and form plantlets. Tmbryonic tissues
maintain a strong morphogenetic potential, and ecell selee-
tion against some analogs produces plantlets directly, Tor
example, ALC with M8 medium eontaining TAA and
kinetin (1 mg/1.).

Chemical mutagens  vequire additional  precautions.
Horizontal, laminar fow, transfer hoods are designed to
reduce contaminating particles hut are not necessarily de-
signed for user safety. Volatile mutagens may evaporate
from open containers and other surfaces and ereate hazards,
Therefore, maintain mutagens out of the air stream in
plastic disposable glove boxes. Alternatively, use biohazard
laminar flow hoods that keep samples aseptie and proteet
the operator as well (appendix), Sources of information on
how to keep laboratory transfer eonditions safle and aseptic
include velume 41 of the Federal Register, which provides
recombinant deuxyribonueleie acid (DNA) research guide-
lines along with environmental impact statements (5). An
incineration deviee in the discharge duct may be desirable in
some instances to prevent the contamination of environ-
ments 1f large quantitics of mutagens are used, Ionizing
radiation has advantages in terms of user safety, How-
ever, it produees albino plants more lrequently than TMS
or N-nitrosoquanidine, and this may be a disadvantage for
some systems.
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Selection Pressure

Biochiemical selection pressure with amino aeld analogs
or analogs of other metabolites permits the seleetion of
eells for whieh nu ebvious counterpart exists in nature and
which could not be easily recognized at the whole
plant level, 1ypothetically, the analog may funetion in two
ways,

First, ac a [feedback inhibitor in which it acts i the
same manner as the natural amine aeid inhibiting the fivst
stop in its synthesis, Howoever, allosterie inhibition is often
a preeise and scnsitively contrelled regulation. Prohably
the analog could not contral feedback inhibition as pre-
elzely as the natural amino aecid. In the case of lysine
synthesis, two sepavate and distinet pathways exist. In
plants, this aminoe aeid i= apparently derived from pyru-
vate and aspartate forming ae-diaminopimelic acid, the
immediate precursor of Ivsine. The initial reaction se-
quence, at whieh feedbaek inhibition oceurs, involves an
aldol condensation of pyruvate and aspartic-f-semialde-
hyde giving rize to the cvelic intermediate, 2,3-dibhydropi-
colinic acid (9). AEC ai mM coneenirations should inhibit
thig enzyme to an undetermined degree mach like lysine
docs. Thuz, ATC and ly=ine at maf coneentrations provide
a seleetion pressure flor lysine overproducers. Selection of
cells insenzitive to feedback inhibition can he accomplished
with diploid cells heeause a ehange in any of the monomerice
components should make the entire allosterie enzyme (fre-
quently tetramers or multiples thereof) insensitive to feed-
Back inhibition and allow the overproduction of thie amino
acitdls. Therelore, seleeting amino acid overproducers from
diploid eclls is frecuently possible (fig. 10-2).

The analeg ailso may funetion as a true metabolic in-
hibitor in which it blocks a speeifie cnzyine or reaction to
cause a complete inhibition or death of all wild type eells.
Only thosze cells resistant or with an alternative pathway
for the synthesis of the produrt of the metabolic block
would survive. Haploid cells and the use ol mutagens en-
hanee the probability of recovering true escapes or meta-
holie hy-pass mutants,

Figure 10-3 illustrates the case for a complete inhihition
hetween metabolie produets 2 and 3. Only those eclls with
a by-pass mechanism ghown hy the sequence 2— 23—
Zb— 3 would survive. The selection pressure may also
expoze variants with alternative pathways leading to prod-
uet 4 (fig. 10-3) in which the selection is for cells with
mare than one pathway for the svothesis of the end
produet. Anather possibility not illustrated exists in whieh

allosteric =L
enzyme PRODUCT ~-2--3--4.......n

‘* END-PRODUCT

Figure 10-2.--Sehenatic showing allosterie fuhibition of 1 mefabalie
sequence by the end preduels formed.

FRECURSOR
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20— 2b

PRECURSOR =f—PRODUCT 1—2___¢
ALTERMATE
/ PATHWAY
EMD-PRODUCT . n 4
foming actd)
Flgure 10-3.—Dingram for the selerlion of by-pass variants or altor-
nafe pathways

cells are selected that inactivate or preveunt the uptake of
the inhibitor, This situation would be partienlarly useful
for selecting cells against certain toxie substunces such as
herbicides and pesticides.

Additionally, a metabolie bleek by speeific analogs in
the pathwavs for amino acid =yvnthesis may allow the ae-
cumulation of preeursors rvequired for secondary product
synthesis. Thus increasing secondary product formation
should be possible by introdueing a mctabolic block for
amino acid synthesis, which at the same thoe provides the
initial preeursors for secondary production formation.

The more speeifie the inhibitor the morve directed and
predictable will he the phenotype of the recovered cells
Unfortunately, however. the mechanizineg of inhibition arve
not preeigsely known for many analogs. In addition to the
analogs of lysine {aminoethyleyvsteine (3, 17, 201, a-ammno-
eaprvlic acid {103, and 2-hydroxylysine (2017, other avail-
able analoge include a glutamic aeid analog [methionine
sulloximine], analogs of methionine [imethionine sulfoximine
{2}, ethionine (21V, and crotyl-glyeine {8, 171], an analog
of tryptophan [3-methyitryptophan {79211, and an analog
of phenviaianine {p-fluorephenlyalanine {761]. An analog
and enzyme inhibitor of folic aeid/dihydrofolate reductase
[aminopterin {Mastrangelo, unpublishedi], and an analog
and enzyvime mhibitor of thymidine/deoxthymidine mono-
phosphate gynthetase. [Auorodeoxyuridine (15)] have heen
tested {ch. 9). Another useful selection ehemical i= ehlor-
ate which seleets for cells lueking nitrate reductase (711,
Also, high lovels of some winino aekds =ueh as threonine in
tobaceo and threonine plus ly=ine in riee inhibit eell growth
through feedback inhibition 14, Rchacffer, unpublizhed).
Threonine in tobaceo eells prevents niteate uptake. and
registant or cseape lnes have boen recovered that ean lake
up nitrate (7.

The compound S-bromodeoxyuridine  {B3dUn
special mention Dbeeause of s usefulness, BdUr 1= in-
corparated into DINA during DNA synthesis. Celis with
sufiicient BdUv are killed when exposed to light, thus it
hecomes a powerful sclection tool for the recovery of celis
that did not go through DNA synthesis beeause they lacked
speeific metabolites (auxotrophsl. These auxotrophice ecells,
which eseaped death, can be reeovered from BdUr-troated
cells by adding the limiting growth {actor after BdUr ix
removed from fhe medium, Thus, sveamore eelis have heen
reeovered that required auxin from mixtures of nuxotrophic
and autotrophic cells 227, Also, “leaky” eell types of
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tohaceo have been selecledd, which respond to exogenous
sources of lyposanthine, Dbiotin, p-aminobenzoic  acid,
arginine, and lysine 171, Additienally. (iavazzi and others
{6} have reported a Zea mays ecll type which requires
proline,

Selection at the coll level i alzo uselul for more general
compounds or physical conditions a= well. The selection
pressures ight be: fa) toxing, (bY high or low tempera-
ture. (e1 high or low osmotiewm. () pesticides, particu-
farly herbicides, to) environmental gases, (It symbiotie
and nonsymbiotic host-microbial associations, {g) hor-
mones, {hY antibioties. (i) speeific inorganic salts inelud-
ing heavy metals, and {j) analogs of nueleie aeid bases.

Systematie seleetion also requires optimizing the inhibi-
tion offocts, The responses vary greatly when plant extraets,
coconut milk, or casein hydrolyzates are ineluded in the
eulture medin, Opthnization requires an inlithitor con-
centration series for each selecfed mediwn. The cell selection
vrocess needs eoncentrations that inhibit the growth of wild
type (normall colls eompletely but avoid inhibitor eoncen-
trations hevond 2 {0 3 times that required for 90 to 100
pereent inhibition, A reasonable starting concentration for
nmost anino acid analogs i 0.5 m3f, and both higher and
lower concentrations should be included for construetion of
the response eurve, Methionine sulfoximine produees com-
plete inliibition of tobacea eotls on M8 medium at 0.1 maf,
for example. ABC requives higher concentrations for eom-
plete inhibition.

Thoe =ize of the eell noaregates is eritieal in the selection
proeess heeanse the cell eseape from inhibition s condi-
tionedd in part by the diameter of the aggregates. The
areater the aggvegation or differentiution, the greater will
be the probhability of obtaining transient escapes. This
transiont offeet may be due lo protection by o layer of
dead eeils or by transport effeets within the eallus that
veduee the concentration of the inhibitor. Although this i=
not a problem wii ixolated protoplasts or tobaceo eells
grown in liguid suspension with 0.3-1 mg T of 24-T)
apgresation = a problem when paeerated eells from eom-
pact eallus are used ax inoculum. Ageregalion presents
problenss beeause  {a oblaining precise eell numbers s
impossible and quantitation of the escape (mutanti events
v imprecise, (b aurolysix of inhibited cellz on {he agar

ssurfaee may provide growth factors for celis on the callus

surface not in econtaet with agar, and (¢} transloeation of
the inhibitor aeross aggregaler max produce  inhibitor
sradients, it may be exeluded by differentiated cells. or
onc might seleet for translocation and starage rather than
for metabolie funetion. Reeently a repliea plating method
was deseribed in which the problems associaled with ag-
grogation are climinated by spraving plant cells evenly
on agar {18).

The preferred mode iz to e eells from liquid suspen-
sign that luve been siged from 2 to 200 cell aggregates by
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fine sieve screening through 30- to 60-mesh sereens feh, 7).
Alternatively, use callus macerated by mechanieal chop-
ping devices followed by size separations with cotton gauze,
Micracloth, nylon, or Nitex sercens of known size, or stain-
less steel sieve screens. Plate cells out on 0.8 pereent agar
in Petri dishes and tape the dishes to prevent dessication.
Another cflective method is to suspend the cclls in the
selection medium with 0.5 percent agar at 35 C and then
pour this liquid agar containing inhibitor and eclls as a
thin Iayer over solidified inhibitor-containing medivim made
with 0.8-1 percent agar. This procedure has the advantage
of keeping the cells or aggregates in intimate contaet with
the inhibitor.

Plantlet Development

Transfer genetic variants or putative mutants that eseape
the selection inhibitor three times to the same or higher
inhibitor coneentrations than was used during the initial
scleetion to eliminate all cells sensitive to the inhibitor.
After three transfer eveles on a nondifferentiating medium,
the cells are ready for plantlet development or the initial
biochemieal analysis.

Callus Increase

Morphogenesis and differentiation of eallus tissue has
been cxtensively studied in N fabacum and is induced by
decreasing the auxin/eytokinin ratio (ch. 7). This is ae-
complished by redueing the auxin levels. Doereasing both
auxin and cytokining to one-tenth the level used for opti-
mum cell division produces diffcrentiated mrowth In to-
bacco. If 2,4-D is uscd in the cell increase phase, the
auxin may he eliminated entirely (this is the case for some
grasses as rice and sugareanet. Alternatively. deercase the
ratio by increasing the eytokinin levels or by adding a more
effective cytokinin. The key to differentiation in many
systems appears to he the auxin or nutritional step-down,
or both.

With the tobaceo-AREC selection system, bud develop-
ment oceurs o the presence of the analog if macerated em-
bryonie tissuc is used as the source material. ITowever, no
roots cecur in the presence of ATC, but they will develop
when ATC-selected buds are transferred fo MS medium
containing TAA and kinetin (1 mg/L). All the major
evtokinins including  6-benzylaminopurine  (BA),  6-v,
¢-dimethylallylaminopurine  (2iP),  6-trans-4-hydroxy-3-
methyl-but-2-enylaminepurine (zeatin} funetion well in the
culture of tobaceo tissuc; however, kinetin is the preferred
cytokinin for inducing differentiation and morphogenesis
(4, 6.

Tissue Analysis
Variants from amino aeid analog selections should have
alterations in the level of free or protein amine acids. Tn
any case, the biochemical expression of the variant requires
the separation and quantitation of the free and total amine
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acids, The separation, ldentification, and quantitation of
the amine acid levels is Trequently the most serious handi-
cap beeause the methods are time-consuming and expensive.

Additionaliy, the biochemical cxpression of variants in
the eell enlture miliew may be different from leaf or seed
tissue from the same cell line following regencration and
arowth under greenhouse or field conditions, The expression
of the variant in vegetative tissue may be different from
that expressed in seed. For example, in leaf tissue, over
50 percent of the protein content may be Fraction I pro-
tein, Seed protein, on the other hand, has little Fraction T
and a more diverse protein composition. Also some changes
In free amino acid levels will alter the cell culture require-
nients for the regencration of plants from eallus,

Seeds

One ohvious advantage of plant over animal eell cultures
is the demonstrated expression of “totipotency” in plants.
Plant cultures permit the recovery of the eell-selected mu-
tants as viable seeds. The fertile diploid plant (haploids
must be doubled, ch. 5} may then he used for standard
gonetic analysis. The analvsis of progeny is essential for
the ultimate identification of truc breeding mutants and
for their nse in plant breeding programs.

An additional advanfage in having sceds from cells se-
leeted in tissue culture is that maintaining large numbers
of eell lines in tissue culture is taborious: storing these same
cell lines as seed is not. Alzo, eell lines maintained in eul-
ture over long periods may become genetieally more di-
verse and undergo somatie selection {ch. 2). Instability s
not a problem if the cell line can be regenerated and main-
tained through sexual reprocduction and seed storage. On
the other hand, somatie cultivation i vitro provides a po-
tential reservoir of morphelogical and hiochemieal variants
not easily found in seerd. This potential is largely unex-
ploited at the present,

Biochemieal Analysis

Seetl of 13 selfed lines of tebaeee have been recovercd
using the /n vitro sclection teehmiques outlined above.
Analysis of three eell izolates of tobaceo, which had been
induced to differentiate, showed large differences in the
free amino aclds but similar total amino acid content.
Whether these differences are heritable or true breeding
has not vet been deterimined. Four chservations arve rele-
vant;:

{n) Large eareyover icpigenctie or metabolic) affeets
the rate and Termr of growth from the tissue eulture on-
virontent to the greenhouse. TTowever, the carryover effect
can he minimized by standardizing the transfor techniques,
stuel as choosing plantiets of similar size, age, leaf number,
and degree of root development ;

(b} The changes observed were not initially predicted
due, in part, to a carryover effeet from eulture in vitro;
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(¢) An unidentified amino acid cceurred in the selected
cell type that was absent from the controls; and

(d) Seed from sclected plants produced uniform progeny
equal to or exceeding the growth rates of the controls. The
scleeted lines appeaved normal and vigorous in most re-
speets.

However, the final conclusion pertaining to any selection
product cannot be drawn until progeny have been analyzed
biochemically.

Progeny Analysis

Inhieritance and recombination patterns ultimately pro-
vide the most diveet and true moethod for identilying se-
leeted mutants. However, other eriteria may serve as carly
indieators of a wutation event, For example, mutations are
rare events (ahout 1 in 109) and mutant lines will be stable
even in the absence of the scleetion pressure, Additionally,
the biochemieal shift hased on ecll eulture assays must
agree with the change predicted.
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Introduction

Many of the basic discoveries in plant virclogy have
involved the genus Nicotiana and these were not merely co-
incidence, Such discoveries as virus transmissibility (27), fil-
terahility (21}, aphid transmission {7}, acquired immunity
(44), local lesion infectivity assay (77), virus purification
(32}, virus mutability (22), infeetivity of virus nucleic
aeid (15), and reconstitution of virus from nucleic acid and
protein (12} have all wnsed Nicotianas as cxperimental
plants,

The advantages of tobacco mosaie virus {TAIV) as an
experimental object have often heen pointed out. It is
highly infective, stable, and highly concentrated in most
tissues. Thus, many of the fundamental discoveries listed
above have involved this virus and might have necessitated
the use of Nieoliana. To some extent this is frue, but a
number of the qualities that made TMYV a favorite objeet
for researeh reflect the particular suitability of one or more
Nicotiane spp. as experimer.al hosts.

The distinctive symptoms of TMV in N. fabacum un-
doubtedly played a part in drawing attention of early in-
vestigators to the discase. One of the qualities of some
Nicotiana «pp. that has made them particularly useful in

Plant Characteristics Useful

Virus Susceptibility
Plant species differ markedly in degree of susceptibility
to mechanical inoeulation, To bhe useful as an experimental
host, a plant should be readily infectible by a specific
vivus. Nieotiana tabevum was recovded by Thornberry (40}
as the host having the greatest number of viruses, 115,

‘Depactment of Plant Puthaology, Universily of Wisconsin, Madi-
son, Wis. 33706,

plant virus research is the broad flat leaves on which vari-
ous sympioms are parficularly conspicuous.

Qutlining some of the plant characteristics that have
been exploited by virologists may be heneficial before dis-
cussing methods of using Nicofiana spp. in virus research,
Particular specics may be useful for one or several of the
following distinct applications. The develepment of symp-
toms {ollowing inoculation may serve to detect the presence
of virus in the inoeculum, The type of symptom on one or
more speeies may serve to differenfiate the infecting virus
from others, as least presumptively. The proportion of
plants infeeted by a specifie inoculum, or more aceurately
the numbers of primary (local) lesions produced, may serve
as an essay of the amount of virus present i an inoculum.
Species that contain a high virus conceniration are desir-
able as a sowrce of virus for purification and hiochemieal
studies. Onc or more Nicotinna spp. arc listed as a diag-
nostie, an assay, or a propagative host for 77 of the 170
plant viruses treated to date in the Commonwealth Myco-
logical Institute/Association of Applied Biclogists De-
seriptions of Plant Viruses {16).

in Experimental Virology

and N. glutinosa as the host with the next greatest number,
78. Although these figures probably represent the popu-
larity of these species as experimental plants as much as
their susceptibility to viruses, they do reflect the general
usefulness of members of the genus in plant virology.

Symptiom Development
Susceptibility to viruses 15 not particularly useful unless
infected plants develop unequivoeal signs of infection,

79

ey




80

Rapid development of symptoms is also desirable. The
broad, flat leaves of most of the Aicoliana spp. are par-
ticularly suitable for expressing a variety of symptom
types, that is, mosaic paticrns are readily apparent, as arc
patterns of ringspetting, etehing, and local ncerosis. The
leaves of several species have heen used extensively for
comparing infectivity of virus preparations by comparing
numbers of visible primary lesions. Many viruses produce
_discreet, necrotic spots within 3 to § d after inoculation.
Lesions of some viruses, tobacco streak for example, may
appear in less than 24 h.

Growth Hahit

A species’ growth habit is important in relation to specific
experimental uses. Infeetivity assays, for example, require
many replicates of each of two or more virus preparations
being compared. As pointed out by Samuel and Bald (31),
the opposite halves of a leaf are similar in area and sus-
ceptibility and provide ideal areas for two replicates. Be-
cause susceptibility of individual leaves varies with their
age, replicates must be distributed among leaves of each
age. This is readily done on species such as N. fabacum or
&, glutinose with leaves produced suecessively on an api-
cally dominant stem. Species producing a hasal rosette of
leaves, or species that branch, are less suitable for infec-
tivity assay regardless of their susceptibility.

For many purposes using plants with leaves that are not
so large requires less bench space. N, glutinose 1s a con-
veniently sized plant. The N. tebacum X N. glutinosa Fy
hybrid was used as an assay plant for TMYV for o number
of years by Johnson (23} and others. However, the leaves
were unnceessarily large. Thus, when the gene conditioning
the neerotie response to local infection hy TMV was in-
corporated in the N. fabacum genotype, varieties specifi-
cally adapted for experimental virology and infectivity
assay of TMYV were developed, Samsoun NN (79) and
XNanth ne (35) are two such examples that combine the
small, weli-spaced, petiolate leaves typieal of Murkish type

Inoculating Methods in
Mechanieal Inoculation

Whole plants, The importance of Nicofiana spp. in ex-
perimental virclogy results in part from their suitabiiity
for mechanical inoculation. The infection of plants through
slight wounds is not the natural means of dissemination of
maost viruses, although it is with TMV. Yet must of the
advances in plant virolegy have depended on mechanieal
inoculation.

Wounding leaves by pricking or mutilating was o com-
mon, but inefficient, method of inoculation until Holmes
(17, 18) pointed out the relation between numbers of local
neerotic lesions on Nicofiana leaves and virus concentra-
tion, Numbers of loeal lesions alse reflected the cfficiency
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tobacco with the ncerotie responsce to TMY infection (ch.
3). These cultivars arc useful for many viruscs because
seeidental contamination hy TMY, always a possibility,
remains localized.

Plant sizc can also be controlled to some extent using
various size pots, bub well nourished, rapidly growing,
voung plants are most suseeptible {ch. 4},

Wide, flat leaves on whieh virus sympioms appear are
also well suited to mechanical inoculation. Incculum can
he applied more evenly, by any of several methods, if
leaves are flat rather than rugose. The prominent midrib
provides a rcady method for differentiating half-leaf repli-
eates in infectivity assays.

Availability of Genetically Uniform Seed

In experimental worlk, having large quantities of geneti-
cally uniform seced is a decided convenience. Beeause N.
fabacum is cultivated in large amounts commercially, and
for different purposes in different geographie arcas, many
types and varicties are available (appendix). Burley types,
for example, develop much more prominent symptoms of
potato virus Y than do many other varieties, Burley-type
cultivars (or other types) differ among themselves in their
reaction to certain viruses, Recently developed Burley cul-
tivars may carry the N genes conditloning the necrotic
response to TMYV, which confers effective field resistance.

Variation Among Species and Varieties

Variation in reaction to speeific viruses is characteristic
of many Nicotiana spp. This provides a method for differ-
entiating and, along with virus properties, to identifying
viruses. Reactions of Nicofiana spp. to specific viruses have
been characterized (16).

Variations exisk among speeies and cultivars in the ease
with which they can be infected by mechanienl inoculatien
(20, 42). Variations in susceptibility are apparently not
great enough to be exploited in discase control, although
they are of interest in providing insights to the process of
virus infection (37, 38).

Experiinentz! ¥irology

of inoculation, Gentle rubbing of leaf surfaces was found
much more cffective than pricking. Presumably, epidermal
eells were wounded just cenough to allow virus enirance,
but not encugh to kill them, which would prevent virus
multiplication, However, in terms of partiele numbers ap-
plied, mechanical inoculation is inefficient even with the
best technicque. Most estimates of the rvatio of virus parti-
cles present fo lesions produced are 50,000:1 or greater
{47}.
{a} Inoculum preparation:

Prepare inoeulum by grinding tissue in o diluent with
a mortar and pestle, rather than by simply applying
sap from infected tissue. Undiluted sap allowed to dry
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on succulent leaves may cause toxic reactions. Also, sap
of many plant speeies contains substanees that inactivate
viruses. These are of various sorts chemieally, either
preformed in the tissue or arising from the oxidation
of phenolic compounds after the tissue is ground. The
inactivating effect is lessened by dilution so that moder-
ately diluted inoculum may be more infectious than undi-
Juted sap.

Prepare diluted inceuluim by pipetting a small amount
of sap, strained through cloth, into a larger volume of
diluent and miving. A more convenient niethod, and one
Just as reproducible, is to punch out dises of infected leaf
tissue with a sharp cork-hover and grind theso in the di-
luent, For greenhouse-grown tubaceo. 100 discs of 8-mm
diameter weigh about 1 g; onc dise thoroughly ground in
0.99 ml of diluent thus represents a dilution of approxi-
mately 1:100. For routine virus transnission, precise dilu-
tion is not necessary; a square inch or so of FHesue ground
per 1- to Z-ml of diluent will suffice,

{b) The phosphate effect:

The most commonly used diluent in preparing inoculum
is phosphate buffer. Thornberry (39) found that TAIV was
more infectious when applied in this huffer at pll & than
when applied in water, This cffeet of phogphate has been
vepeatedly confirmed for a range of viruses (47) although
the mechanism of the effect remains ohseure. 1t oceurs with
relatively low concentrations (0.02 to 0.05 M) and under
conditions where the buffering capacity is not sufficient to
maintain the pH around 8.

Many other substances may be included in the buffer
for speeifie purposes when preparing incculum. Certain
viruses such as tomato spotted wilt or tohaeco streak are
sensitive to oxidized phenolic compounds that form quickly
after tissue 15 ground. To avoid their formation, a variety
of antioxidants (.01 to .02 3} such as ascorbic aeid, eysteine
hydrochloride, 2-mereaptocthanol, sodivn. thieglycolate, or
sodium dicthyldithiocarbamate may be included in the
inocnlum. Several of these alter pH, and this effect
must be compensated. Use only freshly prepared solutions
because most of these compounds combine readily with at-
mospherie oxygen and hecome ineffective.

{¢) Abrasives:

An important refinement in inoeulating technique was
deseribed in 1934 by Rawlins and Towmpkins (22}, who
dusted leaves with 600-mesh Carborundum (silieon car-
hide} before applying inoculum. Cther abrasives had been
used previously (11, 43}, but they had been used rather
harshily to produce visible injury to the Jeaves and, conse-
quently, were less efficient.

Various finely dividad abrasives are commonly used and
appear to be about equally effective. Carborundum is o
blue-grey powder; corundum (aluminum oxide) is white
to pink; Celite {diatomaceous carth) is a fluffy white pow-
der. The first two of these are easily dusted on Jeaves from
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a shaker with fine holes. Takabashi (34) recommended
applying abrasive by sieving it through fine moesh nylon
tatfeta. Celite is difficult to sprinkie evenly on leaves, so
it 1= usually added to the inoculum. Some grades of these
abragives contain small amounts of such deleterious im-
purities as oil, atkali Gsufficient to alter pH), or ivon.

The particle size usually used is 600 mesh, perhaps be-
cause this was the size originally used by Rawlins and
Tompking (29). Other sizes are also effective. The number
of particles, rather than their size, is tmportant (7, 26).
Mesh size is not a particularly accurate way of designating
particle size, which may be expressed directly in microns.
Abrasives having an average diameter of 20 to 30 mierons
seom to approximate the =ize of 600 mesh.

(d) Methods of applying inoculum:

Inoceulum may be applied cffectively in many ways.
The method of choice may depend on cfficicney, conveni-
enec, the neeessity to conserve small amounts of inoculum,
and lhe neeessity te avoid oxidation in extracts. Noordam
(28) has deseribed methods in detail.

One of the more common methods is to dip a small
sgquare of folded cheesecloth in the ineevium and then
gently wipe the surface of leaves being inoculated. The
method iz advantageous if a considerable area of leaf is
to be inoculated, us the cloth pad hoids enough liquid so
that it does not need to be constantly dipped in the inocu-
lum, Also, the cloth surface is slightly rough and is uniform
with different samples. One disadvantage is that a certain
minimum volume of inoeculum is required to saturate the
cloth. The eloth may alse pick up detrimental material
from leaf surfaces, which reduces inoculation cofficiency if
the same cloth pad is used for many plants (28). Another
disadvantage is that hands need to be decontaminated by
thorough washing in soap and water belween different
inoculations.

Various deviees have been used to apply incculum to
avoid repeated handwashing, Medium-stiff poster brushes
may be used (34}, as well as pipe cleaners (24}, Q-tips,
or simply the end of the pestie used to grind tissue. With
all such deviees, the hand that supports the leaf must be
protected fromy hecoming contaminated with inoculum.
Paper towels are uscful for this.

Another device that is particularly useful is a small glass
spatula made by heating one end of a glass rod, flattening
it at an angle while molten, and then grinding the surface
flat with abrasive cloth, Small picces of tissue ean be
homogenized quickly hetween two spatulas in a drop of
huffer and applied to leaves with virtually no loss.

Air brushes, such as types used hy artists, ltave been
wsed with some suecess to apply inoculum {25, 413, A dis-
advantage of this method is that it produces an acrosel of
virus partieles that may be a source of contamination with
stable viruses,

Inoculation by pinpricks has alimost entirely been Super-
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ceded by more cfficient methods. However, pricking is ef-
fective in some situations. Beet curly top virus 1s appar-
ently confined to the phloem of its hosts so that ne infee-
tion s obtained by applying virus to leaf surfaces, Pin
pricks through droplets of juice placed in the axils of to-
bacce leaves have resulted in a fair ameount of infeetivn
(13).

{e) Leaf rinsing:

Some early data {18) indieated thab rinsing leaves with
water immediately after inoculation inercased the amount
of infection, This was hefore phosphate buffer or abrasives
were used and when more concentrated crude inoeulum
was necessary. Plant sap allowed to dry on leaf surfaces
may be toxie and reduce infection by killing or damaging
epidermal cells. Rinsing may then inerease infection.

With jnoculum prepaved in phosphate huffer, rinsing
leaves with water usually deereases infeetion (45}. This
response s probably also involved in the efect of quickly
drying, inoculated, leaf surfaces. Yarwood (46) showed
that this increased the amount of infection. Drying rate
will be markedly affected, of course, by relative humidity,
as well as by air movement. Do not apply =0 much inocu-
lum to leaves that they remain wet for more than a few
minutes,

Although the surface of inoculated leaves should be
dried quickly, factors whiel promote this may result in a
damaging loss of water from these leaves. Even the lightest
rubbing of leaf surfaces with abrasive scoems to enbance
leaf desiceation. Leaf damage can be prevented by cover-
ing plants with damp {not wet} paper for several Lours
after imoculation or by shading them,

De not inoculate the youngest leaves of a plant, They
are much less susceptible than nearly mature leaves and
are more casily damaged. Also these young leaves will de-
velop systematic sympltoms later, and these will be more
apparent if the leaves have not been damaged by rubbing.
(f) Altering susceptibility:

The susceptibility of individual leaves and individual
plants varics daily and scasonally. This may be demon-
strated by uvsing as inceulum a virus such as TMV that
maintaing its infeetivity for considerable periods. Bawden
and Roberts (3, 4) pointed out that suceulent, shade-grown
plants were more susceptible than those grown in full sun-
light. This is readily demonstrable with field-grown {fo-
hacco, which usually requires about 10 times as much virus
to obtain the same number of lesions as when using green-
house-grown tobacco. Bawden and Roberts (4) also showed
that darkening tobacco for ene to several days hefore in-
cculation increased susceptibility.

This response to light is of some intevest hocause of its
bearing on mechanisms of infection. Troutman and FFulten
{42} found that tobacco wvarictics varied in responsc to
darkening, A variety innately susceptible did not inerease
in susceptibility when darkened, but a variety muech less
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suseeplible inereased markedly in susceptibility when dark-
ened.

These chanees in suseeptibility were correlated by
Thomas and Fulten (37, 38) with changes in microscopic
appearance of ectodesmata. The numbers of stainable
cctodeamata  inereased when the resistant variety was
darkened, but darkening did not affect the more nu-
merous ectodesmata of the suseeptible variety. This sug-
oests that un early stage in the infection process involves
moventent of an infective principle {rom the surface of the
epidermal ecell, beneath the ruptured cuticle, through ecto-
dosmata into the protoplast.

Tmplasis should be given to the necessity for keeping
everything virus-free that touches, or may touch, experi-
mental plants, Tobaeco mosaie virus is stable and may
remain infective for years on benches and equipment. Any
equipment used in making inoculations should be made
virus-free by autoelaving, hoiling, or baking with dry heat.
Door handles and drawer pulls are often contaminated
with virus. After hands are thoroughly washed, nothing
should he touched hefore making inoeulations exeept equip-
ment known to be virus-free.

Protoplasts.® Replication studies of plant viruses have
heen hampered until recently by an incapahility te syn-
chronously infeet plant cells. If a leaf, for example,
that has heen manually inocutated with a virus ene day be-
fore, some of the eells will be in advanced stages of infee-
tion whereas others will only reeently have become in-
fected, Such a mixture of cclls in various stages of infec-
tion dovs not provide a suitable system for analyzing the
seciuential, step-by-step events that oceur during infection
and viral replication. This problem has been largely over-
come through the use of isolated plant protoplasts. In this
approach, which was originally pioneered by Cocking and
Pojnar {101 and greatly refined by Takebe and Otsuki
{36} and Aoki aml Takehe (2), cell walls are enzymatically
remioved from colls in the presenee of an esmoticum, there-
by releasing naked, intact protoplasts. When a suspensicn
of these protoplasts is mixed with virus under suitable
conditions, infection will eccur simultanepusly in a large
propertion of them.

Subscquent events in infeetion and virus replication will
take place synchronously in all of the protoplasts that
become infoeted at the mement of inoculation. When prop-
erly ineubated, the protoplasts will live and support virus
synthesis for several days. If they are sampled at various
intervals after inoculation and subjeeted to hiochemical
and wmicrogeopic analyses, determining the sequence of
viral multiplication and pathogenesis is possible. The ini-
tial, exploratory work with this method was performed
with TATV. Sinee then, protoplasts have been found to be
suitable hosts for other plant viruges sueh as potato virus

Prrepared by T. AL Shallu, Department of Plant Puthology, Uni-
vergily of California. Davis, Calil. 95616,
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X, cucumber mosaic virus, and cowpea chlorotic mottle
virus,

The following is a detailed deseription of the procedure
for infeeting isolated proteplasts of tobacco with TMYV.
Any of several eultivars of X. fabacum may be uscd.
Among those that have been infected with TMV are White
Burley, Bright Yellow, Xanthi, Xanthi ne, and Samsoun,
Use plants 50 to 70 d old, about 30 to 40 en, and grow-
mg vigorously. Maintain them in a greenhouse at 20 to 28
C. Select Jeaves that are deep green, tender, but almost
fully expanded (15 to 20 em). The procedure for isclating
protoplasts to be inoculated with viruses is the two-step,
digestion method of Takehe and Otsuki (36). Isolate pro-
toplasts from tehbacco leaf mesophyll under high osmotic
conditions using mannitol (ch. 8). They should he inocu-
lated immediately after isclation.

Inoculation is the most eritical step in the procedure.
Slight variations in the concenfratien of the conmponents,
PH, or timing can easily result in unsuceessful inoculation
or toxicity to the proteplasts, To 35 ml of distilled water
add 5 ml of 0.2 M potassium eitrate buffer, pH 5.2, and
6.3 g mannitol. Make to 30 ml with distilled water. Add
0.1 ml poly-L-ornithine (mol weight ~ 120,000, 1 mg/ml
in distilled water) and 50 %l of pwrified TMV (2 mp/ml
water}, Incubate 10 min at 25 C, Immediately hefore in-
oculation, centrifuge the protoplast suspension and re-
suspend in & volune of 0.7 M mannitol sufficient to give a
concentration of 3-10 X 10° protoplasts per milliliter, De-
termine protoplast concentration with a hemocytometer,
To the protoplast suspension, add an equal volume of the
TAIV-poly-L-oroithine mixture to give a final TMV con-
-~ntration of 1 pg/ml. Incubate for 10 min with cceasional
swirling, This 10-min incuhation must include the 2 min
of centrifugation used for the first of the following washes.
Wash three times by centrifugation at 100 g and resuspend
in 0.7 M mannitol and 0.1 mM CaCls.

Resuspend the washed, inoculated protoplasts in 50 to
100 ml of the incubation mediua ffakle 11-1). To prepare
this mediimm, mix all of these components except the anti-
biotics (loridine and rimocidin) in 100 ml distilled water.
Adjust pH to 5.4, Autoclave and make back to 100 ml

TasLE 11-1.—Protoplust tncubation medium

Coneentralion
Mannitol ... . B Af
CaCls o 10 mAf
KNO: oo 1 mdf
Me30, .o I my
KHPO: o 0.2 m\f
KL 1 udf
CUSO{'SH)O ..................... 0,01 I.I.A‘f
Lovidine .............. .. .. ... 300 mg/liter
Rimoceidin ..ovovenviieriniinnn,s 10 meg/liter

Adjust pH ta 5.4 with 0.1 ¥ KOH
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with sterile, distilied water. Allow to cool and add the
antibioties.

Incubate the protoplarts in an Helenmeyer flask stop-
pered with aluminum foil at 25 C under continuous, white
fluorescent light {intensity not eritieall.

To evaluate the progress and degree of infection, proto-
plasts may be smmpled at various intervals after inoecula-
tion for infectivity measurements, staining with fluorescent
antibodies, or rlectron micruscopy (ch. 8). Ta test infee-
tivity, swirl the incubation mixture until the protoplasts
are dispersed throughout the incubation medium. Remove
10 ml and centrifuge at 100 g for 2 min. Disperse the pel-
feted protoplasts in 3 ml of 0.05 M phosphate buffer, pH
7.0, and freeze, After thawing, grind the preparation with
a ground glass homogenizer. Use the homogenate to inocu-
late leaves of a suitable local lesion host such as N. glu-
tinose. With TALV, a maximum rise in infectivity should
be reached 24 to 48 I after inoculation of the protoplasts.

Fluorescens antibody staining is the most rapid means
of assessing the degree of infection attained, Remove a 1
ml sample from the incubation mixture and centrifuge at
100 g for 2 min. Resuspend the protopiasts in two drops of
0.7 M mannitol. Place two drops of the thick protoplast
suspension on an albumin-coated glass slide (Meyer's al-
bumin—egg white:water:glyeeral, 1:1:2). Quickly dry the
drop in a stream of warm air (a hair dryer is suitable} and
Mace the slide in acetone for af leagt 30 min, Wash the
slide in several changes of 0.05 3 phogphate buffer (PBS),
pH 7.0, conlaining 0.85 percent NaCl for 2 h. Drain the
slide and cover the protoplasts with several drops of fluor-
escent antibody solution. Place the slide in a moist cham-
her for 1 h. Rinse in two changes of PBS for 1 h, Mount
the protoplasts under a cover slip in PBS-glycerol (1:1).
Controls should e prepared using inoculated protoplasts
stained with conjugated normal scrum and noninceulated
protoplasts stained with conjupated antiserum. Examine
the preparation using an ultraviolet mieroscope with bar-
rier filters for observing fluorescence in the wavelength
eange of 400 to 650 nm. Specific staining will appear as
a bright, apple-green tluoreseence, Protoplasts also may be
embedded and seetioned for clectron mieroseopy (ch. 8).
Infection is indicated by the presence of virus particles or
inclusion body ecomponents, or both.

Insect Transmission

Tobaceo has been used repeatedly in research involving
inseet transmission of wvirus, particularly by aphids. Bx-
perimental procedures involving insects require (a) cages
to confine inscets to particular plants or plant parts, (b} a
method of transferring insects from one plant to another,
and {e} n method of removing insects at the end of an
experiment. Detailed descriptions of methods are given hy
Swenson (33) and Noordam (28),

Aphids are usually handled in cages containing one or
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several plants. Cages may be devised to & the upper part
of a pot or may be larger eontainers with hinged doors.
Aphid transmission often involves thined {ecdings of short
duration. For such experiments no eage is needed; indi-
vidual aphids are watched during their feeding and moved
to healthy plants at appropriate intervals,

Small, plastic “pill-box™ cages, consisting of a shallow,
plagtic eylinder with one or both ends covered with fine
mesh net may be clamped on individual leaves. Leafhop-
pers feed readity through the mesh and the cages are easily
transferred. Such cages damage Nicotiana leaves, and they
are not generally suitable for aphids.

Aphids may be transferred in groups from one plant to
another by detaching a leaf or part of a leaf on which they
are fecding and placing it on another plant. If the detached
leaf contains virus, place it on a piece of clean paper on
the recipient plant to avoid contact transmission of the
virus. As the leaf dries, aphids leave it and crawl to the
recipient plant.

Large numbers of aphids can be transferred by holding
the plant on which they are feeding horizentally over an-
other plant and tapping the stom of the first plant to dis-
lodge the inseets. They are dislodged from glaveous plants
more readily than from hairy ones. Colleet aphids on a
large sheet of paper and, by continued tapping, transfer
them to vials for cxperimental starvation periods.

Individual aphids ave most conveniently transforred with
a small, camel-hoir brush that has slightly moistened
bristles. To move aphids that are feeding, first induce
them to withdraw their stylets from the leaf by gentle
prodding; to brush an aphid from the leaf surface will often
injure the stylets and prevent further feeding. When de-
positing an aphid on a healthy plant, first place it on a
piece of paper and allow it to crawl from that to minimize
the possibility of virus transmission {rom the brush.

Aphids are usually removed from plants at the end of an
experiment by spraying or fumigating them with a suitable
insecticide. When only a few aphids have been transferred,
do not attempt to remove and destroy them individually
hacanse viviparously produced offspring may he overlooked
and leit behind,

Contamination of experimental plants with unwanted
aphids is not uncommon. For this reason, culture aphids
away from experimental plants and make aphid transfers
in a room or chamber isolated {rom experimental plants.
Use regular control measures to eliminate stray aphids in
greenhouses or chambers reserved for incubation of plants.

Graft Transmission
Most viruses infeeting tobacco can be transmitted me-
chanically; a few, however, have not yet been so trans-
mitted. For these and for speeial experiments, grafting is
s means of transmission in the absence of o vector.
Nicotiana spp. are readily intergraftable. As far as has
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been determined, Nicoliana ean be intergrafted with most
other herbaceous, solanaccous plants. The types of gralis
commonly used are wedge, tongue, or approach grafts, and
tissue implantation {ch, 4). A detailed discussion of grait-
ing has heen presented by Bos (8).

With wedge graits, trim the base of a growing stem ter-
winal to a wedge =hape after removing most of the leaves.
Malke a cut part way through the stem of the stoek plant,
insert the wedge, and bind it in place with budding rubber,
grafting tape, or self-stricking latex tape. Accurate juxta-
position of the emmbial layers of seion and stock 1x not
essontial with young stem material. Virus present in the
seion {ov stock) will mave into the other member of the
pair after a certain degree of healing. Beanett (5} demon-
strated  differences among  several viruses in the time
recuired to move across a graft union as it healed.

With wedge grafts, or any graft invelving scien tissue
separated from its own roots, protection from desiccation
is ossential until vascular elements are fermed at the
union. Large numbers of plants may require a chamber
with controlied, high humidity. For single plants, poly-
cthylene bags are useful. Plants inside the bags must be
proteeted from direct sunlight.

To make tongue grafts, prepare a scion with a diagonal
et across a young stem. Make a sbnilar cut to remove
the top of the stem of the stock. Make shorter cuts length-
wise from the cut ends of the stock and scion stems. Fib
these togethor sc thai there is maximum contact of cut
surfaces, bound and protected with plastic bags. With such
grafty, the diameter of the scion should not be greater than
the diameter of the stock.

To make a graft rapidly, that will transmit virus, cut &
vertieal sht completely through a young stem. Info this
fit o slice of stem tissue from an infeeted plant and frim
it to o double wedge shape. Bind this with grafting tape;
virus implanted tissue v il move into the stoek when the
tissues heal Logether,

Dodder Transmission

Virus transmission by dodder, a leafless parasitic vine,
has been reviewed by Bennett (6}, and the technigues in-
volved have heen deserihed by Noordam (28). Many
Chesente spp. have heen used; some parasitize cortain sced
plant groups readily and will not grow on others. C. cam-
pestris and (. subinclusa are two commonly used species.
A table of Cuscuta spp. and the viruses reported to have
heen transmitted has been eompiled {74).

Usually one starts dodder from seed and maintains it
vegetatively by translerring shoots to new host plants.
Make sueh transfors ab intervals of several wecks beecause,
when the dodder begins to flower, vegetative growth may
$001 £CAse,

How doddor seed with seed of a host such s clover. As
both germinate, the dodder parasitizes the clover seedlings.
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A more certain method is to germinate the dodder seed on
filter paper in a Petri dish until it is 2 to 3 cm. Lightly
tie the tip against the stem of a host, such as tomato or
beet, and immerse the “root” end or peg of the dodder in
a small ftubc of water to prevent desiceation until the
haustoria contact the vaseular system of the host. Young
dodder scedlings scem to atiaeh to nonhairy stems more
quickly than to hairy ones.

The basis for virus transmission by dodder is that it
forms a bridging, vaseular conneetion between an infected
and a healthy plant. This connection can be made between
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plants that cannot be intergrafted. Cochran (2) demon-
strated that virus passes hetween dodder-conneeted plants
more quickly when the recipient plant i= darkened while
the denor plant 1 exposed to light.

Many viruses do not infect the dodder but simply move
through the vascular systew. To iree dodder of such vi-
ruses, grow it on o host not suseeptibic to the virus, Some
virases, on the other hand, infeet the dodder. With these
a bridge nced not be formed between infeeted and healthy
plants. Transfer of a dodder stem &ip to a healthy suseep-
tible plant will transmit virus.
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Infroduction

Tobaceo has heen an impertant erop in the Rastern
United States for raore than 350 vears. Boon after its eul-
tivation began, the eolonists couneluded that tobaceo “wore
out the soil”" necessitating continual movement to virgin
goils and long rotations (7371, Pathogen buildup in the
soil was undoubtedly a major factor in this situation (86).
During the past 60 vears, great progress has heen made in
breeding disease resistant tobaceco, Available resistant cul-
tivars as well as government aereage and poundage cantrol
programs have allowed and encouraged production to he-
come stabilized in specifie aveas of the country.

The seientifie effort to breed disease resistant tobaceo
in the United States was initiated by ), Johnson at Wis-
consin about 1912, THix first release, Havana 142, a black
root rot resistant cultivar, was introduced in 1922 (88, 00).
In 1919, W. 1. Valleau began Dreeding disense resistant
tohaececo in Kentueky (39, 7951, and in 1931, . 5. Clayton
began research m this area with the TRDA (722), Much of
the dizease resistance now available in tobaceo cultivars
came from the ploncering work of these three men, ecach
of whom spent more than 335 years in this researclh area.

Diseases and Their

Pathogens that ecause the most destruetive tobacea dis-
cases and the common names for the disenses are listed
in table 12-1. Among these pathogens, the viruzes, Perono-
spora tabacina, Frysiphe cichoracearum, and the nema-
todes are ohligate parasites, multiplying only in living,
infected host tissues. Among the viruses, tobaceo mosaic
virus (THV) is casily transmitted mechanieally feh, 11).
Cucumber maosaic [CMY), tohaceo eteh (I'EV), potato
virus Y (PVY), aud tobaceo vein mottle (TVAIV) viruzes

Tobaero Laboratory, Boltsville Agrieuitural Rosearch Center, Sei-
ence nnd Fdueation Administralion, T8, Dopartment of Agricultues,
Beltsville, Md. 20705,

Valleau (7041, Clayton (26), and Craham and Burk (56)
have published reviews on breeding tobacco for dizease
registanee.

Van Der Plank (200) used the terms “vertieal” and
“horizontal” to indieate the likelihood thut a particular
source of resistunce will he effeetive against all biotypes of
o puathogen (hovizontaly or only one or a few hiotypes
(vertieal). Cienerally, vertieal resistanee, usually controlled
by w single gene patr, is Jess desirable than the usually
polygenie hortzemtal (ype. TTowever, economie necossity
and expediency can rule out strict adherence to this prin-
eipal, Relative availability of the kinds of resistance, the
degree of pathogen, variability, and case of pathogen dis-
per=al must temper such judgments, Both types of resis-
tance have been effective in redueing fobaceo  discase
losses, Sinee the late 1930, much effart has been directed
towards transfer of appavently vertieal resistance from
wild Nicotiane spp. into N, teboerwwn, and some of these
efforts hove been suecessful in reducing losses to tabacco
planters,

Relative Importance

are transmitied by aphids. Leal fungal pathogens that
produee abundant airborne spores in the ficld, P. tabacina,
fooctehoraeearum, Allerpavia alternata, (ercespora nivo-
fianae, and Colletotvichum destructivim, are usually more
easily and rapidly  dispersed than =ailhorne pathogens.
Environmental factors, such as muaisture and temperature,
are critical limiting factors for infection, disease develop-
ment, antd patftogen reproducetion for all the pathogens
(83, 106, 210).

Discase Joss estimates by the Tobacco Disense TLoss
Lvalnation Committee (186, 187) indicate that the most
serious losses in the Tuited States and Canada are caused
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by black root rot and black shank. They totaled 833 and 860
million, respectively, from 1974 to 1976 (186, 187). Discases
that have caused losses of $10 to $40 nidilion in the game
period are, in deereasing order: nematodes, barm rot, mo-
sale, weather fleck, brown spot, and cteh. Losses of 82 to 85
million were caused by frogeye, Pyfhium rot, sore shin, blue
mold, anpular leal spot, vein banding, bacterial wilt, and
damping off. Other diseases that caused serious losses in
localized areas include Fuserium wilt and wildfire. Vein
mottle is becoming inereasingly impertant sinee it was first
deseribed in the Unifed States in 1972 (32).

AMany discases occur in only certain geographic areas.
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Tor instance, the major nematede pathogens, Meloidogyne
spp., are not serious north of Alaryland and IKentueky,
while black root rot is not as serious in the Florida-South
Carolina area as it is farther north. In Europe, the Near
Bast, and Australia, hlue mold has been scvere in recent
vears, but it has not yet appeared in southern Afriea. Black
root rot has long been a serious European problem, White
mold has leng been sericus in Europe, Afriea, and Asia, but
it does not occur in North America. Cucumber mosaie virus
and bacterial wilt cause much greater losses in the Far East
than in the United States (186).

Symptoms

Laboratory and grecnhouse studies arc essential for con-
clusively identifving pathogens. Sympfoms can be variable,
s0 assuming solely from symptoms that a particular patho-
gen 18 responsible for a disease may be dangerous. Never-
theless, each disease has cortain characteristic symptoms
that can greatly aid identification and which can be ex-
neeted to appear following inoculation. The {ollowing
summarizes the svmptoms of the most common discases.
In addition. books by Lucas (706), Hopkine (83), and
Wolf {210} contain detailed deseriptions and many pie-
tures.

Weather fleck, This disease usually develops on re-
cently mature leaves. The characlervistic symptoms are
mono- or bifacial, round or angular, neerotic flecks 0.5 to
6 mm but usually 0.5 to 1 mm diameter. The lesions are
dark for aboul the first dav, then bleach to a light color
(66, 112).

Mosaice. These symptonis are commonly enused by TAIV,
however CAY ecauses indistinguishable symptoms on to-
baceo leaves, The charaeteristic symptom is an extremely
maottled, blotehied pattern of light and dark green areas
The virus moves systemically, produring these symptoms
in immature inoculated leaves and subsequently preduced
leaves, On older leaves, large neerotie arcas can develop,
produeing the s ealled mosale hurn {706, 210},

Etch. The tohacco cteh virus oeccurs ns several distinet
strains and produecs leal symptoms that vary with tohacco
type and environment. Veineleaving is usually the initial
symptom. Mottling resembling that caused by TMV and
CAIV can oceur, hut it does not extend into the tip leaves
like that caused by the mosaie viruses, Chlorotic spots,
the most common syniptom, usually rdevelop into necrotie
leslons (106). Sometimes the neerotic lesions resemble large
weather fleck lesions. Veinal neerosis and browning can
occur on older leaves.

Vein banding. Vein banding symptoms show eonsider-
able variability on different cultivars under different en-
vironmental eonditions. Yellowing and Dbleaching of the
mterveinal leaf tissue, leaving a hand of dark green in
and along the veins, are the most common symploms, Mild

strains of the virus cause a faint, mosaie mottle in young
leaves. In severe eases, the veing and midribs darken, be-
coming neerotie, and turn brown to black. In these severe
reactions, the dark neerosis may even extend into the
central stem. Liglit, neerotic spots, resembling those caused
by TEV, ean develop 1 adsanced infections (106}

Vein mottle. These symptoms include intermitient hands
or blotehes of dark green tissue along the leaf veins with-
out chlorotie spotting and erinkling. In ficld plants, severe
systemic necrotie spotting ean develop, resuliing in the loss
of affeeted leaves (104, 128).

Bacterial wilt. This diseasc was first recoguized as caus-
ing serious losses in fobaceo in Granville County, N.C.
giving rise to another name for it, Granville Wilt {ch. 13).
Being a disease favored by high temperatures, the symp-
toms first appear on seedlings in the tropies, often killing
them. In temperate climates, symptoms appear 2 to 4 wk
after transplanting to the ficld, as a wilting of one or more
leaves. Charaeteristically, half of the leaf wilts first. Later
the leaves become light green, gradually yellow, then
hrown. The staik first yellows in the xylem and soon dark-
ens to brown or hlack, which spreads into the cortex.
Infeetion usually occurs through the roots. At first, only
one ar a fow roots are darkened, but eventually most of
the roots decay. A pearly, grey, stimy, viscous, hacterial
ooze that ean be squeczed from ecut vascular clements of
affected stems is diagnostic (83, 106, 210).

Wildfire. On both seedlings and field plants, this dis-
case first appears as cireular, yellow leaf spots, Smaller,
hrown, dead areas quickly develop in the lesion centers.
Diffusable toxing produced by the hacteria are responsible
for a yellow halo. With time, the lesions increase, eften run
together, and can result in irregular lesions covering muceh
of the leaf. The leaves may hecome distorted and ragged
looking, Small lesions appear in the eapsules, and the seed
ean become infected. The oxtent of the halo varies with the
weather, In wet weather it mway extend little beyond the
neerotic area caused by rapid hacterial invasion of the
tissue (83, 106, 218). On greenhousc-inoculated plants,
halos develop within 4 to 7 .
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TasLe 12-1—AMajor tobacco diseases and causal pathagens

Tiisense Pailopon
Air Pollutunt:
Weather fleck ........... .. Gaone
Viral;
Mesaie ... ... Toluters Mostie Viens (TAITV)
Masnic ...l Cocumber Mosaie Vieus (M VS
Bteh ... Tobaceo Eteh Vieus (TEV)
Vein banding ............. Polato Virus Y (VY
Vein mottie ............... Tobrees Vein Mottle Virus ¢TVIV)
Bacterianl:
Baeterial wilt ....... e Pacwdomonas solanarearon ®. F, 8m.
Wildfire ..........o.... .. Prendamonas tebar (Wolf & Paster)
Stevens
Angular leal spot .......... Preudomonns angulnda (Fromme &
Murray) Holland
Fungal:
Damping off and stem vol .. Pythivm spp.
Black sbank ... ... ..... Plytuphtivore puresition var, nicotinnae
{Breda de Haan) Tucker
Blue mold ................ Peronospare tnharing Adam
White mold or powdery
mildew ... .. 0, Erysiphe civhoroccurnn DO
Barn vols ... L Several
Black voot rot ............. Thivluriopsis basteadn {Bork, & B
Ferearis
Brown spat ..., Alte rnavter alte rueda (Fr)) Weisal,
Trogeye loaf spol ..., ..., (ereospirea wivotianee Bl & Ty,
Fusarium wilt .. ..., ... Fusariion oxyspornm (Sehloeht) We I
s wteotianae John=on
Anthracnose . ..., ... v Collelotvichum destructivam O'Carn
Soreshin ......ovoouee..... Thanatephorus ctcwmerts (Feank)
Donk
Nematode:
Rool knot ................ Meloidogynr spp.
Brown roat vot ......... ... Prafylenelus spp.
Cyst nemntodes ........... Heteradera spp.

Angular leaf spot. The major difference hetween tHhe
baecterium causing this disease and that causing wiidfire
is the absence of toxin produced by the angular leaf spot
organism so that there is no hale. Otherwise, the symptoms
are similar exeopt that the noerotic aren is usually darker
and more anguiar than that caused by the wildfire bae-
terium (83, 106, 210).

Damping off and stem rot. These are diseases of seed-
lings and young plants. Initially a brown, watery, soft ot
is visible at or near the soil line, givdling the hypocotyls,
and causing the plants to fall over. The roots may or may
not be Infected. With the rate dependent upon abundance
of moisture, the plants rot and die leaving 2 mass of dried,
shriveled, light tan remains. Affected seedlings often are
in circular patches surrounded by heaithy plants {83, 106,
2103,

Black shank. As indicated by the name, this discase
affeets the base or shank of the stalk, Tnfection is usually
through the roots, which arc seriously affceted. In young
plants, the stem becomes brown to black and girdled at the
soil line, and the plant damps off, The darkening ean ex-
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tend un the salk several centimelers and down into the
root =y ~lent When older plants become infeeted, the leaves
suddenly witl and turn yellow while portions of the root
systew: blacken and die. The stalk becomes girdled with a
blaek lesion running for 30 em or more above the ground.
[T the disewsed stalk 12 split longitudinally, diagnostie,
horizontal, plate-like dizes are usunliy visible in the dried,
blackened pith. Large, eireular, eoncentrieally zonate le-
sionz, up to § em dameter, ean geeur in the baszal leaves
following wet weather 183, 706, 2161, This dizense ean be
devastaling to tobaeco in the greenhouse s well as in the
ficld.

Biune mold. This discase derives itz name from the hiu-
i=h ov gravish, downy, fungal growth that commonly oc-
enes on the Jower surface of infoeted leaves. These leaves
often beeome iwisted downward, cupped, and <listorted.
The upper surface of affected leaves may be normal ap-
pearing or vellowish green. Civenlar, yellow spots or bloteh-
ex commonly oceur an the upper surface. The affeeted leaf
area hecomes neerotic and light hrown. Stem infeetion oe-
curs when inoculum is abundant. Young plants are more
suseeptible than older ones, Blue mold is a common scod-
ling problem in the United States, uncommon in the feld.
In Burope if causes serious fiekl losces (766), Blue mold
can cause extensive damage to greenhouse tobacen, espe-
eially if the temperature = cool.

YWhite mold or powdery mildew. This disease also de-
rives its name {rom the appearance of the fungus on the
feaf surface, Small, white patehes of powdery, sporulating,
fungal growth appear and spread over the leaf and stem
surfaces. With time, tiny spherieal, blael, fruiting Dbodies
appear in this white fungal material {83, 106).

Barn rots. Into thix general grouping fall a number of
diseases of harvested, curing tobaceo, including house burn,
pole rot, sweat, web vet, hutt rot, freckie vot, shed burn,
stem rot, stalk rot, and others. Because little or nothing has
been done on resistance to these disorders, their symptoms
are not deseribod here, Lueas (706) gives gnod deseriptions
of the symptoms,

Black root rot. Blackening and deeny of the root system
are the main symptoms of this disease. The pathogen can
cause damping off of small scedlings when infeetion aceurs
at the =oil line. On rootx of older plants, the fungus causes
black, rough lesions that vesult in gevere root pruning,
Tn greenhouse plantx, the leaves often hecome dark green
as the infected plants beeome stunted and wilted. In se-
verely affectd field plants, the leaves turn pale green to
vellow and stunting is scevere. Leaves of infected ficld
plants wilt on het, sunny days, but with sustained hot
weather, many plants recover, make new growth, and
mature a evop (83, 106, 210Y.

Brown spot. Characteristic symptoms of this disease are
neerotic, brown, voughiy cireular lesions 0.5 to § em diame-
ter that contain concentric zonations and ave often sur-
vounded by s halo of vellow tissue. These symptoms are
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found on older, mature leaves (83, 106, 218). When inocu-
fum is plentiful, pinpoint neerotic lesions oceur on the
young, oxpanding leaves (172) and larger, sunken, dark
brown, neerotic lesions oceur on the veins, midribs, stalks,
and seed capsules. Brown spot is a common ficld disease in
the warmer, humid areas. but chanee infections are rave
in the greenhouse (83, 7106, 210).

Frogeye leaf spot. Typical frogeve lesions are necrotie,
roughly circular, 2 to 15 mm diameter and have thin, light
tan, gray, or almost white centers surrounded by a nar-
row dark-brown margin, These lesions are nearly identical
to the lesions produced by TMYV in cultivars having the
N, glulinosa factor for mosaie resistance. The main dif-
ference s the presence of minute, black dots that are
fruiting structures of (. nicotianae in {frogeye lesions.
Mature leaves are affocted in both greenhouse and field
plants when the environment is hot and humid. Natural
infections are sometimes a greenhouse problem in warmer
climates.

Fusarium wilt, When leaves of field plants gradually yel-
low, wilf, and dry on one side of the staik, Fusarium wilk
is the likely cause. While this one-sided wilt is sympto-
matie, the entire plant can be affected. When the infected
stallk or root is sliced, the interior is stained brown to
nearly black, without the wet ooze present with bacterial
wilt. Otherwise, the symptoms of the two discasos are #imi-
lar. The one-sided effect oceurs when infeetion oceurs
through one to several roots on one side of the plant €83,
106, 210}

Anthracnose. Anthracnose is mainly a discase of seed-
ling leaves, hut it can alzo spread {rom transplants into
field plants during wet weather. 3mall, sunken, dull green
spots first become noticeable on older leaves. These spots
enlarge to about 3 mm diameter. They are dry, become thin,
and develop a grayish-white center with a raised, brownish,
watersoaked border. The pathogen also causes oblong, red-
dish-brown lesions on the midribs and stalks, Tiny, sterile,
black structures and pink spores are produced by the fun-
gus in the lesion centers (83, 106, 210).
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Sore shin. The major symptom of this disease is darken-
ing and decay near the soil Hne on the stems of seedlings
and older plants, Girdling of the stem ean cause it to break
so that the plant falls over. The roots usually remain
healthy until the plant dies. The pith in the infected areca
becomes dry and brown and interspersed with gray arens
of fungal tissue. Being favored by cool, wet weather, the
disease oceurs in piant beds and in the ficld shortly after
transplanting, Occasionally, the symptoms cxtend up the
stalk and into the bases of the hottom leaves, causing them
to rot and fall off (83, 106, 210},

Roct knot. As indicated by the name, the characteristic
svmptom of this diseasc is knotting or galling of the roots.
These galls range from scareely noticeable to 3 em or more
in diameter. They are typieally spherieal, but larger galls
are often irregularly shaped. When ¢lose together, eontinu-
ous, clongated swellings are formed. Large galls usually
contain many of the minute, rounded, white adult females,
whereas small galls may eontain only one. In the absence
of other pathogens and with favorable rainfall, the diseasc
has little effeet vwpon the aboveground plant parts. Bub
nnder stress, infected plants show drought injury and
stunting, Such plants hecome light green to almost yellow,
and the leaves hocome yellow and neerotic around the
marging (106, 210).

Brown root rot. This disease is characterized by root
lesions ranging from yellow through brown to almost black
that girdle the smaller roots, often break open, and cause
the outer layer to slough off. The resultant pruning of the
smaller roots hecomes severe enough by midsummer that
the affected plants casily can be pulled from the soil. Often
clusters of newer, healthier rools dovelop near the soil
surface. The effeet on aboveground plant parts is similar
to that of root knot (106, 210).

Cyst nematodes. Diagnostic symptoms arc the dark
brown, oval cysts, approximately 0.5 mm diameter that are
attached anywhere on the root system. Stunting, wilting,
and reduetion in the number of roots are alzo consequences
of infection {146).

Determining Disease Resistance

Inoculation Techniques

To determine the relative resistance or suseeptibility of
Nicotinna spp. to tobacco pathogens, speeifie inoculation
techniques have been developed for most of the Important
ones, The noviee should start on a small scale with a few
suseeptible plants before launching into large scale, defini-
tive tests. Proper teehniques for growing the plants, in-
cluding watcering, fertilizing, inscet contrel, and control of
unwanted diseases are essential (ch. 43,

Weather fleck. The discase inciting agent in this case
is nob an organism, but gaseous air peliutants, the principal
one being ozone. In Menser and Heggestad's facility (113}

for ozone fumigation of tobaceo, 0.06 to 1 ppm of ozone is
generated by passage of a controlled flow of gascous oxy-
gen through dual eovona discharge ozonizers to which a
controlled voltage is apphied. The gencrated ozone is passed
into a lighted, plant growth chamber equipped with filters
on the ambient alr infake to eliminate ozone from external
sources, Both ozone coneentration and exposure time con-
trol host responsc. Commonly employed dosages are 0.15
to 0.60 ppm ozone for 1 to 6 h {I17). The plants are
placed inte an area of the ehamber that is equipped for
relatively quiet air movement. Chamber humidifying
equipment should be adjusted to provide at least 70 percent
relative humidity {RH) to induce rapid and eonsistent sto-
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matal opening. Before fumigation is gtarted, the plants
should be in the lighted chamber, with humidity and tem-
perature adjusted, for at least 1 h.

Plants to be fumigated must be grown uniformly. Nitro-
gen nutrition should be at an intermediate level {116}, and
the plants should not e kept under exeessively long photo-
periods before fumisation {115). Rapidiy growing tobareo
plants, 8 to 9 wk old and grown without moisture stress,
are ideal. Recently mature leaves are most susceptible
(214). The symptoms develop within 24 h after fumiga-
tion.

Tobaceo viruses. See chapter 11.

Bacterial wilt. The bacterium causing this diseasc,
Pseudomonas solanacearum. can quickly lose virulenee in
culture from mutation and sclection. Mutants differing
from the wild type in virulence are readily identified hy
streaking hacterial suspensions on a medium containing
1 pereent peptone (wt/vol), 0.1 pereent easein hydrolysate,
or 0.033 pereent casamino acids (Difeo), 0.5 o 1 poreent
glucose, 1.7 pereent agar, and 0.003 percent triphenyl tetra-
zolium chloride in distilled water. Prepare the triphenyl
tetrazolinm chloride as a sterile, 1 pereent aquecous solution
and add the proper amount aseptically fo the melted, stey-
ile, agar medium before pouring dishes. Keep the streaked
dishes at 32 C for 36 h before inverting and cxamining
under a dissecting microscope with obhiquely transmitted
light., Alutant, avirulent, or weakly virulent colonics are
deep red with a narrow, light bluish border, and the viru-
lent colonies are white ar white with a light red center
{63, 91). Maintain virulence by covering colonics, grow-
ing on solid media, with sterile mincral oil (92}, or plare
3 to 5 loopfuls of bhacteria into S ml of sterile, distilied
water in a capped test tube (93}.

For resistance evaluation (209}, produce inoculum on
potato dextrose agar (PDA) (92), a nutrient agar con-
taining 1 pereent tryptone, 0.1 pereent veast extract, 0.5
percent glucose, and 1.7 percent agar (97); nutricnt broth
mcubated on a shaker; or other appropriate media. Obtain
bacterial suspensions from agar media by pouring sterile
water over the cultures and gently agitating them, or from
broth by transferring a small amount into water. Use a
spectrophotometer to determine the bacterial concentra-
tion in the inoculum. Set the speetrophotometer at 600 nim
with 100 percent transmittance using a water hlank. For
greenhouse inoculations, Gwynn (63) uses inoewlum with
75 percent transmittance and for feld moculations, 90
percent.

Winstead and Kelman (209) developed two techniques
for inoculation of greenhouse tobacco plants. In the first,
ptace a drop of bacterial suspension, confaining about 7.6
X 10* cells per milliliter (59), in the axil of the sceond
or third fully cxpanded leaf below the apex. Use a needic
or other sharp object to puncture the stem through the
drop. In the second inoculation method for potted pilants,
cub the lateral roots along one side of the plant about 2.5

91

em Jrom the stalk with a sealpel to a depth of approx 4 em
and pour 10 ml of baeterial suspension over the severed
roots. Maintain adequate =oil moisture and temperatures
at or above 30 C during the day and 20 C at night. Dur-
i the winter, use artificial light to increase the photo-
period to 15 h. Syniptoms develep by 15 d after inoeu-
lation. Both techniques give good indices of degree of
resistunee, but the lafter teehnique gives wider differentia-
tion bebween resistant and suseeptible plants.

The method of Moore and others (121) is used to inocu-
late field plants. Prepare a large volumie of the virulent
hacterial cells in water to give 8 X 10 cells per milliliter.
Supply about 50 ml of this suspension per plant when
transplanting by hand. Tor machine transplanting, dilute
the inoculum fo 6 X 10° eclls per milliliter and supply
about 85 ml per plant {63}, When plants {or the ficld are
drawn from the piant beds, considerable root wounding
occurs. Use of baeteria in the transplant water was found
to be move effective than wounding and inoculating estab-
lished ficld plants (121).

Wildfire. To maintain virulence, store Pseudomonas
tabact in sterile water at about 5 C (197). Beef-peptone
broth (8 g/I. Difec Bacto nutrient broth) is also satis-
factory for maintaining virulence for a considerable time
ab 5 G and, with addition of 8 to 10 g glucese per Hter, is
an exeellent medium for increasing inoculum at room tem-
perature. Wooley and others {277} have developed a syn-
thetie eulture medium for P. tabaei that favors toxin pro-
duetion. If necessary, the active filirate can be purified
(1817). Prepare inoculum for assessing the resistance of
large plant populations by making a 1:1060 dilution in
water of a bacterial suspension from 16 to 24 h nutrient
dextrose hroth enltures kept at 20 to 24 C {152}. The inoe-
uluin concentration shouid be less than § X 10° cells per
milliliter i wounding is used in inoculation (124).

In nature, P. tabaei invades mainly through wounds or
stomata of leaves that are water soaked as a result of rain
storms. Some invasion oceurs through stomata without
watersozking, but the effect is much less scvere (21),
When the stomata are open, artificially water socak the
leaves by spraying the lower suwrface with water under
pressure. If a bacterial suspension is then sprayed or
poured over the leaf of suseoptible eultivars, abundant
infection occurs, Pressurized spraying of an inoculum sus-
pension gives water soaking and inoculation concomitantly
{197). Usc spray inoculation for tohacco plant heds and
field plants.

Kilement (94) developed an inocculation teehnique for
identifying phytopathogenic Pseudomonas spp. and for
physiological studies using tobacco, This technique is de-
scribed in ehapter 13.

The simplest and speediest method for inoculating large
numbers of individual, greenhouse plants was developed
by Silher (130}, He fabrieated a self-feeding, inoculation
device by repeatedly driving a sharp nail through the in-
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side of the metal cap of a small, serew cap container. The
metallic protrusions {about 0.5 mm diameter} on the out-
side of dhe cap act as cutting cdges to wound the leaf. Place
the inoeulum suspension into the vial and serew on the cap.
Then place a rigid, flat object wrapped in cheesecloth under
a young leaf, invert the vial, and press the cap into an
intervenial area on the leaf surface to induce wounding and
introduce the inoculum. Do not inoculate or crush the
midrib and main side veins as the bacteria may grow in
the crushed tissue and produce symptoms on resistant
plants (752). Include plants of at least one known resistant
and one known susceptible tobaceo cultivar or breeding line
as controls in all inoculations.

Angular leaf spot. P. angulata differs little from P. ta-
baci. The two organisms are maintained and cultured simi-
larly. The relation of wounding and water soaking to infee-
tion is the same for hoth (22}, Nicotiana material resistant
to one is usually resistant {o the other. Because P. angulaia
is of less economic importance than P. tabact, httle speeific
information has heen published en inoculation methods for
P. angulata. However, inoenlation methods used for P
tabaci arve satisfactory (21, 22, 197}, The following method
has been successfully used, First, dust a voung leaf with
carborundurn, Then dip a cheesceloth pad into an inoculum
suspension {a 16 to 24 h broth culture diluted 1:100 with
water), Wipe it over the leaf fo gently wound it, and
introduce the inoculun, In the Kentucky methed (101,
197), which also works well, the broth culture is dilufed
1:250 with water and sprayed under pressure onto the
lower surface of young leaves, Kxtensive neervosis develops
in 2 to 3 4 if water sonking has heen used. If the leaves
arc not water soaked. necrotic lesions less than 2 mm
diameter, and having little or no halo, develop about 6 d
after inpeulation.

Damping off and stem roi. For thesc diseascs little
work has been done to develop specific inoculation tech-
niques for Nicotiana.

Black shank. As is true with manv fungal plant patho-
gens, isolates of Phytophthora purasitica var. nicotianae,
the black shank pathogen, show a wide variation i viru-
lence {4}, which may deercase or be lost after prolonged
maintenanee in culture (106, 208). The organism can he
cultured on several apar media. Use oatmeal agar f{de-
hydrated form from Difeo} or prepare it by soaking 50 g
of Quaker Qats in distilled water for several hours, blend-
ing it, and adding 15 g agar and distilled water to 1 L
(4, 69, 103, 175). Potato dextrose broth also is somoetimes
used for increasing inoculum (292, 208}, Stock cultures
remain viable when stored at 15 to 20 C (4).

A ugeful medium (table 12-2) {or isolation of P. pava-
sitica from infested soils was developed by Flowers and
Hendrix (94). Make up the PCNB, penicillin G, and
nystatin as separate solutions and add after autoclaving.
Pour the medium into Petri dishes, allow it to gel, and
chill to 3 C before use. Seed the dishes with 1 ml of a sus-
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Taune 12-2.—Wedium for isolation of Phytophthora para-
sitiea var. nicotianac!

MeS0 THO

KH.PO,

Yeasl extrac]

Suerose

Thisimine-HCI

{ialiie aeid

Ruse bengnl
Ponlachloronitiobenzene (PONR)Y
Penieillin G

Nyvsladin {mycostlin}

"Mowers and Hendrix {(44).

pension of infested soil in G5 percent agar (1:50), incubate
in the davk at 24 C for 36 h, and then gently wash off
the soil with tap water leaving white, dense, easily identi-
fiable colonics of Phytophthora {about 1 mm diameter).
These are readily distinguishable from the larger, less
compact, Pythium colonies that also arc usually present.

Several greenhouse inoculation methods have been pub-
lished for Phytophthora parasitica var. nicotianae. They
are of two gencral types, stem and root. Hendrix and
Apple (69} developed a stem inoeulation technique that
gives good differentiation between plants having high
monogenic resistance to race 0 of the pathogen and those
lacking this resistance. However, this technique is not suf-
ficiently precise to differentiate levels of horizontal resis-
tanee. Wills and Moore (208) madified the technique to
obtain differentiation in average lesion size among culti-
vars in replicated tests. They concluded that their method
also was too variable to identify individual, horizontally
resistant plants in scgregating populations. To use this
technique, deeply wound the cortex of vigorously growing,
nonflowering plants having seven or more leaves by drilling
a hiole {4 mm diametery with a bit or cork borer. Trepare
an aqueous, myeclial suspension by blending with water
the myeelium from a 10-day-old, potato dextrosc broth
entture that has been incubated at recom temperature,
Place a portion of the suspension in a small piece of cheese-
cloth. Secure this inte the wound with tape and cover
with a plastie film for 72 h.

Root inoculation methoeds for the black shank pathogen
have heen deseribed and refined by several workers (4, 43,
103, 175, 192). In Appic's method (4), grow ning seedilngs
in methy! hromide-trented soil in 20 by 20 by S-cm alumi-
num trays. When they reach the five-leaf stage, inoculate
hy flooding with 100 ml of mycelial suspension. Prepare
the suspension by blending the contents of a 2-week-old
oatmeal agar plate with 200 mi of water. Disease symp-
toms appear in 2 to 3 d. The methed of Fan (43, 1751,
as modified by Litton and others (103}, is more Iahorious
hut probably more preeise. Sow about 10 to 15 seeds per
Tine on the surface of moist vermiculite in a 50-mi plastic
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tube having a hole (6 mm) cut into the base for entry of
water, nutrients, and inoeulum. Place the tubes in the holes,
cut to the appropriate size, of etal supporting racks, Be-
fore germination, supply moisture by lowering the racks
into water; after germination use one-third strength Heag-
land’s solution. Inoculate plants about 25 d affer seed-
ing by submerging the tubes to within 1 em of their top in
& suspension containing 1,000 P. parasitica var. nicotianae
zoospores per milliliter of Hoagland’s solution.

Position the racks so that the bases of the tubes are
about 2.5 em above the surface of water circulating in a
temperature-controlled fank. Milk coolers, without lids,
can be equipped as water tanks for this use hy attaching
a small-bladed, electric stirer for water cireulation and an
immersion-type, heating coil with thermostatic eontrol.
The water temperature is maintained to give 31 to 32 C
in the root zone. Use of this or some other technique to
obtain uniform and optimal moisture and temperature in
the root zone considerably improves the precision of the
method (163},

Produce inoculum in 125-ml fasks containing 40 ml of
sterile catmeal agar. Keep cultures at 23 to 24 C for about
25 d. Then scrape the myeclial mat from the agar sur-
face and incubate for 48 h in a Petri dish containing 5 ml
of one-third strength Hoagland’s solution. Sporangia will
form in the mycelia, Then, to induce releago of ZODSPATCS,
chill the dish for 30 min at 10 C. Two myeelial mats per
liter of one-third Hogland’s solution give an approxi-
mate concentration of 1,000 zoospores per milliliter along
with mycelial fragments (103, 175).

Suseeptible plants wilt 3 d after inoculation and die
in 10 to 14 d. Wash the root systems and seore the
disease severity using a scale ranging from 0 to 5. Assign
a rating of 0 if symptoms are absent and 5 if the roots
are dead and discolored, Seare individual plants in segre-
gating populations or compute an average for the plants
from each tube. The symptoms are mare severe than oceur
with field infertation (703},

A large amount of inoculum is nceded to infest
field plots with P. parasitica var. nicotiunae, To produce
it (58), pour clean oats Into a 1.9-1. (Y-gal) mason jar
up to ¥ to 34 capacity, add 300 to 400 m] of water, secure
aluminum foil over the mouth, and autoelave for 2 to 3 h.
Aseptically place a small plug of the fungus, growing on an
agar medivm, next to an oat kernel having 2 broken sced
coat, and allow the fungus to grow 4 w 12 wk in the
darlc at voom temperaturc. Mix the infested oats from
three such jars with an equal volume of moist sand and
evenly distribute for 30 m into a 5 to 10 om furrow
in moist soil in the field. Then furrow (bed) up the soil
over the inoeculum and set the tobaceo plants into this
furrow within 1 d. Plant a sus eptibie cultivar in alternate
rows to maintain a high inoeulum Jevel for the next year
and toserve as & conirol,

Blue mold. Beeause the hlue mold fungus, Peronospora
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tabacing, will not grow on urtificial media, it must be main-
tained on living tobacco plants or in cold storage. If the
conidia are stoved attached to the ronidiophores on tohaceo
leaves ut 5 C and 30 to 40 percent RH, germination will
deercase to 15 pereent in 90 d and to less than 1 per-
cent in 131 d (70). However, viability can he main-
tained for at least 25 mo hy storage in liguid nitrogen
(7j. To do this, wash conidia from the leaves info distilled
water, eoncentrate ou a filter by mild vacuum filtration,
and immediately suspend them in 1§ pereent dimethyl sul-
foxide (DMBO) v/v {volume ratio). Pipet 0.5 ml of the
DAIRO suspension into a small ampoule, seal, and put it
at —20 C for 1t to 2 h. Finally, quickly transfer the
ampoule to a liquid nitrogen refrigeratur.

To prepave the {rozen, stored econidia for use, rapidly
plunge the ampoule inte a 40 C water hath for about 45
see or until the iee melts, remove and open the ampoule,
and dilute the contents in water. Use the water suspension
to inoeulate several tobaceo plants on which sufficient
inoeulum will be produced to incculate many plants (7).

Apply inoceculum hy atomizing a water suspension of
coniclia onto the aevial surfaces of the piants. Inoculum
concentration is usually less eritieal than plant age, atmo-
spherie temperature, or humidity. Conidial suspensions as
dilute as five per milliliter will result in some infection if
other conditions are suitable, although mueh higher con-
gentrations are usually employed. However, low concentra-
tions could be useful in seleetion for law levels of resistanee
(field resistance) (71). Use plants of resistant and suscep-
tible cultivars as ehocks.

Plants of susceptihle tobacco cultivars ean be infected
by P. tabacing af any age, but as they becoma older dis-
case severity deercases (23, 77V, Clayton (23} found that
6- to 8-weelt-old plants growing in 5-cm elay pots are ideal
in age and size for sereening for resistunce. Leaf wotness
or RH approaching 100 peveent continuously for 8 h or
more after inoculation is cssentinl fer rapid and severc
hlue mold developient; some will develop with as little
as 2 to 4 N of high humidity after inoeulation (7). Re-
gardless of other conditions, no blue mold will develop if
the plants are kept at 30 to 32 C or above (30, 73). Hill
and Green {73} found that the disease spreads most rapidly
ab aight temperatures of 20 to 24 C, regardless of day
ternperatures. Clayton and Gaines (30) coneluded that
24 C d and 6 C night temperatures witls 96 i at or near
100 percent RH are optimal. Under these conditions ‘the
fungus will sporulate 6 to 7 d after inoculation. Blue mold
can be eontrolled in greenhouses by raising the temperature
to 43.5 C for 4 consceutive hours per wlk (3¢).

White mold or powdery mitdew. Frysiphe cichoruce-
arum, the white mold pathogen, like P. tabaceine, must be
maintained on tobaceo leaves.

Inoculation with K. cichoracearum is relatively simple.
The fungal spores {conidin} are produced abundantly on
the surfaces of infeeted leaves. Before use of these leaves
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av an moculum souree, dust or bhlow off the hulk of the
conidia presept so that the inoceulum will eonsist of newly
produced, highly viable conidia. About 24 h later the new
erop of dry conidia are dusted, shaken, or blown from the
mfected leaves onto the leaves of the plants being inocu-
lated.

Alternatively, prepare water suspensions having known
concentrations of conidia by washing them off with a jet
of water, centrifuge (3 000 g for 6 min) the resultant sus-
pension, measure the conidial concentration with a haeme-
eviometer, and make an approprinte dilution. A concentra-
tion of approximately 350,000 condia per milliliter of glass-
distilled water gives about the same degree of infecticn as
dusting with dry econilia {(34). Minimum, optimum, and
maximum temperatares for infeetion of tobacro by E. ci-
choracearum are 3, 23.5, and 23 C, respectively. The dis-
cage fails to develop if the average maximum-nidnimum
temperature iz 25 C or higher (138). Thix sensitivity fo
high temperature is probably onc of the reasons why the
disease does not oceur on fobacew in the United States.

Relative humidity has less effeet on discase development
than temperature. Conidial germination occurs over a wide
range of RH, but it ix highest at RH's near saturation. The
subscquent growth of the fungus on tobacco leaves iz fa-
vored by diier conditions, saturation deficits of 7 to 9
millibars being optimal {341,

Barn rots. Becanse rolutively little researeh has been
done on these disorders, no inoeulation methods are given
here.

Black root rot. The fungus eausing bhlack root rot,
Thielaviopsis basicola, has a wide host range affecting
many plant= in addition to tobacco {106).

T. basicola can be easily isolated from infested soil by
spreading some of the soil over the surface of dises (3-mm
thick} of carrob (2141, Afomize the 01l with water until
it is quite wet. Then transfer the dises and soil to a Petri
dish. After 3 d incubation at room temperature, wash
the soil from the dises and return them to the dish. In 4 to
6 d white colonies of T basicsly develop on which Dlack
masses of macroconidia ultimately appear. Macerated, in-
fected root tissue can be substituted for infested soil {176).
If dry, soak the roots in water hefore macerating them with
a mortar and pestle. Smear the macerated roots over the
surface of patato taber dises. Carrot and potato dises can
be used interchangeably for the two methods. A grayish-
white layer of endoconidia develops on the surface of the
dises in 48 to 72 h, Using a dissceting micvoscope, fransfer
bits of aerinl myeelium or lungal mat to acidified potato
dextrose agar (PDA), After about 48 h of growth, make
transfers from the outer odges of apparently pure eolonics
to pil 6 PDA, the conveniional medium for growing T
basteola in pure eulbure.

A useful medium (able 12-3) for isolation of T. basirola
from soil in dilution plater was developed hy Papavizas
(125).

TECHNICAL BULLETIN 1586, U.S. DEPARTMENT OF AGRICULTURE

TanLe 12-3.—Aledivm for isolating Thiejaviopsiz bhasicola
from soil!
Cal0s i e grams porliler.. .o L. i
Glaeose .. e do. oo 2
YOast eXIrel oo e e da o d
AT e e, do. oo 20
Vel JUIee oo e e witllililers por fiter. ... L. 200
Nierpilize by antoelaving, then add to cooled, lguid mediva:
Pentaehloronitrohonzene (PONBY L. .gramsporiiter......... it
Oxgall do. e 1
Nystalln oo e milligrams perfiler. .. L., 0
Strepromyein sulfnte oo o oL do. oo, 100
Chlorletraeyeline: HCL Lo oLl (i {+ S b

apivizas (725).

T. basicola iz o highly wvaviable [ungus, readily losing
virulence in culture (176, 177). Blotypes diti -ing in patho-
genieity arve common, so inoculum should he made from
several isolates 3f it iz to be used in screening for vesistance
in segregating host populations. The pathogen exists in twe
distinet forms in nature, having either brown or gray pig-
mentation on PDA (176}, Gray isclates are often used,
hut they are less pathogenic and endure dormaney less well
than brown jsolates, Addition of methy) green {1:100,000)
or malachite green (1:400,000) to PDA or other media
preferentially inbibits growth of the gray type. Hence,
these dyes can bhe used to facilitate scleetion of highly
pathogenie hrown isolates (1771, Brown itsolales ceeasion-
ally mutate to gray on culfure media, in soil, or in infected
plants, Gray isolates also mautate to brown in infected
plants, Both types produce mycelial and other mutant
types on medin that support abundani growth, such as
PDA.

Maintain virulent isolates by storing infected roots in
envelopes and relzolating pure culfures ar needed (176).
T. basicola withstands dessication well. Another mainte-
napee nicthod involves pouring small ahiquets of a fungal
suspension inte tubes of sterile soil or sand and storing
them. Isolates can be Kept at room temperature for 3
yroor longer by cither method without losing vivulence,
Troutman (190) transierred isolates to earrot decoction
agar, allowed time for chlamydospares to be produced,
and then froze them for long-term storage.

Tor many years the conventional inoculation method for
7. basicole has been to transplant 4-woeek-old seedlings to
infested soil in 5-em elay pots (281, The infested soil is
oblained from fields known to have severe hlaek voot rot.
Alternalively, susceptible plants can be planted in large
containers containing sterilized soil, artificially jnoculated
by pouring a [ungal suspension into the root zone, given
several months for disease development, and then using
the soil from the rool zone as a source of infested soil, The
latter source avoids contamination with Phylophthora para-
sifica var. nicollurae or other pathopgens.

Thoroughly mix the stock infested soil from either
source with an equal wmount of sterilized soil as it is used.
Use suscoptible and resistant culiivars as checks. If pre-
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cise comparisons are desirable, pot hall of the plants in
comparable sterilized soil. After 8 to 10 wk growth in
the infested soil, wash the soil from the reots and estimate
the percentage of damage to the rout system. The weight
of plants from infested =oil can be compared with that of
those from sterilized zoil.

Do greenhouse studics on blaek root rot in the fall, win-
ter, or early spring, when maintaining sufficiently low tem-
peratures (17 to 23 C) is casier and disease development
is favored (28). Discase severity is greatly reduced at 26 C
and is negligible af soil temperatures above 30 C (89). Soil
acidity is also imporiant. The winimum pH should be
about 6.0 (411 as the disease failz to develop at pH 5.6
or helow. With pruper pH, - mperafure eontrol and suf-
ficient infestation, the conventional inoculation method
works well.

A quicker and more preeise inoeulation methed was de-
veloped by Troutman 17991, When using this method. sow
the seed on vermiculite in bottom-watered, perforated,
aluminum Joafpans, Transplant cach plant at the four-
leaf stage to arfifieinly infested vermiculite held in a
depression of a 1Z-cup, aluminum mulfin pan. Modify the
puns by drilling five 32-nun (13-in) holes in the Lase of
each cup to allow intreduction of water, nutrients, and
Inoculunm. Place the muffin pan, with plants, inte an ap-
propriate sized cakepan.

Inoeuium ean be grown on several media. but Troutman
recommended a carvot-glicose broth, made by steaming
200 g of diced carrots in 500 ml of water for 1 h, straining
this through checse eloth, and adding 20 g of elucose and
water to 1 T.. Place a 100 ml aliqquot of the broth intu a
200-mi preseviption bottle, inoculate using & frozen culture,
and allow it {o grow for 10 to 12 d af room temperature.

Prepare the inoculm suspension by diluting 200 ml from
carrot hroth cultures to 5:1 with a proper nutrient solu-
ticn for tobacco. Troutman used the nutrient solution of
Steinberg and others (174), but other nufrient solutions
with a buffered pIT elese to 7 should be safisfactory. At
this pH higher temperatures are comewhat less inhibitory
to diseasc development than at lower pH (42, 190), It
even at pH 7 little or no black root rol will develop at
30 C (41). The amount of nutrient solntion used for di-
luent can be varied if there is & desire to adjust the inocu-
lum coneentration to a constant level. Pour the inoeulum
suspensicn into the cakepan, lower the muflin pan con-
taining the vermiculife into the pan and keep it there until
the vermiculite is saturated, (A vermiculite-filled, 12-cup
muffin pan ahsorbs about 700 ml.) Then remove the muffin
pan, allow to drain, {ransplant tebaceo seedlings into the
pan, and set it back into an cmpty ecakepan. Add a fresh
gsupply of nutrient solution fo ecakepan. When necessary,
replenish moisture with water in the same way. Allow the
plants to grow 3 to 5 wk in the muffin pans before rat-
ing reot damage or weighing the plants.

Gayed (49) developed the following procedure: inoeu-
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lnte wounded leaf dises by moistening them with a stan-
dardized suspension of 7. basieola endoconidia. TFloat the
dires on tap water in covered Petrl dishes. Neerotie lesions
will develup in 3 to 4 d. Count the lestons or rate dis-
ase severily on a0 to 10 seale. Lesions develop on all
tobaceo cultivars, inecluding those deriving hlaek root rot
resigtance from N, debneyi. However, the average soverity
is mueh ltess on resistant eultivars. Relative resistance of
moderately resistant cultivars cannot be differentiated by
this method,

In New Zealand., breeding lines have been indexed for
black root rot resistance outdoors in plant beds (212].
Produce inoculum of 7. basirola hy first flooding an endo-
conidial =usgpension onto n sterilized sand-oafmenl medium
tdvy =andowaterzoatineal, 1:1:51, Grow the inoeulum for
5 wkoin the dark at room temperature. Beive the inocu-
hinn, mix it with stertlized dey sand, evenly spread over
the seed hed, and incorporate it into the top 5 em of soil,
Keep the beds well watered for 4wl before seeding.
Eight weeks after sowing pull and subjectively rate 30
plants of eaeh line for vroot rot severvity., This method gives
excellent statistical differentintion of degrees of horizontal
resistanee, but probably does not work well for resistance
derived from N. debneyt.

TFiekd sereening for rvesistanee has been done for many
vears by teangplanting the fest Tines and eultivars with
known degt w of resistanee to a field that has had a his-
tory of severe black root rot infestation. Transplant as
carly as possible to maximize the chanees for cool tempera-
fures during plant development. The amount of aerial
growth and =evenity of root lesions give the best index of
relative resistance (231, With these =eores, a diseriminant
funetion can be used to aid in ranking resistance.

Brown spot. The fungus causing hrown spot, Alternaria
allcrnata, ean be isolated readily fram hrown spot lesions
(1. R, Stavely, unpuhblished}. Sarface sterilize a small por-
tion of leaf tissuc involving the edge of a lesian by immer-
#ion in 0.6 percent =odium hypochiorite (Cloraxzwater, 1:8}
for 12 min, rinse 1o sterile water and asepticadly place on
sterile V-8 juice agar in a Petrt dish. Within a fow days,
A, alternata can be identified. Transler from pure isolates
to V-8 ugar slants,

Ao adlernata grows and sporulates well on V-8 juice agar
with or without pll adjustment (Stavely, unpublished),
Prepare the unadjusted medium by autoelaving 200 ml of
V-8 voegetable juiee with 300 ml of water. Tn a separate
Mask aufeelave 16 to 20 g of agar with 500 ml of water.
11 3 & per liter of CCOy 3= added hefore autoclaving, the pll
s clevated suflleiently so that separate autoelaving ol the
V-8 juice and ngar i= not neeessary tat the plf of V-8 juico
the gelling properties of the agar are destroyed by autoclav-
mmgt, Abhumtant, dark A, elfernata conidia will Torm after
3 lo 4 d. Flood Petrl dishes containing V-8 agar with a
conidial suspension and ineubate the dishes under constant
fluoreseent light {3 by 10 ergsf/ome-see) at about 27 C.
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A. alternata is o ubiquitous fungus and nonpathogenie
or weakly pathogenic isolates ave commonly isolated,
Thevefore, the pathogenicity of new iselates should be
determined by inoculating leaves or plants az given below.
Loss of pathogenieity in cullure can seeur over months: or
years. This can he avoided by pouring sterile mineral oil
over V-8 agar slant cultures and stering them in a refrig-
erator at about 2 to 5 C.

Inoculum suspensions are prepared by agitating or serap-
ing the conidia {rom the surface of the V-8 agar into water
containing about 0.01 pereeni Triton B-19356 or another
suitable wetting agent {7681, Determine the conidial con-
centration with a hacmoevtometer and dilute to the desired
level, Coneentrations of 30,000 to 120,000 conidia per mil-
hliter give moderate to extrome brown spot severity under
proper temperafure and homidity conditions (7168, 172).
On leaf dises, 10,000 conidia per milliliter are suffieicnt
{163).

I potted plants are used, they should he about 2 to 3
mo old, vigorous, and growing in 10- or 15-em pots
{ch. 4} {168, 1721, Planis of this age have sufficient mature
leaf area for u good assessment of relative resistance.
Brown spot lesions produced on mature leaves are quite
different {rom those on immature leaves (172) {o the ex-
tent that resistance or suseeptibility of mmature leaves s
olten unrelated to the reaction of mature leaves {177},
Tniformly spray the conidial suspension to runoff onto all
mature, aboveground plant surfaces. Alliow plants to dry
and then place them in controlled environment chambers,

Postinoculation {fomperature and humidity are eritical
for suecessful infeetion. The optimum temperature is elose
to 20 C (168). Keep the inoculated leaves web for 48 to 72
h following inoculation (173}, The total peried of wetness
15 critical; disease severity increases proportionately as
the time is increased up to 96 h, but the results ave the
same, whether the period of wetness is eontinuous or hroken
by dry intervals. Excellent differentiation of levels of
resistance occurs i the ingeulated plants are exposed to
72 h of wetness at 20 € with a 12-h photoperiod. Place
the plants on a greenhouse Dench for about 2 wk to
allow the lesions fo develop. Then subjectively rate the
degree of resistance or susceptibihty baged upen the per-
cent of leaf avea damaged. For precise comparisons on o
cultivar of known reaction, tale results by counting the
number of lesions per plant.

Fukuda (46) developed and Spurr {1563} refined an in-
geulation technigque that uses leaf dises vathor than whole
plants. Cubt dises (9 em diameier) from the center of
vigorous, unwilied mature leaves of cquivalent age and
place them hottom side up in a moderate-sized, enclosed
humidity ehamber for 2 b, Inocenlate the di=es by spacing
12 drops (0.01 ml per drop} of the conidinl suspension
{10,000 conidiz per milliiter) on the lower surface of the
famina. After the drops have dried, place the hid on {he
humidity chamber and incubate the dises for § to 10 d
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at 21 C and an 8-I photoperiod. When fesion development ix
completed, rate the lesions on a subjeetive seale. This
method is more officient for testing pathogenicity of A. al-
ternafa isolates and cfficuey of fungicides and for some
other kinds of veseareh than the whole plant wmethod. The
latter method = more desivable {or assessing vesistance.

Do field moeulation with 4. allernete by spraying o
conidial suspension or by dusting coarsely ground, dried
infected lteaves from the previous crop onte plants 3 to 4
whk aflter transplanting {Stavely, unpublished}. 1If you
use n conidial =uxpension, it should have time to dry hefore
the leaves are wetted by dew or rain. 1f you use dried,
infeeted leaves, take care not to overinoculate, Not more
than 5 ml of deied leaf should be used per plant. Symp-
toms will appear in about 2 wk subrequent to several
nights of ample dew or a period of wet weather. Make
subjective ratings, Dased upon the percent of leaf area
affeetod, late in the growing season on the green leaf, or
rate the leaves after they have been lharvested and cured
(1671,

In all inocwlations with A. allernata include resistant
and suseeptible cultivars as cheeks.

Frogeye leaf spot. The {rogeve leaf spot pathogen,
Cercospora nicoflanae, can be isolated from lesions cul out
of diseased leaves. Place these in a Pefri dish on moist
filter paper in the light at rvoom temperature until the
hvaline conidia are produeed on the prominent, dark co-
nidiophores, With the aid of a disseeting microscope and
a sterile needle moistened in sterile V-8 or other agar, pick
off the econitlia and transfor them to V-8 juice agar (pH
unadjusted} slants. By this procedure a high percentage of
puie isolates are obtained, After one more transfer, store
the slant cultures with a covering of mineral ol m a re-
frigerator. These will last for years withoul loss of patho-
genicity,

Produee inoculum by flooding V-8 agar plates with 2
myeelial and conidial suspension. This ¢ obtained hy
lghtly seeaping the surface of voung, freshly datkened
colonies with a sterile needle (169). The fungus produces
conidin in 7 d if the V-8 agar plates are incubated in
eonstant fluoreseent light {same intensity as for Al alter-
natay at 18 ' (1701, Blend the cultures with water and
{ilter the suspension through cheesecloth, Tletermine the
inoculum coneentralion with a hacmoeytometer and adjust
it ko ahout 400,000 niveelial fragments and conidia per
milliliter (264). This fungus does not sporulate sbundantly
even under optimal condifions (169, 178), so inoculum i
usually about 80 pereent myeciinl fragments and 10 percent
contdia.

Plants 6 to 7 wk old are large cnough to test for
', nicotianae rveaction, aithough 3-monih-old plants give
more preeise results, Spray the leaves with inoculum o
i off and allow them to dry before placing them in
controlled-onvironment  ehambers, Best disease develop-
ment oceurs if ineubation is for § 4 at about 28 C
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with sufficient humidity to keep the leaves wet {Stavely,
unpublished). Some lesions are produced with a much
shorter period of wetness. Light is supplied for 12 h per
day and may be essential for infeetion to occur. Lesions
begin to appear 10 d after inoculation. Take resulty,
based on a subjective seale of percent leaf mjury or lesion
numbers, 12 to 16 d after inoculation,

Do field inoculations by spraying o fungal sugpension,
similar to that used in the greenhouse, or by dusting
roughly ground, dvied, infected leaves from the provious
crop over the plants (1643, Apphy the inoculm af any time
after vigorous growth has gotten started, but about 4 to
& wk after transplanting is wsually the best time. Since
moisture is so eritical for nfeetion, field inoculations may
need to be repeated several times in a dry vyear.

Include resistant and susceptible checks in inoculations of
breeding matorial.

Fusarium wilt. The fungus causing Fusarium wilt,
F, oxysporum f. sp. nicotianae, is casily isolated from in-
fected tobacco stems. Remove the outer stem tissue with a
sterilized knife blade, eut out picees of the clean, inner
tissue, rinse the pieces in sterile water and place them on
sterile water agar or PDA. Pure cultures arce obtained
from most stem picees plated in this way {87). The
fungus grows well on several media, sueh as PDA and
oatmeal agar, but the former is probably the most com-
monly used medium (42, 8§73, Isolates pathogenic on to-
baeeo have been maintained on PDA slants in o refrigera-
tor with a single transfer to fresh PDA each vear for 15
yr or longer without loss in pathogenicity (152).

Prepare an inoculum suspension hy first adding watoer to
the surface of 7-day-old cultures that have been ineu-
bated at 27 C, then serape the spores and mycelium into
the water (42, Johnson (87) produced large volumes of
moculum by incubating the fungus for 4 to 5 wk at 2§
to 30 C on a sterile medium containing 100 o sand, 10 g
corn meal. 1 g glicose and 50 ml water in mason jars or
other large containers, These constituents are mixed,
cooked 1 I in an autoclave, stirved, again autoelaved for
steritization and inoeuiated.

The two inoculation teehnifues given here are those of
Johneon (873, which is still satisfactory, and the more pre-
cise teehnigue of Everette (42},

In Johnsen’s (87) technique, pulverize the dry moediom
and thoroughly mix it with soil at the rate of one mason
jar of incculum per flat (4i by 61 by 7.6 cm) of soil.
Transplant the plants into this soil and allow them to
grow for about a month at about 30 ¢ Rate discase
severity on each plant, using a 1 1o 4 seale. More uniform
resulls are ohtained if onc intentionally wounds the roots
or hases of the stem of each plant at transplanting,

Using Everette’s (42) method, uproot 4-week-old tohaceo
seedlings and wash the roots. Then dip them into o SUspen-
sion of spores and myeclium, Take no particular care to
avoid roob injury. Plant the seedlings in soil:sand rmix-
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ture (3:1) in aluminum pans and water Hehtly. Place the
pans in a thermostatically eontrolled waler tank, similar
to that described for black shank, at about 33 C. After
10 to 15 d make a visual rating of leaf symptoms and
split the stem to detormine whether or not vascular dis-
coloration is present. Use the severity of leaf syniptoms and
presence or absence of vascular discolovation to assign
dizease indices. For field tests, uproot the plants from the
plant bed, wash the roots, immediately dip them in inocu-
lum, and machine set the plants as soon as possible.

Anthracnose. The anthraenocse pathegen, Colletotri-
chumn destructivem, sporulates well on Caapek’s agar {110},
PDA {149}, and other media. Obtain a conidial suspension
by rinsing the surface of agar cultures with a stream of
water. With the aid of a hacnoeytometer, determine the
conidial conecentration and then adjust it to 250000 per
milliliter {or use as inoeulum (749},

Beeause young plants are sureeptible to anthraenose,
use 45-day-old scedlings, growing several per 10-em pot,
for inoculation (149). Wetting of the leaves is vecom-
mended  (199) Dbefore atomizing or spraying them with
the inoeulun (170, 149). High humidity is cssential for
suceessful infection. Incubate the inoculated plants in a
moist voom or chamber for approximately 75 h (149).
Temperatures from 13 to 32 C bave been used success-
fully during this incubation period (110, 149). Light is
nof critical (749). Move the plants from the moist chamber
te a greenbouse beneh after the incubation perivd. Symp-
toms appear in 2 d. Make disease ratings 5 to 15 d after
imoculation 17140},

Sove shin. The fungus eausing sore shin, Thanetephorus
cucwmeris, commonly found i the Rhizocionia solani im-
perfeet stage. has & wide host rvange (7063, Little or no
work has Deen done to breed resistant tobaccos. Inocula-
tion techniques developed for other crops should work for
tobaeeo. Cienerally, dry nocnlum ean be mixed from pure
cultures with moistenced x0il. Then sow n known quantity
of seed in the soill. After 2 to 3 wk vecord the poreent
germination and infection severity on the secdlings (126),

Root knot. Root knot nematodes infecting tobacco in-
elude Meloidogyne arenaria, hapla, tucognita acvita, incog-
nita tneognita, and javanica, of which the two subspecies of
incognite and javamica are the most common pathogens
(106}, Beeause all arve obligate parasites, inoculum must
he increased on suseeptible plants, usually using tomato,
Lycopersicon esculentum ev. Rutgers’.

Take ecare to avoid mixing inoculum. Beeause the char-
acters used to differentiate species and varietios of 2el-
otdogyne are minute, the novice should work with o nema-
tologist to cnsure that the isolates are properly identified
and are not mixtures.

Inoculation methods are similar for all Meloidogyne spp.
The commonly used inoculation method for tohacco in-
volves mixing chopped, knotted roots, having egg-produc-
ing females, with sterilized soil into which month-old
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plants are transpianted {(31). Fewer of the plants die if
transplanting and ineeulation are not done at the same
time, Transplant the month-old plants to sterilized soil
in 6.6 cm-pots and then about 3 wk later, trangplant
them without lom of soil to 8.5 em-pot. Fill the additional
volume of the larger pots with soil containing chopped,
diseased roots (157},

An incculation method that gives more uniform results
and fewer problems from contaminating fungal pathogens,
emplays Meloidegyne larvae vather thun knotted roots for
inoculum. To chtan clean larvae, use u foreeps o neerdle
to carcfully pick off individual, young. coherent cgg
masses, which are produced on the surfaece of infected roots.
Place these in 0.1 pereent cetavion {ectyl trimethylammo-
nium hromide}, deeant the tiguid after 3 win, and rinse the
cgg masses with distilled water. Then immmerse the cgg
maszes in 0.5 pereent hibitane dinectate  {bis[p-chloro-
phenvl-diguanido]-hexane-dincetate), and rinse this away
with distilled water after 15 min. The surface sterilized, un-
hatehed cggs begin hatehing as soon a¢ they are placed in
water {I27). Use the clean lnrvae thot are produced to
inoculate tomalaes growing in =terilized soil. Before plant-
ing, surface sterilize the seed with hibitane diacetate or
some other appropriate sterilant. In about 6 to 8 wk
abundant egps and larvae will be present on the tomato
roots,

Obtain latvae for inoculum by the sifting-gravity and
funnel method of Christie and Perry (18). Place about

1 kg of knotted roots and surrounding soil in a large pan
or pail, epver with water, manually stir and work to break
lurps, and allow the debris to settie for 10 gee. Pour this

muddy suspensjon  twice through a 60-mesh (230-em)
seveen, Dip the sereen into the water geveral times belore
digearding the debris retained on it. Pour the remaining
suspension through a 408-mesh (38- pim) sercen and rinse the
sereen with water until the retained vesidue i elear. Wash
the larvae and smal} bits of organic material that ave ve-
tained on the 400-mesh sercen into a 250-mi heaker.

Next, attach a piece of rubber fubing to the stem of a
15-em fumnel and clamp i, making what is known as a
Baermana {unnel. Partially il the funnel with water,
Cover the Dhonker of larvae with o picee of muoderntely
close~-mesh, damp mustin, and seeure it with a rubber band.
Then invert the beaker in the funnel, being sure to sub-
moerge the mouth, The larvace work through the mesh and
settle to the bottom of the tube. After a few hours open
the elamp and release 2 to 4 mi of water with larvae into
a large wateh glass or similar container. Deteruiine the
number of larvae per milliliter with a disseeling miero-
scope. Adjust the larval concentration to about 373 per milli-
liter and pipet 2 ml mio the soil around a plant growing in n
6.6- or 8.3-cm pot (157). Water the planis gently with a
fine mist for the first fow duys afler inceulation. Maintain
s0il temperatures ab 25 fo 29 C.

In Rhodesia, cggs alone, as well as larvae, have been
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usedd suecossfully to inoeulate greenhouse plants (144,
147).

About 8 wk after incculation wash the soil {rom the
roots, cstimute the wnfeeted pereent of the total voot area,
and use thiy data to coleulate a disease index {37, 1573,

For field tests, pour 100 ml of sand or soil containing
chopped, knutted roots into the bottom of each hoie before
setting the tobacco plants (51, 54y,

Brown root rot. Scveral species of migratory, voet in-
vading nemuatodes of the genus Pretylenchus, including
P. brachyurus, zewe, penetrans, and  neglectus  are
Lobaceo pathogens. The fivst two species, of whieh P. brachy-
urus is most conmnen, oceur in southeastern United States,
whereas the last tweo are wost common in the Connecticut
Valley and Canada (106}, Thev arve commonly called root
lesion nematodes. Being obligate parasites, inoculum is in-
ercased on susceptible plants, such as cowpen {57, 106}.

Graham and Ford (37) compaved two methods {or in-
oewlating toboeco with P. brachyurus. For both methods,
transplant the plants into 10-em pots ab the four-leaf stage
and then inoculate. Place the pots in a sand-filled green-
house heneh eguipped with soil-heating cables or main-
tained in some other way to keep the soil temperature at
32ta 35 C.

In the sivsl method, wash infected rowpes, Vigna sinen-
sis, roots, then chop these in a biender and place the tissue
in wet-strength facial tissues on a Baermann {unnel for
48 to 72 L. Thwaw the nematodes {roin the funnel, allow
them to settle, and conceontrate hv decanting the excess
water. Uge a hypodermic =vringe 1o suspend the nenatodes
aml deliver aliquots eontaining about 100 Iavvae and aduits
to each pot.

fn the sceond method, theroughly chop infected cowpea
roots and mix them with the #oil in which they were prown.
Place a tobaeco scedling and 50 ml of this mixture, con-
taining about 56 Jarvae and aduits, in the center of each
pot. The chopped root-soil inceulinn gives better results
than the extracted nematodes with the above roncentra-
tions and procedures,

After abeut 60 d, rvegardless of wmethod, remove the
plants from the pots and wash the roots thoroughly. Weigh
the tops and rools separakely, visually rate the root symp-
toms, and determine nomatode populations. This determi-
nation 1 done by the following proecdure: Unt the washed
roots inle approx, S-mm lengths, blend for 15 see, wash
with a geatle spray over a 350-mesh {40- pin) serveen {o re-
move debrix, and pour into a Baermann funnel fitted with
wet-strength facial tissue, After 48 L release 10 mi of
waler contmning the nematodes from the funnel ipto n
counting tray, Count the number of nematodes in 10 fields
at 30N muagnifieation to obtain an eslimate of the popula-
tion per sample.

Use chopped roots snd soll from greenhouse cuflures to
inoeulate field plots (53).

Inereased fop growth ix often observed after inoculation
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with Pratylenchus spp. This is usually associated with a
low inoculum concentration, certain host species or eulti-
vars, or the early stages of disease development (579,

Cyst nematodes. The complex of eyst nematodes infeet-
ing tobacco includes three named species: Heterodera
tabacum, the tobaceo eyst nematode; 7. solanacearum, the
Osborne exst nematode; and H. wirginiae, the horsencttle
cyst nematode (106, 13¢). The first two species are diffieult
to distinguish morphologically hut differ in pathogenicity
on V. longiflora (5, 64, 118). The fivst species oeeurs in the
Conneeticut River Valley and the Jast two in separate areas
of southern Vivginia {130),

Egg-containing eysts (64, 71050, crushed evsts with ogas
and larvae (119), cggs and larvae (5), and only cggs (45)
have been used suecessfully for inoculum. Inoculum coneen-
tration can be more aceurately standardized if eggs or Jar-
vae are used due to the variability in the number of eggs
and larvae/evst.

Cut the cysts and squeeze the eposx into water. Then
make a count. Fox and Spasoff (45) recommend inoewat-
ing secdlings, freshly transplanted to 5-cm pots, with 20,000
egas per pot. Keep the inecculated plants in a greenhouse
for 2 to 3 mo maintaining a soil temperature of ahout
24 C (45, 64). Carefully wash the roots and soil from each
plant to remove the females and eysts for counting, Obtain
a fresh weight for each plant. The ability of tobaeco lines
to inhibit nematode development (resistance} is indepen-
dent of their ability to grow well in the prresence of the
nematodes (tolerance), thus fresh weight is as important
as nematode population in assessing host reaction (45).

Resistance Sources

Table 12-4 lists the major tobacco pathogens and the
N tebacum accessions and Nicotinna spp. that have been
reported to have resistance to each pathogen, Only basie
sources of resistance arve ineluded; camniereial cultivars to
which resistance has heen {ransferred are listed by Lueas
(106).

The T.8. Department of Aprvieulture maintaing Nicofiana
germplasnt at the locations given in the appendix, Thie
germplasm is grouped into three eategories: tobaceo culti-
vars, Tobacco Introdiuctions (TI's), and Nirotiana sp|h.
The enitivar colicetion containg 462 acecssions, ineluding
169 fluc-cured, 74 burley, 61 eigar-wrapper, S1 miscollane-
ous, 26 dark, 25 cigar-fller, 22 Maryland, 18 Turkish, and
16 eigar-binder accessions, The TT colleelion eonsists large-
Iy of aecessions collected by plant explorers in Latin
America in the 1930’s as well as those collected from all
over the world before und sinee then. Most foreign culti-
vars are in the TI collection. This collection has over 1,100
accessions, with assigned TT numbers ranging from 4 to
1620. The Nicoftana spp. collection containe 63 of the 66
known species.

Many examples of accessions oxist that have boen ro-
ported fo be resistant by one author but less resistant or
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even susceptible by another wautlun. In this ease, a rvefer-
ence i§ given to the inttial report of resistance for each
accesston listed in table 12-4. Generally, aceessions reported
to have slight vesistanee have been omitted.

Inoeutation method, pathogen isolate, and seed souvee
can all influence results in testing for resiztance, The to-
baceo eultivars, TT's, and Nieotione spp. in the secd col-
leetions have, in most eases, vesulted from many genera-
tions of selfing and seleetion for eertain attributes. Disease
resistaniee has rarely been a fuetor in seleetion of the plants
from which rced was saved, In eases where resistance ix
controlled by multiple genes, assume that, il resistanee
liud not heen eonsidered in zelecting seed plants, seed was
often saved from less resistant individuals. Beeause of the
Targe quantity of seed produeed by single planty, conveni-
enee usually resulted in seed heing saved from two, three,
or uat hest several plants at every 8- te 10-year interval
when the seed was inereased, Thus, genetic dvift in seced
storks i= an important factor in changing the responses of
cultivars, TT's, or specics to pathegens. For example, N,
tubogewm cultivars Big Cuba and Florida 301 had high
lovels of bluck shank resistance in 1930 1185} and TI 706
had eonsideraliie root knot rvesistance in the 1930's (31),
Lut neither is true today (104, 1571,

Examples of pathogenie vaees oeeurring that overcome
monogenic resistance are known for several tobacen patho-
gens, Perhaps even more signifieant is Valleau's (1941 evi-
denee for increased pathogenicity of 7. basicola ngainst
polygenic N, fabecwm vesistance. Burley eultivars Ky 16
and Ky 414, once highly resistant in the fieid, have become
only mederately resistant, perhaps beeause of changes in
the pathogen population, However, environmental influ-
enees camnat be eliminated ag eausal factors in this phe-
nomenni.

Mosaic. Among the aceessions listed ax resistant to TNV
(tabte 12-41 there ure twa kinds of resistanee: (a) a symp-
tomless reaetion in which there is usually some multiplien-
tion of the vivux, and (b1 a hypersensitive local losion reae-
tion (12,40, 75,79, 194). In the latter type of resistance, the
leaf tissue surrounding the point of invagion dies, vestrict-
ing spread of the virus. Among the vesistant speeies, only
N, benavidestit, glouca, tomentosiformis, and wigandioides
have the symptomless type of resistance; the remainder
have Jocal lesion resistanee. However, Ambalema (796}
and all of the other resistant TT's have symptomless re-
sistance (12, 29). At least 11 TI's not listed in table 12-4,
having TT numbers above 1400 and accessioned sinee 1961,
have loeal lesion resistance that probubly originated from
N ylulinosa (12).

Intensive offorts to transfer TAIV resistanee from Am-
balewa, which is governed by two independent, recos-
sive genes, to commerelal eullivars were iniliated in the
1930% 126, 194) but were finally abandoned in the 1950%
beeause of an adverse linkage,

N oglubingsa 13 the sowee of resistance in all TMV resis-
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TaBLE 12-4.—Sources of resistance in Nicotiana to the major tebacco pathegens

Pathogen? Seurces of resistance?

Pathogent

Sourveps of resistance®

MY e N_ tgbacum cv. Ambalema (TI 1360)
{123); TI's 203, 407, 168, 1203, 23, 383,
334, 410, 411, 412, 413, 431, 436, 437,
438, 439, 438, 4484, o, 130, 465, 170,
171, 692, 1467 (12): N. acuminafa (1,
70): N. goodspeedts (1Y N, glawea (2,
40, 79); N, glutinosn (2, 75); N, longs-
dorffit, N. repanda, N, rustica, N. wi-
gondioldes (79}, N. benevidesti, N.
gosset, N. nesophila, N, steckionti, N.
sugueolens, N, undwlaia, N. velutinn
{40); N. sanderac, N. tomentostformss
{104).

PVY . {abacum ov. Viegin A Mutant (TT
1406) (95, 06, 97, 148} ; cv. Enshu (T1
1586) {140} N. benawvidesii, N, gluuca,
N. knightiena, N.miersit, N. noctiflora,
N. otophora, N. ratmondit, N. thyrsi-
flova. N. tementose, N. tomenlosifarmis,
N, wigandiotdes {148).

CMY N. tabacwm ev. GAT (17, 82, 202, 203,
213Y; TI 243 (47, 191},

TEV .. e N, tebacwm vv. Havona 307 (733); ow
V20 (TT 1440) {f9, 142}; ev. Virgin A
Mutant {(TI 1408) (51): N. arenistt,
N. glavca, N, kntghtione, ¥, olophora,
N. panicwlafa, N, redfmoadi, N. set-
chellit, N. lomenlosa, N. (omenfosi-
formis, N. undulata (702).

TVMY e N. tebecum cv. Havana 425 {120); ev.
Virgin A Mutas( (TT 1406) (/01

Pseudomones solanacesrum N, tabeeum ov, Xanthi, TIs 704, 4484
{32); ev. Awa, cv. Wokubu {709); ev.
Inshu (780).

P otabact ......... Ruace 0. N, alata, N. aftenuata, N. bigelovii, N.
longiflora, N, nudicquis, N. rvepondu,
N. rusticn, N. suapreslens (3); N.
arentsii, N. bonariensts (30); N, deb-
neyi, N, glovea (20): N, plembagini-
folin (40, 143Y; N. Ingsdorfiii, N. tri-
gonnphyltle {134); N acaulls, N. envi-
cola, N, fragrans, N. undulate, V.
wigtndioides {(8).

Race . N, nudicaults, N. repanda, N. vustion, N,
wnedulate {1547,

P.oumgulata® ... ... N, alate, N. ocridentalis, N. splvesiris
(134).

Phytophthore purasitica

Race o .. V. tabucum ev. Tlorida 301 ev. Big Cuba
{TI 13633, ev. Little Cuba {185): ov.
Beinhart 1600-1 (TT 13561}, cv. Beinhard
1000 (TI 1362) (68); av. Amarille
Parado {TI 1583} (8Y; A. Iomgtflove,
N. nudicaulis, N, plumbaginifolia, N.
repunda {400 N, vustice pumile (100);
N. stockionti (164).

See footnoles at and of {able,

Phytophthora peradiica—Conlinucd

Race1 .. N,

Rave 2 .\

Raced .. N.

Peronospara fabacing® ... X

Races APT-

tabocum cv, Beinhart 1000-1 (TI
15610), N. longflorn, XN. nosophile, N
repanda, N, vastice ev. Ky 31, N
stockionit {104Y.

L tabaewm ov. A22, ev, AL ev. Delerest
202 (T1 1608). vv. Hicks 21 (98, 99).

tabacum cv. Consolidaied I, ov. Con-
solidated T.. ev, Beinhart 2000-1 {TI
1361), ev. Amarillo Parade (TT 1383),
ev. NC 1071, N. nesophila (179}

. fabacanm ev. Chileno Cowentine (71
157 (23); Tl's 375, 637, TIZW, 748,
805, 345, 1461, 1362, 1463, 1466 (GAQ33),
1506 (Chemical Mulanl), 1530 (67);
N. debneyr, N. excelsior, N. prigua, N,
goodspeedit, N, maritimae, N. velutina
(160); N. longifiova, N. megalosiphon,
N.  plumbaginifolia, N. rotundifolio
{(23): N. caricole, N. oceidentaliz, N.
rosuluta, N. sinulans (74); N.amplexi-
caulis, N. gossei. N. hesperis, N,
ingulba, N. stmulans, N.sueveolens, N.
umbratica (205},

1 and 2 ... N, amplesicanlis, N cavieola, N, debneui,

Race APT-3, V.

Raee PT-2 N

Erysiphe cichovacearum ... N,

N, eostii, N. exigue, N. tngulba, N,
megalosiphaon, N. occidentalts, N. rosu-
latn, N. colundifolic, N. simulans, N,
suaveolens, N. veluting {(72).

acnminato acymingla, N. ccuminnta
multiffora. N, affenunfa, N. bigelovit,
N_obigelonii guadrivalvis, X, cavicola, N,
clevelandit, N. debmeyi. N. easfii, N.
exigun, N. ingulba. N. bnightiana, N,
langsdorfii, N. megalosiphon, N, acci-
dontalis, N. pondevltta, N.vatundifolia,
N ostmudenz, N, swaresdhons, XN frigo-
nophylle (72).

. exigua, N. wmegolosiphon (85),

tabacwm ev, Turkish Samsun; cv.
Hurmanliska Basina: ev. Buesa (170}
ev. Kuo-fan (8): N. acuminaia, N.
aleta, N. bigelovii, N. [ragrans, N.
glavea, X, glilinose, N. lngsdorfi, N.
tongiflora, &, noctiffore, N. nndivautis,
. panicwlate, N, plumbnginifoli, N.
repanda, N. riesliea, N, sunderae, N
suaveafens, N, sylvesivis (182); N
tomentoyr (J08Y: N, atienwalo, N,
berthemiona, N. debneyi (139); N
excelsior, N, cxigua, N. guadspecdil, N
gossel, N, knfghliona, N. megadosiphon,
N wecidenlalis, N, polmer!, N, poei-
flova, N, raimondit, N. trigonophyla,
N, veluting {133},
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TavLe 12-4.—8ources of resistance in Nicotiana to the major tobacco pathegens—Cont nued

Tathogen? Sourees of resistance® 1*athpgent Sources of resistanes?

Thicloviopsis bosicola ... .. N. labacum cv. Brasile, ov. Halladay Ha-  Collefofrichiom

Alternonin alternata ..., N,

Cercospora nicofiante

Fusertum oxysporum

vana, ev. Little Duieh, ev. Page's
Comstoek, ev. Shade-Grown Cuban, ev.
XNanthi (88); ev. Harrow Velvel (65):
cv. Kozarsko #3541 (TT 13%9). ov. Kul-
sko (TT 1380). ev. Mandrensko (711
1381), cv. Nevrokop #5 (TT 1382), v,
Rila #9 (TT 1383), ev. Sandanski #1434
{T1 1384), ev. Sekirka (TT 1383), cv.
Btanimashka Dasma #3536 (TT 1338),
ev. Sultanske (TT 1387), cv. Wisoka
Murrulea, (TT 1389), ev. Dubek 7 (TT
14107, ev. Almn-Alla 313 (TT 1412, ev.
PR7Zs63 (TT 1462}, ev. Forchiem TF.O.
(TT 1486), ev. Djebel 174+ (T1 14923,
ev. Dijebel 359 (TI 1493), - Dubck
366 (TI 1367), TI's 381, 1458 (50}: TI
89 (283; TT's 87, 8% (1249); N. debneyi,
N. glawea, N. repanda (290); N. acu-
minala, N. alate, N. atlenuaia, N.
benthrwdiann, N. exigrna, N, gossei, V.
longiflora, X, maritima smooth leai, X.
megalosiphon, N. ncsophila, N. nudi-
caulis. N. paaieniata, N, phuonbagin-
falia, N, rustica, N. stockiondi, X
undulata, N, wigandioides (28).

febaenm ev, Beinliart 1000-1 (TT
1361) (13); ov. Deinhart 1000 (TT
1362}, ev. Ambalema (TI 1380} (147);
ev, Amarillo Parado (TT 1383) (6);
TT’s 303, 804, 820, 003, 1043, 1138, 1211,
1367 (167); N. suaveolens (135, 1673,
& granlis, N, bonaviensis, N. debneyi,
N forgetiana, N. goodspeedii, N. hes-
pevis, X longiflorn, N. ncsophila, N,
noetiflora, N. occldentalis, N, repanrla,
N stocktontt, N. wigandioiles (171).

N. debneyi, N, nudicanlis, N. repandn
(135, 166} ; N. amplexicaulis, N, knigh-
dane, N, noctdflare, N. stgektonts, N,
wignndioides (166).

N fnbacnm ev. Conneetien( Havana, ev.
Texas Sumalra, ev. Shade-Grown Cu-
ban, ov. Pennsylvania Broadieal, ev.
Narrow Leal Orinoeo (87): ev. Gerlz:
ev. Ward, ev. Callerion, ev. Thompson
(752); ev. Chileno Correnlino (TT 57)
{704); TT 418A (120): TT's 332, 566
(158).

destructivum ... ......... N.oadata, N, debueyi, N, langsidorifii, N.
longiffore, N. nudicenfis, N, syplvesivis,
N, frgonaphglle {110y N glanea, N,
sandderae (132); N. bownriensts, N
forgeitann, N, fragrans, N. hesperis, N.
noctiffora, N. panienlate (140},

Meloidagyne incognite ... V. tabacunt ev, Taucett Spociad, TI's 110,
122, 317, 706, A, aventsii, N, glauea, N,
fongiflora, N, megalosiphon, §¥. phemb-
aginifolin, N. repanda {31Y; N. knigh-
tiena, N. olophora, N paniculala (47}
N. nudicoulis (13).

M.oqrennrin oo ol N dengiflora, N. megalusiphon (33); .
avenlsii, N, repande (135).

M. fncognita aerita ..., .. N megalosiphon, N. splvestris (530 N,
arentstt, N, reponda, N, lamenlosa
{156).

M. inecognita verita G L] N otophora (15733 N, glrucy, . nudi-

caulis, N. paniculata, N.veponda (153).

ML dncogrita incognita ... .. N, megalosiphon (53); N. erentsit, N
thyrsifiore, N. tomentosa {156).

M.ojavamwiva oo N, tabacum ov. Nyokn slrain 256 (144,
143); N. megalosiphon, N. splvesivis
(533); N longiflova, N. repande (147);
N, otophora (157),

Pratylenchus brachyurus .. X, tabacum, some plants it many culii-
vars {161); N, glauca (55).

Heterodera tabacum . ... .. N, acunpunale (64}, N, forgeliona, A
noetiflora, N. plumbaginijolic (f18).

. solanacearnm ..., & glutinosa, N, longiflora, N. peniculuin,
N. plumbagintfolin (3).

"IMYV - Tobaceo Mosaic Virns, PYY = Potato Virus YV, CMV =
Craeumber Mosaic Virus, TEV = Tabacco Eteh Virus, TVMY = To-
baceo Vein JMotile Virus,

*T1 = Tobreeo Introduetion.

*Race 0 is the long known biotype; Race 1 is g hiotype recenlly
isolated from Wisconsin {nbaceo.

P. engulate vesislance has been assumed or proven lo occur in

speetes resislan o P fabagi.

MThase souvees of resistance listed hers wore identified using inocu-
b for whieh the taee wa= not identified.

A new isoliie of M. ineognite acvite jdentified by ‘T, W. Graham
that diflers from the oviginal isolate in pathagenicity and may differ
morphologically.
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tant commereial toharceco cultivars 18, 26, 126, 194}, The
mosaic virus ineludes many races or strains differing in
rathogenicity and symptoms preduced (106, 194, 196).
Nevertheless, a strain pathogenic to N. glutinose or to
cultivars with N, glutinose resistanee has not been found,
although mosaic-resistant tobacco cultivars have been
grown commercialiy for 35 yr (106, 194). This resistance
is controlletd by a monogenic. dominant factor (76, 77, 78).
A fetraploid N. glutinose-. tabarwm hybrid, N. digluta,
was obtained by Clausen and Qoodspeed {20} in the early
1920°s. Holmes, in the 1930%s, transferred the monogenie
resistance governed by the N factor from ¥. ghutinosa to
the Turkish cv. SBamsoun (78). By the early 1940’s Valleau
was ahle to release burley cultivars having the N factor
(194, 195}, Gerstel (56} has shown that the N factor was
transferred from a N glufinose chromozome to the H chro-
mosome of N. tabacwm. However, the N faetor has been
difficult to transfer to flue-cured cultivars caused hy the
associated qualify defeets in this type (74). These problems
in the flue-cured type and the stability of the resistance to
the many strains of the virus suggest that the N factor is
transmitted as a complex locus.

Other viruses. Although table 12-4 presents a number
of sources of resistance to PVY, CAMV, TEV, and TVAIV,
none of this resistance is yet available In ecomnsercial eul-
tivars. In the ease of PVY, the principal effort has in-
volved TT 1406; for MYV, GAT; for TEV, Havana 307,
TI 1406, and TI 1440; and for TVMY. Havana 425 and TI
1406. Radiation of sced of tobacco ev. Virgin A gave rise
to the PV Y-resistant Viegin A mutant {TI 1408). This
mutant is susceptible to blue mold wherens Virgin A s
somesomewhat resistant (95, 96, 973, Subsequently, TT 1406
was found to be resistant to TEV and TVMY (57, 101),
The PVY resistance m TI 1406 was thought to he con-
trolled by a single recessive faetor (9253 that is located in
chromosome T8 {62). However, the geneties of this resis-
tance miny be more complex. Unfortunately, although TI
1406 is resistant to some common strains of PVY, an Ar-
genting strain has heen found to whicli it i= susceptible
{517, Enshu (TT 1586) s vesistant o a mild strain but not
to the severe strain of PVY (57). Fortunately, ome com-
mereial tobaceo eultivars have considerable tolorance to
TEV and TVMY, Burley 21 and Kentueky 12 and 14
tolerale some or most strains of PRV 57), and Havana
307 18 highlv tolerant (753), Kentueky 10, 12, 14, and 414
tolerate TVMY (728). When lightly inocculated, TI 245
is resistant tu most tobacco viruses (47, 191, Holmes (§2)
eontbined N, glulinose, TT 243, and Ambalema (TT 13560)
resistance into a stabilized line (87, 823, GAT, that Tai-
wanese workers are using in attempts to develop CAMV-
resistant commercial eultivars (17, 202, 203, 204, 213).

Bacterial wilt. From 1934 to 1941, the avuilable Vieo-
tiane spp. and over 1,000 TDw wore feste] for resistance
to Pssudemonas solunccearum (32). The most desivable
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source direovered for plant type and resistance was TI
448A. Many enitivars with resistance from TI 448A have
heen relessed sinee the mid-1940's 1106). This resistance
is governed by polygenic recessive factors (109, 759) and
has redueed witt from a major to a relatively minor dis-
ease in the Southeastern United States.

Wildfire and angular leaf spot. Clayton's (241 sue-
ee=eful erogs of N, longiflory with N, tabacum vesulted in
the preduction of wildfire-resistant TI 106 in 1942,
The rosistanee is contralled by 4 monogenic doininant fac-
tor. Plants of TI, 106 are also resistant to P. angidata.
The gene from TI: 106 has been transferred to many cul-
tivars through the offorts of Clayton and others (25, 106}.
All presently available wildfive resistant eultivars derive
their resistanee frowm this source (106). Biochemical mu-
tants of the wildfire bacterium were reported in 1938 (48).
Vatleau and others (7958Y reported the natueal oceurvence
in Kentueky of resistance breaking vaves of both bacteria
in 1962, just 7 vears after velease of the first resistant com-
mereial eulttvar. Sinee then, similar virulent races have
heen veported from Rhodesia and Wisconsin (134, 154).
N, rugtica and A repanda. gpeeles resigtant to the viralent
Wizeonsin race, have been erossed with tobacco and sto-
bilized resistant tobacco lines have recently been abtained
from the N. rustica devived material (Stavely and Skoog,
unpublished), Use of niethienine sulloximine in place of
the tahtoxing in an artificial medium has resulted in pro-
tluetion of toxin-resistant plants [vom tobacco cells cul-
tured in vitro. However, they do not resist the entire dis-
ease syndrome (9},

Black shank. Nearly all American commereial cultivars
resistant to black shank derive their resistanee from Flor-
ila 301 (106). As veviewed by Chaplin (11}, the evidence
suggests that this resistance ig inherited quantitatively, It
is effcetive against at least the two races, 0 and 1, that are
encountevetl in the Southeastorn United States, Tn cultivars
with resistance lrom N longiflore and N. plumbaginifolia,
the resistance ix governed by a single partially dominant
or dominant facter (27, 35). The genetie locus for black
shank resistance ix identieal in these two species (36,
Chaplin (I¢h fransierred resistance from . plumbagini-
folin to a stable. flue-cured hreeding line, PTD 468, in 1961,

Valleau and others (209) transferred vesistance {rom
N, ongiflora fo the burley eultivar L8 in the late 1950'%.
However, a vace of Phyfophthora parasitica var. nicoflanae
pathogenie on L8 and N, plumbaginifolin was discovered
hefore the release of T.8 (7199). N longiflora and N. pluwm-
baginifolia ave practically immune to the orviginal vace 0,
but N, Tongiflora develops slight sympioms and N, plum-
bugimifolia iz moderately to highly suseeptible to vace 1
(1041, Other species that give strong differential reactions
to the two races include the Kentueky 3t accession of
AL rustica, nesophile, and nwdicandis,

2acee 2 of P. paresitica var. sivofianoe was identified in
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South Afriea in the early 1970's. It is differentinted by the
reaction of tohucco ev. Delerest 202, which is resistant to
race 2 but susceptible to races 0 and 1 (98, 921, The re-
sistance of Delerest 202 fo race 3 i= controlled by a single
dominant factor. & Nouth Afriean tobaceo fine, H21, has
2 second, independent single dominant resistance faetor.
Raee 2 has not been found in the Tniled States. In 1073,
black shank was first found in Conneclieut (201). The
Connecticut izolate is the fourth, distinet, puthogenic race
{111, 172). It iz diflerentiated from the other races by the
reactions of tohacco cultivars A 23, L 8, and NC 1071 nud
N, nesophila (779). Raee 3 appears to he unique in its
tolerance to cold temperatures (1801. Luckily, Consoli-
dated Cigar Corporation’s eultivars T. and T have good field
resistanee to vace 3 {179).

In the Dominiean Republie, where P. parasifica var.
nicotinnne has heen endemie for many vears, several local
cultivars have moderate to high hlaek shank resistance
{6). Of the latter, Beinhart 1000 and Beinhart 1000-1
{T1's 1562 and 1561) and Amarilla Parado (TT 1583) have
the greatest vesistance, These Dominican eultivars have
not heen tested with race 2, but they are resistant Lo all
three other races (717, 104, 1571, 179). This resistance is
probahly eontrolled by multiple factors, but the evidenee
is incomplete (77). Resislance from these TTs has been
snecessfully  transferred to eigar tobaceo hreeding lines
but not te eigarette fabaccos,

Blue mold. Clayton (273 transferred Dblue mold resis-
tance from N, debneyi to N, tabacum and obtained in the
late 1950%, 20 yr later, the first commereially aceept-
able, Ty hybrid tobaceo eultivar, e veported that this re-
sistance is controlled hy three dominant factors (2771, hut
the resistance of the parenial N. debneyi may involve
additional factors (2055, Wark and coworkers 1205) have
wred for olue mold resistance in Australin for many years,
In N. gondspeerlii, they found that rvesistance jg controlled
hy a single dominant faefor that they transferred to {o-
baceo (205). Tateas {I06) lists the eultivars of tobaeco
that derive hlue mold resistance from N. debney! and
goodspeedii, Wark and others (2071 hiave obtained tobaeeo
Ireeding lines with vesistance from N, ereelsior (GA 055),
velieting, and several other speeios.

Breeding Tor blue moeld resistanee Deeame mare ecomplex
abont 1960 when three pathogenie races of Peronospera
tabicine were reeognized in Auslralin (2061, They have
heen named Australinn Peranospora {nhaeina (APTY races
1. 20 and 3. Nicotiana spp. that differentinle AP 3 from
APT 1 and 2 are listed in tuble 12-4. Move than 30 Austra-
lian tohaceo breeding lines, deriving Hlue mald vesistanee
from N. amplericanlis, cxcelsior, goodspeedii, and knighti-
ana ave highly resizinnt to APT 1 but suseeptible to APT 2
and APT 3 (723,

Alfter the pathogen was introdueed into Burope in 1058,
the losses wore so severe that Ameriean and Australian
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redistant geriplasm was iminediately introduced and used
to produce resistant Ty hybrid eultivars (1086). Several
Furopean breeders began work on blue mold resistance.
In 1966 a new pathogenie race was reporled from Hungary
(71831, In 1971, a race pathogenic on tobaecco with resis-
tanee from N, debneyi, designated vace PT-2, was reported
from Poland (84, &5}, Sueh resiztanee hreaking maees have
now been found in severs] Kuropean countries (37, 141).
Collabovative plantings of zelected resistant and suseeptible
grrmplaam are now made yearly in 13 Furopean countries,
Turkey. and Moroceo to monitor the changing viruience of
P. tabacing (38, 1410,

The resistance recently identified in TI's 575, 637, 722,
748, 803, and 845 could be of great value, partieularly if
conditioned by mudtiple genes that could be less vulnerable
te changes in pathogen virulenee (67}, The resistance in
the TT's numbered above 1400 had heen identified pre-
viously.

White mold or powdery wildew. The only sources of
resistanee to £, ciclnracearion that have heen used in eul-
tivar developiment are N, gluiinosa and tobacum ev. Kuo-
fan (table 12-9), Ternovsky (283 transferred dominant
resistanee from X glutinosa through . digluta {o Russian
cultivars nearly 40 yr ago. Flowever, thiz registance is
not effeetive against & Rhodesian race of this fungus {133).
Kuo-fan i now being used in breeding programs in the
Eastern Hemisphere. The resistance of Kuo-fan iz con-
trolled by two reeessive factors (83,

Like P. tebacine, £ cichoracearwn has great potential
to produre new pathogenie races. Thus, eellaborative plant-
ings of appropriate eullivars and breeding lines, with the
same objeetives as for blue mold, have veeently heen initi-
ated in Eurepe and the Near Tast.

AModerate, polygenic vesistance may have {o be used [lor
B cichoracearum for the resistanec to vemain stable against
suelr a virlable and easily dispersed pathogen.

Black root rot. Resistance to biack voot rot has been a
major ulyjective of Amertcan and Buropean tobacco breed-
ing progrious sinee early in the twentieth eentury. Numer-
ans resistant ewltivars have heen released, most of which
are listed by Toeas (706}, Tn Wentueky, black roat rot
rosiztanee has given farmers of that state an estimated
=ufficient additional mmcome to pay Tor the operation of the
Stale agrieultural experiment station for the vest of this
centary (321, Tn wpite of this fact, lossex ta this disease ave
stidl hagh (186, 1871, Turthermore, cullivars with N, fuba-
eum resistanee may suffer eovsiderahbte undetected loss,
Better deployment of presently available resistanee, as well
as utilization of additional sourees ol resistanee, could re-
ault in substaniial further loss reduetion,

N tabrewm cultivars and seleetions have been the ma-
far souvee of reststanee for the newer improved resisiant
eultivars (63, 88, 1941, Vallenn 1194} reviewsd the hreed-
ing work up lo 1952, Among oltler ag well as newer culti-
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vars, there 1s a wide range of reaction fo 7. basicole, vary-
ing from those that make practically no growth when in-
feeted to those that show no obvious symptoms of injury.
Johnson (88) reported the polygenie nature of this type of
resistance. From resistant Canadian selecilons, ev. Little
Duteh, and other souveeg, he developed several resistant
hreeding lines and important cultivars (88, 7194). Resistant
TI's 87, 88, and 89 received much atfention in breeding
efforts from the 1930% to the 1950%s (28, 104).

Clayton {28) identified numerous immune or highly re-
sistant Aicofiena spp. (iable 12-4). Me obtained root-rot-
immune allotetraploid N. debneyi X N, tabacum in the late
1930°s and embarked upon an effort to transfer the im-
munity of N, dedneyi to tebacum. When transferred to
N. tabacwom, immunity was inherited as a single dominant
factor. The first cultivars with this immunity were released
in the mid-1960's (106).

Although vartability in 7' basicola is well decumented
{194), a race of the fungus pathogenic on N, debreyi and
tobaceo cultivars with N, debneyi immmunity has not been
reported. However, cultivars with the N, debneyr im-
munity have not vet been widely grown due to the dif-
ficulty in combining desgirable vield and quality with im-
munity. This difficalty und the stability of the resistance
suggested that Inmune tobaceos contain a considerable
segment of the pertinent & debneyi ehromosgome.

The wealth of resistance to T. basicela in N. tabecum
and other species offers great potential for further advanees
in black root rot contre) through host resistance.

Brown Spot. Tobaceo cultivars and TDs vary in reae-
tion to A, «allernafn from resistant to highly susceptibie
(266, 167). An immune N. tabacum has never been re-
ported. All the tobaceo culiivars and TDs listed in table
12-4 arc considerably more resistant than any of the
presently grown cultivars, which range from moderately
resistant or tolerant to highly susceptible (146, 7167). The
control of resistance in TT’s 503, 820, 093, 1043, 113§,
1467, 1561, and 1562, the only ones for which the gencties
of resistance have heen studied, is polvgenie (765). Con-
siderable hreeding work has heen done with resistant TI
1561 in the United States (13}, Latin Amerien {6), and
Rhodesia. In the Tyeminican Republic TT 1383 18 a leading
cigar filler cultivar (6).

The Nicoftane spp. most resistant fo brown spol are
N, bonariensis, debmeyi, longiflora, noeliflora, repanda,
sweveolens, and wigandioides (1771, all of which are more
resistant than anv N, tebacum accession. The Ti's from
erosses of N, bonariensis, longiflora, nectiflora, and re-
pande with N, febecum are suseeplible, However, resistant
T plants and resistant lines from subsequent hackeross
generations have been obtained from sesquidiploid N,
suaveolens YT N, tabacum (Stavely, unpublished).

Frogeye leaf spot. Tobacco cultivars vary in degree
of susceptibility to C. micatirmae. Generally highly suscep-
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tible burley cultivars are more susceptible than flue-cured
or eigar cultivars. None of the tobacco introductions have
much resistance, although some are considerably less sus-
ceptible than the commercial cultivars (164). The Nico-
fiana species amplevicauls, debreyl, and repanda are -
mune {766). Thliese speeies have considerable potentinl as
species from which the resistauee ean be transferred into
tabaceo.

Fusarium wilt. The tobacco cultivars listed in table
12-4 all have a high level of resistance to F. oxysporum
{, sp. nicotianae. Mueh of the Fusarium wilt resistance in
fue-cured cultivars originated in TI 448A (120). This
resistance was transferred along with hacterial wilt re-
gistance from this TI to flue-cured cultivars. The resistance
is polygenie. Many ecommereial cultivars have Fusarium
wilt resistance of this type (106).

Anthracnose. None of the tobaeco cultivars and none
of the TT's are vesistunt to anthraenose (110, 136, 149).
Of the Nieotiana species, N. fragrans and nudicaulis are
immune (I42). as is N. debneyi in the Eastern hemisphere
(732, 136) bubt not in the United States (149). This dis-
erepaney for N. debney! is probably caused by testing of
different. aceessions of the species, slthough pathogenie
races are a possibility, as such races occur In other phyte-
pathogenie Colletotrichum spp. The allotetraploid N, ta-
baeum X N nudicawlts is highly resistant (749). All three
immune speeics have considerable potential as sources of
resistance for tobacco,

Root knot. Clayton and others {31) identified sources
of resistance to M. incognila in the 1930°s and embarked
upen a hreeding program that led to the reiease of a sue~
cession of resistant eultivars {706). The initial souree of
resistanee was ‘TT 706, in which resistance was apparently
under polygenie control (37), By 1930, hreeding lines had
been obtained that had good resistance but small leaves
and poor yields. In attempting te break the apparent
linkage between resistance and small leaves, Clayton
erosgedt o resistant line, RE 42, with a hybrid from Xos-
toff that was thought to be allopolyploid N. sylvestris X
N, tomentosiformis. As a result of this cross, the problems
in RIX 42 were overcome beyond expectation. Not only was
leal size increased, but also the resistance was subse-
quently controlled by a single dominant factor. Resistant
enltivars began to be veleased in 1960 (1£6). Clryton and
others {31 theorized that the cross with Kostoff’s hybrid
has enabled climination of resistance genes of lesser impor-
tance, leaving only a major single dominant factor fram
TI 706.

Cultivars having resistance [rom the program of CGloay-
ton and others (30 have been suecessful in reducing losses
from root knot in the fluc-cured region of the Tnited States
(106). However, this resistance is not effective against
M. arenaria and M. javanica. The formier species has
ausedd only minor losses, but the latter is a significant
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cause of Josses in the southermmest part of the United
States and the more tropical areas of the world, As roviewed
by Slana and others {757), new attention was focused upon
the root knot problem in 1969 when Graham reported s
new strain of Meloidogyne in South Carelina. It is patho-
genic on all cultivars having the monogenic dominant re-
sistance apparently derived from TI 706,

Research was then undertaken to identify sourees of re-
sistance to M. arenaric and M. jawanica, as well as to
learn more about the vesistance apparently derived from
TI 706 (157). N, tomentosa, N. tomentosiformis, TI 706,
and other pertinent tobaccos and Nicotiana spp. were in-
oculated with cach of the five Meloidogyne spp. and sub-
species pathogenic on tohncco. The results indicate that
the resistance in tobacco did not come from TI 706 but
from N. {omentosa or possibly an umidentified resistant
selection of N. tomentesiformis. The Kostoff hybrid used
in the 1950 cross is the apparent source of this resistance.
That hybrid must have had cither N. tomentose or a re-
sigtant N. fomentosiformis as a parent. The resistance of
N. tomentosa is identical to that of the resistant tobacco
cultivars agaimst the Meloidogyne isolutes (157} and is
controlled by a single dominant gene that is probably
identical to that in the resistant tobacros (Slana and
Stavely, unpublished).

Several Nicotiana spp. oxist that have high levels of
resistance to M. arenarie, the virulent Meloidogyne from
South Caraling, and . jovanica (table 12-4),

Schweppenhauser (144, 145, 746) has made significant
progress towards transferring resistance to M. jovanica
from strain 256 of V. {abucron ov. Nyoka and N. longiftoran
into agronomically acceptable Rhodesian tobacco breeding
lines. In lines with resistanee from either of these sources,
the resistance is controlled by a major, monogenic, domi-
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nant factor, the effeet of which is enhaneed by one or more
modifier genes. Unclesirable linkages to the rvesistance from
strain 256 were broken by a cross with alloploid N. syl-
vestris X o, tomentosiformis {7145}, Roesistant substitution
ines of . tabacum have been obtained having a segment
of the . longiflora chromosome conferring resistance (144,
1447,

Brown root rot. Sguthards and Nusbaum (761) reported
that individual plants of cultivars and breeding lines of
N. tabacwin vary in theiv response to Profylenclus brachy-
urus from high tolerance, in which host growth is enhaneed,
to sugeeptible, in whieh growth is severely inhibited by
infection. By seleeting and selfing tolerant plants, their
pereentage was Increased in the sueceeding peneration.
These results suggest that recurrent use of selection and
selfing would cventually produce highly telerant lines
Indeed this methiod hias been used sucesssfully to produce
weather Heck tolerant cigar wrupper tobaeceo cuitivars in
Connecticut (6).

Graliam and Burk (55) found that all 21 of the Nico-
Hana spp. they tested were less damaged by P. brachyurus
than N, tabacum; N. glavca had the lowest disease index.

Cyst nematodes. Ag indicated in $able 12-4, several
Nicoliuna spp. arve resistant to H. igbacum and H. solana-
cearwm. Among those rvesistant to H. solanacearum is N.
longiflora 15). As discussed above, this species 15 resistant
to race 0 of the wildfire baeterium and is the source of
wildfire resistance in a number of tohaceco cultivars. In
certain of these wildfire resistant cultivars and breeding
fines, the wildfire resistance was discoverad to be linked fo
H. solanacearum resistance (£62). However, the linkage
lias been Iwoken rather casily, aund 7f. solanacecrum re-
gistanee has been shown to he polygenically controlled
i(162).

Discussion

As mueh or more has been aceomplished mn tobaceo to-
wards controlling diseases through breeding as in any other
crop. Fach of the disease resistanees bred into tobaceo
eultivars has saved growers from millions of dotlars of crop
losses. Kven in eases where new pathogenic races have
overcome resistance, it still has been of great economie
value.

The philfosophy on sources and genetic control of re-
sistance in tobacco has gone through an interesting evolu-
tion, Before the 1940%, interspecific transfer of resistance
was impossible because of the agronomie and guality prob-
lems, as well as the genctic barviers. All resistance was
thought to have fo come from within ¥. fabacum and
preferably  frem within commercial cultivars. The weork
of Clayton and Valleau brought about an alimoest complete
reversal in this philosophy so that monogenic deminant
resistance from the wild species, particularly those more

distantly related to N. labacum, was considered the best
possibility, Today, limitations of this kind of resistance
are well recognized. Hopelully, we now realize the strengths

and weaknesses of both extvemes, and eonsider hoth as

being nmong the usable alternatives,

As more is learned about the physiclogy of pathogenic
processes responsible for disease, ccll seleetion techniques,
using, tissue and cell eultwre technology developed with
tobaceo, could become a wvizhle alternative. However,
these technigques may also have eertain weaknesses, Ap-
plication of the anther culture technology te breeding for
digease resistance also promises to be a valuable tool (ch.
§). Disecase losses can be further reduced through resis-
tance, and new resistances and better management of proes-
ently available resistances arc going to be needed in the
years to comc to maintain our defences against this wide,
and cver variable, group of tobaceo pathogens,




106

(1

et

{2

et

P

(3

(4)

-
S
—

{5
(73

(8)

[

(o

(10)

(11}

(12}

(13}

(1)

(15)

{16)

(47)

(18)

(19}

(24

TECHNICAL BULLETIN 1586, U.S. DEPARTMENT OF AGRICULTURE

References

Adsuvar, J, and L. Lopez Matos, 1933, Reaclion of some
Nientigpe sporivs fo the pepper aml common Tolaeco mosaie
vims, Journal of Agriewlture. Universily of Puerto Rico 39:
168-171,

Allard, H. A, 19014, The mosaie disense of tobaceo.
partment of Agricnlivre bulletin No. H0. 33 pp.
Anderson, P. J. 1925 Susceplibility of Nicoliana speries,
varielies, and hybrids to t{obaeeo wildfire. Pathopathalogy

15 ¥¥-84.

Apple, J. L. 1957, Pathogenie, cullural, and physiologieal
variation within Phytophthora parasitica var. wieotionae.
Phylopathology 47:733-740.

Banlawy, H. A, and J. A. Tox. 1071, Resistunce to Osborne’s
cyst nemaiode in selected Nicoliana species. Jouwrnal of
Nematology 3:395-398.

Bertinugon, T. A., personul communication.

Bromficld, I. R., and C. G. Schmitt. 1967,
age of conidin of Peronospora tebucina.
1133,

Burk, L. G., and H. E. Heggestad. 1966. The penus Nico-
tianas A souvee of resistance Lo diseases of eultivated tobacco.
Economic Balany 70:76-88.

Carlson, P. 8. 19%¥3. Methionine sulfoximine-resistant, mulanis
of tobaeco. Svience 180:1366-1368.

Chaplin, L. T. 1062, Transier of black shank resistanece from
Nicotiune plumbeginifoliv to fluc-cwred N, {ubucum. To-
baceo Seience 6:184-186.

1266, Comparison of tobuceo biack shank resistance

from four sources. Tobacea Seience 10:33-38.

and G. V. Gooding. 1969. Reaction of diverse Nieo-

tinne tebaewm germplasm 1o {obuces mosaie virns. To-

haceo Seience 13:130-133.

ancd T, W. CGabam. 1963,

Micotiang tabacum. Tobacco Seienco 7:50-62,

D, T. Matzinger, and T. J, Mann. 1966, Influence of
the homosygous and helerosvgous mosaic resistanen Tactor
on quaniitative charaeters of flue-pived tobaeco. Tobacra
Science 10: 31-84.

Chnpman, R. A, 103%  Reaction of speeics of MNenliona o
species of rool knot nemutodes. (Abstract)  Phytopathology:
473,

Chen, €. H., I ¥ Geng, and J. K. Wu. 1971, Alonosomic
analysis of powdery milidew resistance in {obacco. Triwan
Tobuzeo and Wine Monopoly Bureau, Tobarco Research
Institnie Annual Beport 1071:1-4

H, Wan, W, T, King, und J. . Wu. 1967, Stuadies
on the nse of Holmes resistand line in hreeding tobneeo re-
sisland {0 CMV. Journal ol the Apticultnl Assoeinlion of
Chini 37:24-340.

Chuistie, L. R, and V. G Perrv, 1931, Bemoving nemaiodes
from seil.  Flelminihologieal Soviely of Washinglon Provecd-
ings 18:106-108.

Christie, 5. R., . I Pureifull, and C. B Dem.
sislance in V20 lobaceo {o lobneeo eteh virus.
case Heporlor 38:658-639.

Clansen, R. B, and T. M. Coodspeed. 1025 Inlerspeeific
hybridizntion in Aeetiona, 1. A lotvaploid glulinosa-to-
bucuzn hyhrid, an experimental verificalion of Winges hy-
polhesis.  Cienelies 10:278-284.

Clayton, B, I&. 1036, Waler sonking of leaves in relation lo
tlevelopment of the wildfive disease of (ohacro. Jourmnal of
Agricultural Research 52:239-269.

.8 De-

Cryogenic slor-

Phviopathology 57:

197). Re-
Plant Dis-

Brown spob resistance in -

(22 1937. Waler soaking of leaves in relation to develop-
ineal of e blackfire disease of tobueco. Journal of Agri-
cultural Research 33:833-390.

{23} 1045. Resistance of tobaeeo lo blue meldl (Perono-
spora tabeeina),  Journal of Agrieultinal Resenvel 70:79-8%.

{2.8) 1037, A wildfire resistant tobaceo, Journal of Hered-
ity 38:35-40.

(25} 1948, Breeding lobacco for wildfire resisiance. (Ab-
sirncl.)  Phytopathology 38:3-6.

(26) 1053, Conirol of lobaceo diseases through resisiance.
Phytopathology 43:239.2.44.

(27) 1968, The transfer of blue mold registance (o (Phaveo
from Nicotivne debmeyi. Tobacco Seienee 12:112-124,

{28) 1960, The slurdy of resisiance to tho black root rot
disease of fobaceo. Tobaceo Sgienee 13:30-37,

{20} and H, H Tosler. 1940. Disease resislauce in the
penus Nienliona.  (Ahstract) Phylopathology 36:4.

(30) and Y. . Gaines. 1945, Temperature in relalion te
development and contrel of blue mold (Peronespora taba-
cinr) of tobaceo. Journal of Agrieultural Research 71:171-
182,

(3N ToW. Graham, F. A, Todd, J. G. Gaines, and T Al
Clark. 1038, Resistanee Lo the root knot disease of to-
hacco. Tobaceo Science 2:33-63.

{32) and T. E. Smith. 1942, Resisiance of tobaceo to bac-
forial will (Bacterium solanacearum). Journal of Agricul-
tural Research 63:537-354,

(33) —— M. I Smith, and H. H, Toester. 19338 DMosaic re-
sistance in Nicotinnn (nbacum L. Phyioputhalogy 28:286-
288,

(34 Cole. 1. 8. 1066. Powdery mildew of fobaceo {(Erysiphe
cichoraecarum DC). VI SBome effeels of methods of inocu-
kution and air humidity on germination of conidin and
growlh of hyphae on leaves. Annals of Applied Biology 38:
401-407,

{35 Collius, G, B, P. 1. Lege, C. C. Litton, and M, I, Kasper-
baner. 1971, Inheritance af resistance lo black shank in
Nieoliupa lebacum L. Canadian Journal of CGeneties and
Cyiology 13:122-328

P. D Loegg ¢ C. Litton, and €. W, Siokes. 1971,
Locus homology in lwo specics of Niroftamn, Joumal of
Heredily 62:2388-290,

(37} Covbaz, R, 1070, Apparitien 'une
Peronospora {abacina Adam on Suisao,
Zoitschrilt 67:21-26.

1976, Qbzervations made on the blue moll trap col-

lection in 1976, Cenbral Saentific Researeh Roliul, Tolaeeo

Tuformation Bullotin 1076:33-56.

(3d)

sonche  vivnlenie e
Phytapathologische

(38)

(3¢) Dinchun, 8 1077, Willlam  Dorney  Valleau.  1801-1974
Fhyleputhology 67:953,
(00} and W, 1D, Vallenu. 1954, Reuaction of some species

of Nicotiana 1o tobaceo mosaic vivus, tobaceo stroak virus,
Pseudomonas Lubaci, and Phytophthora paresitien var. nico-
fnpae. Kentucky Agriculturl Exporiment Station Bulletin
618. 12 pp, )

(47 Doran, W. L. 1920, Effccls of soil lemperature and reaclion
on growth of lobaces infeeled and uninfeeled with hlack
rool. rol. Journal of Agriculiural Research 39:353-872.

(42) Bverette, G. Ao 1038, Strains of Fusaria and their effocis on
lobareo varieties, Tohaceo Seience 2:353-10.

(41 Fan, C. J. 1963. Paclors lo consider in indexing lor hiack
shank resislance in Nicotiene Lubaewm L. Mastors Lhesis,
University of Kentucky. 29 pp.




Nicotiane: PROCEDURES FOR EXPERIMENTAL USE

{24} Tlowers, R. A, and J. 1. Heodrix. 1060, Gallie acid in a
precedure f{or isolation of Phytophthora perasitice var. nico-
liange and Pyihivm spp. From soil. Phylopathology 30:
V25-731.

(45) TFox, J. A, and L. Spnsof. 1976, Resistance und tolerance of
tobacco {o Helerodera solanacearion. Jowrnal of Nematol-
cgy 8:324-823,

{46) Fukuclz, N. 1960. Tstablishment ol a method te evaluale
suseeptibility of fobacco varicties 1o the brown spol,
Alternaria longipes. Bullelin of the Utsunomiva Tobacro
Experiment Sintion 7:63-75.

{47} TFullon, R. W, 1033. Resistance in lobaceo to eveumbor mo-
saic vitus infection, {Abstract.) Phytopathology 43:172,

{48) Garber, E. D.. and H, B, Heggostad, 1958 Observations on
the pathogenicily of biorhemical mmiants ol Pscudomonas
tabaci.  Phytopathology 48:535-537

(49) Gayed, 8. K. 1669. The relation between fobaceo leal and
root neerosis induced hy Thiclaviopsis basicole and its benr—
ing on the nafure of vesistance lo black rool rot, Phyto-
palhology 30:1596-1600.

{30} Gerstel, D. T, 1948. Transfer of the mosaic resislance factor
hetween H chromosomes of Nicotiona glulinuse and N. fg-
burwm. Jourmal of Agricullural Research 76:219-223.

(51} Gooding, G. V., Jr. personal communietlion.

(32} and M. K. €. Sun. 1972, A newly recognized virus
discase of burley tobaeco in North Carolina. (Absirnet.)
Phytopathology 67:803.

(53 Graham, T. W, 1032, Suseeptibility of tohaces species Lo Lhe
rool koot nemalode speries. Plant Discase Reporlor 36:87-

58.

(54} 1964, Iield responses of tobaceo varietics NCes.
Hicks and breeding line 410 to Meloidogyne incognila aevita
and 3. jevenien. Tobacco Science 5:41-13.

{553 and L. G. Burk. 1967, Field inoculalion irial wilh
Pratylenchus brachyrus on Nicotienn specics. (Ahslracl.)
Phyiopaihology $7:460.

(56) and L. G. Burk. 1973, Tobacco. pp. 190-210. In R, R.
Nelson, e, Breeding Plants for Disense Resislance. Perm-
sylvania State University Press, University Park. 401 pp,

(57) and Z, T. Ford. 1968. Inoeulalion melhods with the
root lesion nemalode Pretylenchus brachyures and symplom
expression on {ohueen. Tabaceo Seience 12:16-19.

(58} and J. C. Lapracde. 1974, Teld infostation of Phyio-

phthora parasilica var, nicolionaee for black shank nursory
establishment. Unpublished. 1 p.

(59) Granadn, G. A, and L. Scqueira. 1975, Characteristios of
Columbian isolates of Pseudomonas solonecearum from lo-
baveo, Phylopaihology 63:1004-1009.

(69) Grosso, J. L, porsonal communicubion.

(51) 1976. Reactions of diverse Nienfizna tabecwm germ-
plasm Lo bluc meld. Tobaceo Seicnee 20:154-153,

(62) Cupion, C. T., and L. G, Bwk. Localion ol ihe faetor for
resistance fo potato virus Y in wohacco. Journal of Heredity
64:269-260,

(63) Gwyon, G, R., personal communication.

(67} Harrisou, M. B, and L. T Miller. 19689. Additional hosts of
the lobaceo cyst nemalode. Plant Discase Reporler §3:049-
835

(67} Haslam, R. J.
Lighter 5:1.

1935, Harrow Velvet a new eigarelle burley.

{66) Heggestad, H. B. 1966, Ozone as a tebaceo loxichant. Jour-
nal of Air Pollution Control Association 16:601-60.1.
{57) and J. J. Grosso. 1936, Resistunee ol  Nice lone

kEnightiona and other tobaeco spevics to rool-knot nematodes,
{Abstract.) Phylopathology 46:45%.

107

Some resttlls of studies on
{ Abatraet.) Phylopathol-

and W. B Tautz 1937,
resisiance {o fobarco black shank.
ogy 7 uiac.

(69) Headrix, J. W, and J. L. Apple. 1967, Stem resistuner lo
Phytophthora prrasitica var, nicolfunce it lobaeeo derived
from Nicoftana longiffora and N. pluonbaginifolia. Tobaceo
Seienve 11:148-130,

(70} Hill, A. V. 1962, Longevity of conidin of Perownospore taba-
edna Adam. Nalure 185:827-828.

1966. Lifleet of inoculum spore load, lengih of infec-

lion period, and leal washing on oecuirence of Peronospori

tabacinge Adam. (Blue Mould) of tobuevo. Australian Jour-

val of Agricultural Researeh 17:133-146.

1966. Physiologieal specialization in Peronospora fa-

bacing Adam in Auwstralin. CORESTA Informalion Bulletin

1:7-15,

and N, Oreen. 1965 The role of Lomperalure in the

developmeni of hiue mould (Peronasporn tabacing Adam.)

dizease in tobaceo secdlings.  Ausiralinn Journal of Agvienl-

tural Resenrch 16:397-607,

and M. Mandryvk. 1962, Resistanee ol seedlings of
Nivotiane species to Peronospore tabacin, Adam.  Australian
Journal of Experimental Agricollure and Animal Husbawdry
3:12-13,

{75} Holmes, T. O, 1929, Loeal lesions in (ohaceo mpstie, Bo-
tanieal Gazetie 8§7;39-35.

(68}

(71)

(723

{73

{7}

{76) 1934, Inheritance of ability to loealize {ohaceo-
mosaic virug. Phytopalhology 24:984-1002,

{77) 1036, Inlerspecific fransfer ol a gene governing Lype
of rosponse bo loburco-mosaic inleelion.  Phyiopathology
26 107-1014,

(78} 1938. Imberitanee of resisinuee {o tehaveq mosaie
tiscase in tobaero,  Phytopnthology 25:353-561.

(70} 1046, A comparison of the expervimenlal hosh range
of tohaeeo elel and iobaeco mosaie viruses, Phyvtopathol-
ogy 36:613-659,

(80} 1953, Additive resislances ta spectfte viral diseases in
plants. A nals of Applied Biology 12:129-130,

{52} 1960. Inheritance in iochscea of an fmproved resist-
anee to infection by tolieco-mosaic virus,  Vivology 12:59-
o7,

(82} 1961, Conromifant inherilance of resistunee to sev-

Viralogy 13:406-113.
Commonwealth

eral viral diseases in tohacco.
(83) Hopkins, J. . F. 1935, Tobaceo discases,
Mycoiogical Institute, Kew, Surrey. 178 pp.
(84) Jankowski, I'. 1971, Bludirs inlo pathogenic ehanges of Lo
fungus Perenospora tabacing Adam, a novel highly virulent
isolate of the pathogene. Cenil. Lab. Przem. Tyton. Bull
27 (1-2):43-48.

{83) 1093, Susceplibility of several Nicolinnn spocios to
feronospore {abacing virulentl raee (PT-2) during different
crossing phases. Cont. Lab. Prsem. Tvlon, Bull 29 (1-2):
27-37.

{84) Johnson, J. 1914, The coulrol of dizenses und insccis of to-
baceo.  Wisconsin Agriculiural BExperimen{ Station Bulletin
237, 34 pp.

(87) 1925 fuserium wilt of lobacco. Journal of Agri-
cultwenl Researeh 20:515-536.

(88} 1930, Breeding (obacen {or resistanee (o Thiclavia
ool rof.  Wisconsin Agriculiural Experitnent Station Teetini-
cal DBnifetin 175, 20 pp.

{80) and B, I Harlman. 1918, Influence of sail environ-

menlt on the rool rot of fobueeo. Jouwrnal of Agricuitural

Researelr 17:41-36.



http:12:129-1.39
http:P,srlldomo/l.as

108

(90 Weilt, G. W. and R. W. TFulion. 1034
1952, Phytopathology 44:333-336.
Kelman, Arthur. 1954 The relationship of pathogenieily in
Pseudomonas  solanuccarum 1o colony appearance on 2

tefrazolium medium.  Phytopathology 44 :693-695.

and I H. Jengen. 1051 Maintaining virelenee in
isalates of Psendomones solunaccarum, Phytopmthslogy 41:
133-187.

and L. H. Person. 1961, Struins of Psendemonns
solanacearum diffeving in pathogemeits fo tolaceo and peu-
put. Phyiopatholoay 31:1358-161.

Klement, %4, 1983 Alelhods for the rapid detection of the
pathogenicity of phytopathogenic pseudemonads,  Nuture
(Londan} 199:209-300.

Koclle, G. 1061, Cenotische analyse einer Y-virus (Rippen-
braun) resistnrten mutante der tahnksore Virgin A, Zuehter
31:71-7 2.

James Jolmson, 1586

(01)

(2)

{03)

(94)

(25)

1962, Beobachiungen zur phanotypisehien vaviabilital
dov genolypen: vesisienz und aofalligheit am beispiel dor
rippenhraune des {ahaks.  Zuchier 32:360-371.

1964, Verstel viner genetizehien analvse von resistens
und anfallighkelt um beispiol des tabalse, Zuchier 34 :139-143.

Lampreehf, AL I personal communication.

G, O Prinslon, and R, J. Yaewvk, 197 Inherftanee
of resistoner to race 2 of (he hinek shank fungus, Phy-
topthore nivotionee (B de Hnan) var, wicofiune: o to-
baveo,  MAmoplanlae 5:73-76.

Lauiz. W. B, 1057, Resistanee to black shank of 31 species
of Nieotiane and of 13 interspecific hybrids,  Plant Disease
Reporter 41:05-08.

Litton, C. C., personal econununication.

1069. Reaction of Nicofinne species and {abaceo in-
Iroduction lines (o tobaceo olch. RKentueky  Agricultneal
Experiment Station 82d Annual Report. pp. 07-08,

(. B Colling, awd P. D). Lege. 1970, A pgroenhotse
feehnique for sereening {obacen soedlings for black shank
resistance. Tobwero Selonee 143121125,

- (L B Collins, and P, T Lege. 1970, Reaciion of
Nieatiene tabuerm and other Nicotinna spoecies fo Race 0
and IRace 1 of Phyiophthora poresitice »w. picofionac. Ta-
baceo Reienee 14:128-130.

Lownsherry, B, B. 1053, Host preforenees of the fobacey eyvsl
nemalode (Heferodern 3], Phytopathology 13 :106-107.
Lueas, (00 B, 1975 Disenses of tobacea. 3d o Bilologieal

Consnlling Assacialion, Raleigh, N.C. 621 pp,

Muin, C. I, G. B Lucas, aud J. AL Sledee, 1072, Disease
evatuntion and rultivar vesistinee (o the brown spot disease
of fAuc-curedd {ohucro. Tobacea Beienee la:144-130.

Mareclli, 15 19530, Three studies on Oiduon of 1obace.
Tobaero 5, 35-61,

Muobsudn, T and Y, Olishi. 1973, InleiHanee of resistanee
lo bacterial wilt disense in tobaeeo, IL loberitance of re-
gistanee originaled from 7 IM&Y and relation helween (hose
andd Bps gene, Japanese Journal of Breoding 23:175-186.

MeGrew, L R, 19520 Preliminary  sercening of e genus
Nicolinnn for rosistanee 1o folbaeeo anthrienase,  (Abstraet,)
Phytoprthology 42:343,

Melntyre, o Leoand (L B Taylor. 1076, Physiologieal differ-
cnees between races 0 and 1 oand Conneefivut isolates of
Phytophthorn perastiiea vav. wiceffnee, CAbsfract.) . Ameri-
an Phytopathologieal Society Proccodings 3:211,

Menser, M. A 1960, Dffeels of air poltulion on lobacco

11.

S FKY

{7y

111E)

(726}

[WE))

TECHNICAL BULLETIN 1586, U.8. DEPARTMENT OF AGRICULTIURE

cullivins wrown o sevepal siates. Tobaeep Beiettee 13:00-
104,

voemsgnd BLOE, TTeggesfad, 1901, A fucility for ozone fumni-
pation of planl materials Crop Seienee 4:103-103.

H. E Teggestad, and O, E. Street. 19030 Response
ol plantz to air pollutants. IL Kfoeels of ozone coneentit-
tion il deal matweity on wmjuey to Nicodinnae taluecum.
Phyiopeibhology 33:1304-1308,

e LT Hoeggestad, O 16 Bievel. and R XL Jeffvey. 1063,
Respatse of plante to air pollintants 1 Effecis of ozone on
tobaveo planis precondiionmd by light and {emperature.
Plani Phyxiology 38 :603-009.

—— utd (. H. Tlodges 19w,
siseeplibilily of (wehueeo leaves to ozone.
11:151-154.

— atrel (L M, Hodge:, 1068, Vwideta! tolerinee of ta-
haceo to ozone dose rate,  Azropomy Journal 60:310-151
Milier. T L1975 New hostz of the (ohweee exst nematade
tffe tovade v trbiaenwed. (Abateaet) Vieginia Journal! of Sei-

enee 2o:4d,

Milskovski, J. awd N, Nikolov. 1939,
sistance of different (obacvo varielics Lo HdHon.
355-362.

Moore, B L. Po N Drolsom, and (. T Jones. 1900, The
tevelopment of flue-cured divepse resistant tobacen variety.
Dixie Bright 215 T8 Department of Agricultvre Mimeo
Serips (UR-20-00. 18 pp.

Avthor Relman, X, T, Powell, and BB H. Bouun, 1963,
Ingeulation provedures for deteeting resistaonee of tolvievo ta
Pscadgmonas wolanacearum i Lhe field., Tobueeo Nelenee 7:
17-20,

—— (U0 Nughaum, and J. R, Siavely, 1973
Clayton, 1893-1074.  Phyiopatholopy 63:307-308.

Nolla. J. AL Bo and AL Rogue, 1033,
ressistunt to ordinary tohaeeo mosade,
Department of Agriculiure 17:301-303%,

Ok IT.and AL Nakamwea, 1930,
al resistanee Lo wildbre of {obacea,
orulume eonventrafion  wmd pesisiance
Shikenshio okoku 44:119-218.

Papavizae, G. O 1964, New mediom for the isolalion of
Thiclariopsis husicolr on dilution plates from =oil and rhizo-
sphere. Phirtopatliology 34:1473-1181.

— e atd OB Davey. 1984
of Rhizoctonia saprophvtivaliv existing in soil.
oEy  32:183-840.

Peacock, ¥ €.

Nitrogen nuilralion  atd
Tobavea Seivnee

Researches on the re-
Duvan 9;

edward .

A ovariety of (ghareo
Journak of Puerto Rico

Hrudies on testing methods
Relationship botween
Huiano Tohako

Isolation and palbogenieirs
Piivlopathol-

1950,

"The development of o teehnique Tor
ludying 1he hos{/pamsite relationship of the root-knot
nematode Melvidogyie tneognita under eonirglled conditions.
Nematologien 4:03-33.

Firone, T, 1P, and (. V. Gooding, 1973, ffeel of Llobuevo
vein attiing vivus on field grown hurley tohaceo varielios
Plant Disepse Reporter 57:845-847,

G, V. Qooding, and J. H. Smiles, 1975
mgttiing virus on buwrley fobneea in Kentueky,
oage Reparler 37 :84H1-841,

Plant Pest (onivol Division, 1969, Tobacep evst nemalode
complex.  Agricultural Research Seeviee, S0 Department of
Agricnlinre ATRS 81-36. 7 pp.

Poviludtiz, 14, R, 1. Maslam, and 1. Rolunson, 196,
vedure for evaluating vinleies of Bue-eured (ubaeea Tor per-
formmmee in el infosied with fhe black rool rot Tungues,
Cunadian Journal of Plant Seienee 44:126-132,

Tolyieea vinn
{Mlant 1)He-

I) -



http:12S-l.l0
http:ZUl'htel'.12

Nicotiana: PROCEDURES FOR EXPERIMENTAL USE

{722} Raeber. I G.oand 4, 8 Cole, 1063, Sourees of resisinnee io
anlhraenose i the geoms Nieofimun, fn 30 World Tobaeen
Seienee Congress Proveedings, pp. 248-251 Mardon Printers
Ltd., Salisbury. Rhodesia.

AL AL Sehweppenhauser, and J. 8. Cale. 1963, Sources

of resistunee to powdery mildew in the genus Nicolima and

observativng on the (ransfer of resisfance through inferspe-
cific hybwidization. n 3d World Tobacen Sejener Conproesz

Praecedings, pp. 230-236. Mardon Printers Lid. Salishury,

Rhedesia,

M.\, Schwenpenhouger, and J. 8 Cole. 1963, Sources

of resistance 1o wildfiee and angutlar leaf spot in (he genus

Nicotinna, In 3d World Tobaeen Svienee Congress Pro-

ecedings, pp. 216-221 Mardon Printers Lt Salishury. Rho-

desia,

{133)

{13)

(135}

M. AL Behweppenhausor, and W. ¥. T. Hartill. 1963,
Sources of resistanee (o froggeye and brown spot in (he genus
Nicolimwe, In 3d World Tobaceo Heienee Congress Prg-
ceedings, pp. 242-247. Mudon Printers L., Salizhury, Rho-
desia.

{736} Reddse, T. 5. N, G B Chandwani, and K. Nagarajan. 1075,
Reaetion of tobueco germplasm to anthracnose (ol clofri-
chum (ebacwm Boning). Tobaeeo Rosenrch 1 {1} :75-78,

(237} Robert. J. C. 1940, The slory of {obaceo in Mnerica. A lfred
A Rnopf, New York, 206 pp.

(138) Rossouw, D. J. 1950, The effeet of iemperafbure and umid-
ity on the fobaceo powders mildew fungus.  Buid-Afrikaanse
Tydskeif vie Landbouwoionskap 2:10-31,

1963, DBremling [or resistance to  lohaceo nowelery
mildew. fn 3d World Tobacrn Seienee Congress Procosd-
ings, ppe 237241 Mardon Pringers Ltd., Sahsbury, Rhodesiu.

(746) Bale. M.. and Kawamurm. 1974, Resistanee to potato virug Y
in a Japanese domestic obueco varjely Enshu, Bullelin of
the Twata Tohareo Txperiment Station a-13-28,

(241) Rehiliz, P. 1975 Collaboralive experiments perfornued in
1973 to determine the development of (he palhogenicily of
Peronnspora tabacina, Conl, Sei. Res. Relat, Tobaces n-
[ormation Bulletin {3-4):12-10.

(742} Schimelzer, K., and AL Rlinkowski. 1950, Die reaklion einiger
tabaksorter und differentialwivle gegenither don viren der
tabakatmosaik-gruppe, Zoglvich ein heitrag zur kenntnig der
stamme des TartoMelY-virus, Der Zitehior 20:220.737

Schmidt, M. 1035 Tnlersuchungen Giber das verhallen von
tabaksorfen und  Nicollanaurien preen  den emeger  des
“wildfeuers”  Psendomuonns  tabuei, mit heruehsichiigung
suchlerizcher fragen. Zuchbor 7:208-216.

(r4f) Belwoppenhauser, M, A, 1968, Recen{ advances iu brewding

Iobaere resistant 1o Mclotdngyne jaranicn. CORESTA In-
formation Bul' +in 1968 {1):0-70,

{130}

—

(13

{145} - 1975 % souree of Nicofimnn tubarnm vosistand (o
Mcloidugyne javadica, Toluecn Seiepee 12425,

{146) - 1975, Root knot resistanee frow Nicotiona longifora,
Tobaven Seience 19:26-29,

(247) Jo Gl Raeber, and R, A, Q. Dondion, 1963 Resisiance

fo the root-knot nemstode Melvidogyne javawiea in the
genus Nicotiunn, T Third Warld Tobareo Sricnep Congeress
Proceedings, 1p.222-220, Mardon Printers Lid., SBalishury,
Rhodesia.

(148) Bievert R, €. 1972, Sources of resisfance to polafo virus Y
in ihe penmus Nicoliona, Tobueeo Seionee 16:02-04,

{1400

1972, Resistanee 1o anthruenose in the genus Niro-
tana, Tobmevo Selenes t0:32-31.
{1300 Silber, G,

foligge.

1964, A self-feeding device for inoculating plant
Plant Discnse eporter 48:741.

109

(Y — — and F. B Hegzestad, 1963, Comparative blaek shank
registanee of Beinhart 1000 (Quin Diaz), NO5346, and Be in
¥i generation involving various tolmeen Lypes. Tobacce Sei-
oner 7il44-147.

(732) SBkooye, H. A, personal comrmunication.

{153) 1673, Effeef of eteh virus infoeetion on Southern Miury-
buul tohacen eoliivars under field ecéndiiions.  (Ahstraet.)
Phyiopathology 63 :805.

L1351} and R, W. Fullon. 1976, Sawree ol vesistanee in (he

Nicotinnn spocios Lo Preadomonas fabaet vivulenl on TL10&
derived  tobaeeo, (Abstrack)  Ameriean Phytopathologiea)
Hociely Procecding 3:231.

(135} Slana. . L, personal communieation,

(136) Jo R Stavely, sud AL AL Goliden, 1976, Reaction of
Nicotivnn spevies o Melnidogyne incognita acritn and Af,
incoguito freogaita. Cibstrael,)  Amer{ean Phylopatholagical
society Procecdings 3:331,

(137} — J. R Stavely, J. L Grosso, and A, 3L Golden. 1037,

Probable source of Meloidogyne incognila resislanve in lo-
baees us indietied by veactions (o five Melwidogyne zolates,
Phytopathology 67:537-543.

(7538} Hmith, T. ¥. 1030, llost range  sludies wilh  Baclerinm
solinaecarum,  Jowrnal of Agricubtuval Research 39:429-140.

andl ' I8 Clawlon, 1948, Inherilance of resistance Lo
bacleriad wilt in tobneco, Journal of Ageieuliural Rosearel
TOIIV-32,

fdony Swith-White, 8, 8 L. AMacindoe, and W, T. Atkinson. 191p.
Rezsiztance of Nicofiang =pocies to blue mould (Peronozpera
{edweina Medaml) Journad of the Mustraliun Tostituie of Ag-
ricitllural Seienee 2:26-29,

(f61) Bouthard=, ¢, J, qd C . Neshutnr. 1967,
ity of tohneco response to Predylenchus brachyirns,
pathology 57:18-21,

(1623 Spasoff, L., L AL Fox, andd L. L Aliller, 1971, Alultigenic in-
herilanee of resisanee to Qshorme™ ovsl nematode.  Journal
of Nematology 3:320-330.

(o3 Sy Ho W e 1973 An efficient mothod Far producing
and studying tobacen brown-spot disease in (he laboratory,
Tobavea Neleners 17:145-143.

(164) Stavely, J. R, 1971, Besistance Lo frogeve leal spot in diverse
Nivotinnn Brbavane gevtnplasm, CAbstenet)  Tobbaeo Seience
15:132-134.

(150}

Genetie variabil-
Phylo-

(163} 1975, Imhevitznee of brown spe! resistanee in Nico-
fiann tobuenm.  American Phytopalbologival Sociely Pro-
voodings 2:128,

(166} —---— 1077, Reaclion of Nicolioun species Lo Cereospor

wcelirnnc. (ADsiruell)
Proceedings +:140.

(I167) = - TU W, Graham, G W Gwynn, s others,

anee o AlMernerie allernata in Nicolionn
CAhatrnet)  Phylopathology 63 :806.

68) —— unedl CL 12 Main, 10700 Influence of tomperaiure andd
other factors on initialion of (obaevo brown spaf.  Phyta-
pathnlogy 80:1301-15086,

(169} —-—wme and J, A, Nimwmo., 1968, Relation of pH and rulvition
to growth aud sporulidion of Cereospora wivotinonae, Plivto-
paibology 35:1373-137%.

American Phytopathelogical Socinty

1953, Ne-
taharim,

(v - and Jo A Nimmo, 1960, Lffects of temperalure upon
growlh aned sporulation of Cercospore nieotionae. Phylo-
patliology 30:406-198,

P - ——— G0 W, Piltaretli, and G, B, Tueas. 1071, Reaelion of

Nicotinna spoecies 1o Alfernarin alternats. Plixtopstlology
6l i541-3475,

(72} - -— and L. ). Slana. 1971 Relation of leaf mge to the
resclion of tobuees (0 Alernaria eliernata. Phyiopaihology

61:73-78.



http:2-f2-2.fi

110

(17 3) and L. J. Siana, 1073 Relation of postinoculation leal
weiness to initintion of tobaceo brown spoi.  Phylopaihology
6518076001,

(774) Sicinherg, R. A, A. W. Speceht, and . M. Raller. 1955, EI-
feets of micro nutrient deficiencies on mineral composilion.
nitrogen fractions, asvorbic acid und hurn of fobacco mrown
to flowering in waler vulfure. Plunt Physiology 30:123-120,

{175} Stokes, G. W., and C. C. Litton. 1966, Souree of haeck shank
resistanee in tobaceo snd heost reaction to reces 0 and L of
Phytophthorae parasifica  var. nicotianoe. Phyvilopathology
56:675-680,

(176) Stover, R, H. 1930, The biack root rob disease of tobuveo,
I. Bludies on the eausal organism Pldelaidopsts busicofo,
Canadian Jowmal of Resaarch C, ?8:.4113-170.

(477} 1956, Effecl of mulrition on growil and chlamydo-
spore formation in brown and gray cultures of Thicieriopsss
bagicola. Canadian Journal of Botany 34:439-372.

(178) Sun, M. I, ¢, G. V. Goading. Jr., T. P. Pirone, and & A,
Talin. 1974 Froperlies of tobaceo vein mollling virus, a
new palhogen of tobacco. Phytopathology 64:1133-1136.

{170} Taylor, G. 8., personal vonmnunicalion.

(180} 1073, Cold tolerance of Phytophthore parasitica var,
aicoltanae jzolatm) from tohoceo in Conneetienl. Plant Dis-
ense Reporler 30:240-252,

{185) Tavler, B, AL IL K, Sehnoes, and R, . Theebin, 19720 Char-
arterization of chlorogis-inclurding (oxin from o plant patho-
gonie Pseudomonas sp. Biochimica i Biophysion detn 280;
107-117.

(482) Ternovski, M. T, 193 Dis fragen der inununilat e
veriraden der gafiung Nieofivna, Ter Zuehier 6:140-1H,

(153 1941, Alethods of breeding tobaceo varieties resistani
fa (ohacea mosute and powdery mildew, Krusnodar Tnsti-
tute Tobareo Industey Publiention 113:126-143,

(1843 and Q. V. Podkin. 1970 Genelie resistatier 1o cu-
cumber mostie virus, Thabak (Moseow) 3:9-10.

{187) Tisdale, W, R 1931 Development of strains of cigar wreapper
tobaces restslant (o black shank (Phytophlhora wieotinn
Breda de Haan). University of Florida Agriculiural Bspori-
ment Slation Bolletin 226, 45 po.

{186) Tobaceo D)isease Lpss Fvaluation Commitice. 1974, Reporl
1973-74. 34 pp.

(187} 1976, Report [875-76. 32 pp.

(758) Todd, F. A, 1948, FPusortwm will: Columbus Counly’s most
seriotis Lohaceo disvase, Tobueco District Couneil, 10th To-
haeeo Workers Conlerence.

(189) Torigosht, N., und R, Itagaki 1976, The development of
lacterial wilt resistant Shircenshv, W303 (198163, Bulletin
of the Iwala Tobaceo Bxporiment Slation No. 8:23-35,

{r90) Troutman, J. 1. 1961, Indexing tohacco fov biack root rot
resistance. Tobueeo Seionee §:21-23,

{191} and R, W, TFullon, 1958, MResistance in tobaceo o
cucumber mosaie viruz  Virology 6:303-316.

{192) Rk, (& Hemderson, and ). L, LaPrade. 1062, Indexing
tobacco for Black shank resistanee. Tobaceo Svience 6:109-
111.

(£93) Tuboly, 1. 1966, Geeurrence of a new biotype of Peroto-
spora tabaeina in Hungary, CORESTA Information Bulle-
{in 1966 (1) 127,

(124) Valienu, W. [). 1932, Breeding tobaeco for disease resisiance.
Economic Boluny 6:609-102,

(107} 1961, Burley lobaeeo yveslerdiy, (odhy el Hinorrow.

Address to Tobuveo Workers Conferenee 1961 3 pp.

TECHNICAL BULLETIN 1586, 1L5.

DEPARTMENT OF AGRICULTURE

(196}

{107)

(o8

{(100) —— . W_ Blokes, and 12, AL Johns=on.

{2001

1204)

{2e

(203}

{2048}

(203

(206)

{207}

(208}

{200}

{211

(21

{2nh)

- and 8 Diwclun. 1941, Views distribetion in mosnie
resistant tobaceo amdl its relation {o pattern of developmend
in suseoptible varictivs. Jowrnal of Agrieoliural Research
G2I241-247.

1. ML Johneon, and S, Diachun. 1943 Angular Jeal-
spot and wildfire of (obaveo. Kenfucky Agrieullural Tx-
perfmeid Station Bulletin 43579, 60 b

¢ O Litton, and B, M. Johnson., 1962, Susceptibilily
of wildfirc-resistant lohaces vavieties (o eerlain strwing ol
Pseudomonas tabeet and Pooangulaia, Plant Discoge Re-
porier J16:36-37.

1960, Nine yoears
exporicnee wilh the Nieatiann longiflore Tuclor Tov resistanee
to Phytophthora parasitice var. picotionae in the control of
black shank. Tobseco Seience §:92-04.

Yan Per Plank, J. B 1875, Principles of plant infeelipn.
Acudomie Pross, New York, 216 pp.

Walton, (1. &, and 8, Rieh. 1971, Sperious and unusual plant
dizpases in Conpeclicnt in 1973 Plant Disease Rejrorter 3
428-429.

Wan, H.. CLH, Chen, J. K. Wu, and T. 1. Wu. 1968, Breed-
ing tobueco resistant {o cucetimber mosaie virws, Thiwan
Tabaceo aml Wine Monopoly Bureau, Tobaecco Research
Tuztituie Annual Repork 1968:335-40.

C. H. Clien, I. K. Wu, aud T, K. Wi 1070, Dreeding

tobarvo resislant to cucumber mosaic virus, Taiwan To-

baceo and Wine Monopoly Bureau, Tobneco Research In-

stifute Annual Heporl 19703390

C. Chen-Hwa, J. K. Wu, and 1. X, Wu, 1973, DBreced-
ing tobaceo vesistunt to cucuntber osaie wvirus. Talwun
Tobavea and Wine Mouopoly Burean, Researeh Institute
Aonual Report 1973:1-13.

Wark, 1. O 1983, Nicofiane spevies as sources of resistanee
to Llue mould {Poronospore tebacing Adam.) for cullivated
tobaeen,  fr 3d World Tobaceo Scienve Congress Procecd-
ing=, pp. 232~250. Alardon Prinlers Ltd. Salisbury, Rho-
dlewin,

A, M. Crenikshank.
Nn-

AoV Hill M. Mapdeyk, aad L
1960. Differentiation in Peronosporn fabacing Adam.
fre 185V 7i0-7id.

. H. Wutltke, and H. A, Browyer, 1970, Resislauee
of cight tobaeeo lines to blue mold in Soulh Queensiand,
Australi. Tolweeo Helenee 20:110-113

Wills, W. H., wxl L. 1. Moore. 1971,
cubltivars and lines of tobaceo to slem
Phytophtiora pirastiica var. wivotinnae,
15:51-53.

Winstend, N, N., and A, Kelman
tiques for evidualing resisiance o
veariime. Phyvtopatiology 42 :6338-034.

Wolf, I, A 1937, Tobteeo diseazes nnd  deenys
Duke University Press, Turham, N.C. 396 .

Waoolley, 1), W, G, Shaffner, and A, €. Braun, 103350 Slulies
on e stroeture of the phytopaibogenic loxin of Pscudo-
manas {abacl.  Journal of Biologienl Chemistry 218485444

Wright!, 1% 5. C, aned J, M, Biss. 1067, Sereening tabaceo
varicties Tor resistanve to Dlack roat ral in New Zealaul
Tobueco Seence 11:62-61,

Wi, LK. 1970, Response of OMV resistant lines lo TMV
under differenl temperatures. Taiwan Tobaceo ami Wine
Monopoly Bureau, Tobuceo Research Institufe Annunl Re-
porl 1970:10-6.

Yurwood, OB 1040, Tsotation of Thicleviopsis basicole Trom
soil Ly means of cirrol disee. Ayeologin 38:340-350,

Response of some
inocilation with
Talieco Seienee

1952, Inocculation lech-
Pscudanonas sologa-

b ed



http:1968:35-.10
http:62:2�H-2.Ji

13
BACTERIAL HYPERSENSITIVITY

L. Sequeiral

Iotrodue i on e 1!
Mellods used fo indoee HIC oo o 111
Fauelors that affeeqt HIR o e, 113
Induetion peviod oo 113
Inovnhom coneentralion ... o e 113
Ae ol cullires it
B T T T 114
% 7 114
Relative Jumidity .o e e 114
Age of fnoenlated Teal oL e 114
Applieations of the bactevially jndueed HR ... ... L. 115
Taxonomir Implieations ... v i 113
Fine selure oo e e e 11%
Bactetind multiplication ., ... i e 116
Phy=iologienl chinges assoviated with HR ... ..., 1la
Nature of the HR fdueer ..o ... R, I
HR prevention .o e e 117
DiseussIon oo e e R 118
R erenrs o 110

Intreduction

For many years, the hypersensitive reaction (HR) of
tobacco fo wviral infection has Deen extremely useful for
determining infeetivity and in the study of physieal and
chemical properties of many plant viruses. Until faicly
recently, similar reactions against hacterial plant patho-
gens did not seem to oceur, although, in retrospect, evi-
dence for rapid lesion formation in leaves inoculated sith
high populations of incompatible baeteria had heen avail-
able for many years (2). The development of simple.
effective techniques to introduce bacteria inta the inter-
cellular spaces of Nicotiana {abacum leaves allowed o
clear-cut demonstration of the bacterially induced HR (13,
20). This diseovery opened up innumerable avenues for
investigation of host-parasite interactions involving plant-
pathogenic hacteria and facilitated the study of recognition
phenomena in compatible and incompatille systems. The
reaction alzo hag heen useful in taxonomic studies involving
the fluorescent plant pathogenie pseudomonads 127).

As in the case of local lesion formation by viruses, ques-
tions have been raised concerning the existenee of the
bacterially induced HR under natural conditions. Becausoe

Methods Used

In its simplest form, as originally described by Klement
{15}, the method to induce the HR requires 4 minimom
of equipment and facilities, Tobaceo leaves are infiltrated

'I)(!parlméhfol’ Pyl Pathelogy, University of Wisconsin, Masli-
son, Wis. 53706,

a visible HR is obtained only aflter infiitrating with high
inoculum concentrations, which are unlikely to oceur in
nature during the infection process, a possibility exists that
the reaction is an artifact of no partieular signifieance in
thie normat host-parasite interaction. Whether or not the
reaction ultimately will he shown to oeeur under natural
condlitions, it i= of inestimable value to =eientists whose pri-
mary interestx are in the responze of plant hest cells to
potential pathogens. Because tobacco leaf cells are ex-
tremely sensitive to the presence of bacteria and rveact
in a rapid and predietable fashion, the tobaceo plant has
been the host of choiee in physiologieal investigutions of the
HR. The casc with which the intereellular spaces in tobaceo
mesophyll tissues can be infiltrated also has been & major
factor in the widespread usc of the tobacco plant for the
stucly of hypersensitivity.

This chapter will deseribe (a) how the bacterially in-
duced HR is obtained in tobacco leaves, (h) what factors
affect the veaction, and (¢} what are some of the major
applications of the reaction in the study of host-parasite
interactions,

To Induce HR

on the abaxial side with a bacterial suspension of at icast
§ ¥ 10% hacteria of the appropriate steain per milliliter. A
hypodermic syringe fitted with 1 30-gage needle is usod to
inject the bacteria under the epidermis and into the mieso-
phyll tissue (fig. 13-1). Although apparently simple in

111
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Tigure 13-1L.—Tobaceo Jeal just after infiltenlion with o laeterial

suspension. Note (he wider-soaked  nppeanmes of the freatel,
intercostal arcas.

theory, congiderable expervience s vequired to distribute
the bacteria evenly in the leaf tissue without execssive
puncturing of the epitdermis und other dumage Lo the leaf
tisgue. In addition, other faectors are importunt for ohtuin-
ing proper results.

Detailed instruetions for the procedure are as Tollows:
Use fully developed, hut not senescent tobaceo leaves for
infiltration. Young leaves have closely packed ecells and
small intereellular spaces so that econsiderable skill and
a steady hand are vequired to infiltrate =mall areas,
With  expanded  leaves, on the other hand, o single
puneture along a lateral vein or midrib will ullow infiltra-
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tion of the laninar area between two lateral velns {paneld
if sufficient pressure i+ steady and econtinuous, Tnjections
along the lateral veins ean be eontrolled more easiiy, and
damage to the tissue prevented mere veadily, than when
they are made in the middle of the pauel. [f infiltration
in the middle 1= neeossary, however, stipport the tissue
directly underneatll the injection point with the other
hand. Use only sharp weedles amd introduee them with
the bevelled side down and at an angle sueh that liting of
the epitlermiz 1= aceomplished without perforating tirough
the leaf.

Mozt cultivars of N fabaewm appear to veact in the same
manner to infiltration with incompatible or aviruleot bac-
terin, although oecasionully differenees exist between va-
vieties in their respousze (o ceciain wolates. The period
neeessary for comiplete eollapsze of the leaf ecellz may vary
depending on the envivonmental conditions provided. The
cultivar ‘Bottom Speein!l” (a fluc-cured vaviely developed
in Nortli Caralina and no longer in eommereial use} iz one
of the mest convenient to use heeause i has large and
sueculent Jeaves, regulariy reaching 30 emy by 20 em under
egrowth room conditions. The leaves are flexible and ean
he bent easily to reach the lower epidermis for injection. This
cultivar grows well at 20 C' in sand eulture but requires
Il lieht intensity (2,000 ft-c! and a long photoperiad
{12 h} in the growth room. A combination af cool white
and Gro-Lux fluorescent tubesx and tungsten ineandeseent
hulbs provides adequate light conditions. Under normal
cireumstances, Hants arve veady for infiltvation at approxi-
mately 1 mo lvom transplanting,

Uze bacterial cultures at the logavithmic growth phase
and prepare sushensiens in 0.1M phosphate buffer, pt 7.0,
saline, or in other appropriate fluids designed to prevent
hursting of the ceils. Wash the cells several times hy cen-
frifuging af 10,000 g for 30 min and resusrending the pel-
let in buffer. Cheek populations earefully by dilution
plating immediately before infiltbruting the leaves.

The spectl and intensity of the IR depend on the num-
ber of haeteria in the inoculum and on the nature of the
strain used. With strain B-1 of Pseudomonns selanacenrum,
an avirulent variant, o concentration of at least § < 108
baeteria per milliliter s necessary to induee the HR at 28
O, The most rapid response is obtained with an inttial
moeulum of 10" cells per milliliter and this is the con-
centration used v most assays. The latter corresponds to
an optieul density of approximately 0.3 at 600 mn.

For assay purposes, infiltrate an area, 3 to 5 em?, in
each of four to six intereostal aveas on one balf of cach
feal with the suspension. TFor eentral, iofiltrate similar
areas with buffer (or other solutions used to suspend the
haeterial on the opposite side of the leaf, Under normal
enviremuental conditivns, the nitinl walersouking caused
by infilteation will disappear within 135 to 20 min. By 6 h,
the infiltrafed area will appear darker than normal, and
small  water-soaked spots will bLeeome evident. These
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spots become coaleseent, and water is lost rapidly, leading
to total collapse of the infiltrated arca. This area hecomes
translucent by 12 h after infiltration and is sharply de-
limited by the healthy tissues surrounding it. By 24 b,
the affected tissues appear hleached and Deeome DrOSTeE-
sively thin and brittle ffig. 13-2). In contrast, control
infiltrated areas remain turgid throughout this period and,
except for the puneture caused by injection, they appear
normal.

113

If compatible, rather than inecompatiivle, strains of P.
solenaceqron nre uzed, no svuptoms are evident unti
360 h after wfiltration, when a dark, neerofie reaction
appears. A distinet yvellow maradn i= formed af the spread-
ing edge of the Jesion, and by 60 i after infiltration the
hacterium wpreads to the tissues adjoining the infilteated
arca. The bacteriom eventually invades the veins and
veinlets, which turn dark brown, ecomes svstemice through-
out the plant, nund causes wilting,

Factors That Affece HR

Induction Period
HR induction is a time-tdependent process apparently
inifiated by a rccognition phenoimenon between eell wall

I*N-6311
Figure 13-2—Appearance of 1he hypersensilive reaedion 21 1t after
infiltration. Tnfercostal oreas on e lefl side wero treated wilth o
suspension confaining 107 eells per milliliter of Pseutompins sl
andeedrion ;. those on (he right side were trented with a Luller,

componets of both baeterium and host eell. Onee the
process i= initiated, it i« irveversible and proeceds to enm-
pletion in a highly predietable fushion. Tnitial estimates for
the contact period between hest and pathogen necessary
to initiate the reaction, hased on oxperiments in which
streptomyein was infiltrated at vavious times after infiltra-
tion, were s short ag 20 min (I8}, More recent evidence,
based on the use of rifampicin, which scleetively inhibits
hacterial BYNA synthiesis, supgests that 3 I ois 2 more
reagonable estimafe nceessary for indduetion of the HR
(37).

The 3-hinduetion corvesponds to that neeessary Tor
envelopment of the bhaeterin following initial attachment
ta the eell wall (42), Although the initial rceognition he-
tween baeterial and host eell wall components must oeeur
quickly, the reaetion that ix set in motion fur envelopment
of the hacterium probably is dependent on inereased syn-
thesix of protein and of rell wall components, a procoss that
requires both time and encrgy. Similarly. induetion of the
HR apparently ix dependent on the metabolic activity of
the trapped bacterium. Time is required [ar the produe-
tion and release of u putative inducer that alfeets the
integrity of the plasmalemma of the host coll, Presumably,
this oceurs during the latent period between induction and
the appearance of symploms.

Ineemlum Concentration

HR induetion and the vate of appearance of the visible
confluent collapse of the host colls ave diveetly related to
the number of cells in the inoculum. With the B-1 strain
of P. solanaceqrum at 107 Lo 10" eclls per milliliter, the
threshold level is reached and the resetion proeceds to
completion. At 10% colls per williliter, the reaction is ovi-
dent within 12 h; however at 107 eells per milliliter, the
HR is net induced until the threshold level is reached at
approximately 36 h after infiltration (37).

Tnoculation with 107 eells per milliliter and helow doos
not lead to a visible HR, nor to the rapid pepulation re-
duction of the baeterium, which is normally associnted with
the IR, These results are in conflict with those reported
hy Turner and Novacky {45) for tobaceo leaves inoculnbed
with P. pisi, Thoy conecluded that at inoculim levels helow
those neeessary to cause confluent, visible esions, the HR
still ocewvred at seatiered loeations, causing individual
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cell collapse, which could he detected by staining with
Evans blue. By extrapolation, a 1:1 ratic wax shown be-
tween number of bacteria and number of dead host cclls,
Although no histological observations of leaves inoeulated
with B-1 cells have been made, the fact that bacterial
populations do not decline when the initial moeulum is low
suggests that death of the bacterial eeliz is not necessarily
associated with death of the host ecll,

For confluent lesion development, the ratio between to-
baceo leaf cells and P. eichorii colls must be neay 100 (435,
ab inoculum Jevels below 10° cells mb the ratio drops he-
low one bacterium per host cell, and eonfiuent collapse of
the host cells is not obtained, These data are in agreement
with the concept that in heterologous combinations, symp-
tom production results from joint. rather than independent,
action of the bactoeria on the host {43,

Age of Cultures

Age of the bacterial culture used to preparve the inoculum
for infiltration of tohacco leaves uppears to affect HR
development (17, 44). When 1-, 10- and 20-day-old P.
phaseolicole eultures were used, the reaction appeared § to
9,10 to 11, and 1Z to 13 h after infiltration, respectively.
The affect of culture age apparentiy is on the initial periad
of induction, for the length of the latent pevied between
induction and cell collapse was not affected by culture age.
Attachment of bacteria to host cell walls, n process whieh
appears necessary for induction of the HR, may be in-
hihited by the increasing amounts of extracellular poly-
saccharide produced in aging cultures.

Temperature

As is charaeferistic of all hiological processex, develop-
ment of the HR is affected by temperatuce. With the B-t
strain of P. solanacearum, Lozano (28) reported a pro-
gressive delay of the TR in tobaeco leaves of plants ex-
posed to a temperature range from 28 (' to 16 C. At 28 C,
the reaction was essentially complete by 12 h after infil-
tration; at 16 C, the reaction was not complete untit after
72 K, even at inoculum concenivations as high as 3.3 X
107 eells per milliliter. At high temperatures, however, the
reaction is suppresged. No HR develops in tobacco plants
maintnined at 37 © for at least § h after infiltention with
P. phaseolicole {17, 79, 44y, Whether the effect of high
temperature i¢ on the bacterinm or on the host cell has not
heen established: lement (17) belioves that a therno-
sensitive period exists in host tivsues imumediately follow-
ing induction, Possibly, envelopment of the bacterinm is
the process that is suppressed at high temperatures, but
this has not been determined with eertainty,

Light -
Although the HR will reach completion in iafiltrated
leaves placed in the dark for short periods, long exposure
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to darkness will allow multiplicatton of the bacteria and
movement inta adjoining tissues, Lozano and Sequeira (301
have shawn that ag the period of darkness inereases, the
veaction shifts from a hypersensitive one to the slow, ne-
erotie tvpe coaused by compatible strains of P. solana-
cearnm. In some experiments, tobacco leaves were infil-
trated with isolate 8§ 210 Gneomputibie) and immediately
covered with aluminum {oil for 6 to 48 h. With periods
ol darkness up fo 12 N, the MR proeeeded normally
Bacteria counid not be secovered from the lesions after 48
h. As the darkness inereased to 18 h and heyond, bae-
terial populations also inereased within and outside the
infiltrated area.

When the procedure deseribed above was veversed, that
is, when the leaves were exposed to light first, then to
darkness, the results led to the samce eonclusion: long peri-
ods of darkness cause the reaction te shift from the hyper-
sensitive to the compatible type.

The effect of light on the HR, as deseribed {or P. solana-
cearuynt strains, mav not he characteristic of the reaction
ohtpined with other baeteria. Klement and Goodman {19
indicate, for instanee, that the HR appeared in plants kept
cither in the hght or in the dark. However, the length of
the light and dark periods or the bacterial strain used in
these experiments was not indicated.

Relative Humidity

No detailed studies have been done of the relation of
the development of the HR to the relative homidity (RID
of the environment in whieh the plants are kept. Beeause
the HR canses cell ecollapsge, ab Tow BRI values water loss
cecurs more rapidly than under water-saturated conditions.
Thus, under high R, the IR onset may be delayed, and
Bleaching of the tigsues may not beeome evident, In pep-
per inoenlated with Nanthomonas vesicatorio, the TR may
be prevented completely if the teaves are kept water-soaked
continuously (7). On the other hand, with the tobaeco-P.
selanacearum systom, incubation of inoculated tissues at
cither 87 to 02 pereent or 50 peveent R did not visibly
affect cither the rapidity of induction or the appearance
cof the lesions 281,

Age of Inoculated Leaf

Wlement and Goodiman (79 reported that i Nantls
tohacco inceulation of voung leaves with P, syringae to-
sulterd in lesions developing 1 te 1.5 h earlier than on old
leaves, Obhservations generally have shown that old, sene-
seent leaves do not respond to inoeulation as rapidly as
voimger ones, In practice, howcever, only fully cxpanded
leaves are mocilated beeause infiltraling young leaves that
have {ightly packed cells and small interecllular spaces is
oxtremely difficult, Young leaves are used mostly for fine
steucture studies of the HR beeauge the cells have small
vacuoles.
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Applications of the Bacterially Induced HR

The disecovery that the HR was induced by infiltrating
hacteria into tobacco leaves marked a significant teehno-
logical advance. It allewed examination of the host-patho-
gen interaction from both structural and physiologival
standpoints. In addition, the reaction has been of consider-
able value for taxonomic purpozes and in the study of
mechanisms of induced resistance.

Taxenomic Implications

The initial work of Klement and co-workers (15, 20)
provided a clear indication that the HR was induced by
pathogenic but not by saprophytic pseudomonads; further,
the reaction was characteristic only of heterologous com-
binations, Thus, with this technique saprophytic pseudo-
monads could be distinguished from pathogenic pscudo-
monads, as well as those that were specifically pathogenic
on tobaeco. The usefulness of this concept is evident from
the extensive studies of Lelliott and others (21) in which
determinative sehemes for the plant-pathogenic pseudo-
monads are based on five tosts: production of levan, oxiduse
reartion, soft-rotting of potato, presenee of  arginine
dihydrolaze, and the HR on tobaeco. These criteria arc
widely used to differentinte plant-pathogenic nomenspecies
from cach other and from the saprophytes. Although
some saprophivtes, such as P. fluorescens, eause necrosis
similar to that associated with the HR, they can do so
only in plants previously exposed fo continuous darkness
for3d {24).

The HR on tobaceo leaves has bren useful also in inkra-
specifie, strain differentiation. The three races of P. solana-
cearum couldl be differentiafed by this means: race 1 iso-
lates caused no visilile symptoms after 24 h, raee 2 iso-

lates caused the FIR by 10 to 12 b after infiltration, and
race 3 isolates eansed only a yellowish diseoloration of the
infiltrated area by 48 o (29}, Although this is a reason-
ably consistent pattern, the reaction cannot be relied upon
entively. Granada & Sequeira (71} reported that five race
1 izolates induced the HR on ev. *Cuba 127; four of these
were avirulent to tobaceo, as expected, but one (S 123)
was highly virulent. This isolate multiplied rapidly before
the HR was induced, unlike incompatible strains, which
generally do not multiply during the first few hours after
ineculation at high population levels. These results show
that the HR ean be used as preliminary evidence for the
lnek of pathogenicity of most isolates, but this must be
confirmed by direet pathogenieity tests,

Fine Structure

Attention has been given to the ultrastructural details
of the initial interaction hetween tobaeco mesophyll cell
walls and compatible or incompatible forms of P. solana-
cearum {37, 42). Specimens examined under the cleetron
microscope at 3 I after infiltration, at the time when the
R becomes irreversible, showed that only the avirulent
eells were surrounded by gravular and fibrillar material.
A thin, fibrillar pellicle enveloped the bacteria completely
by 7 h after wnfiltration, and granular material accumu-
lated in the space between the pellicle and the cell wall
(fig. 13-3). Attached bacteria did not divide, In contrast,
virulent cells were not attached and remained free to mul-
tiply in the intercellular fluid, eventually becoming sys-
temie. Host cell walls adjacent to the virulent cells were
degraded, as expected, beeause of the ahility of the bae-
terium to produce pectolytic and celiuiolytic enzymes.

I'N-6312

Figure 133 —Eletron micrpgraph showing avirndent eolls of 2. soluraeeacim (B) enveloped
ha n fibeillay pellicle (Pe). Thi colls are Wing in an intereeililar spaee (1) next to a eell
wall (W), magnifiertion 25000,
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Attachment and envelopment of baeteria by mesophyil
cells have been reported also for fohaeeco infilivated with
water suspensions of P. pist (9). Thix proeess i= a general
phenomenon and may be a prerequisite for the HR initis-
tion. However, the HR does not proceed i the baeterium
is not metaholically active, as demaonstrated in experiments
in which heat-killed bacteria were used (42). These cells
are attached and enveloped in the same fashion ax are
live ones, but the vielent host response assoeiated with the
HR is not induced.

Marked changes occeur in the host plasmalemima im-
mediately under, and extending for several micrometers
on either side of, the place of attachment of the live hae-
terium on the cell wall. Membrane-bound wvesicles accumu-
late in the spacc between the plasmalemma and the host
egll wall; the material thal accumulates around the bae-
ferium secms to originate at the plagsmalemma and per-
haps is fransperted across the cell wall, but this is diffieult
to ascertain, Within 7 i after infiltration, organelles are
deranged; mitochondria, in partieular, do not have well-
defined cristac {8, 42). As the HR proceeds to completion,
disruption of all cellular organclles is evident. The plas-
maiemma, tonopiast, and the bounding and internal mem-
branes of chloroplasts and mitochondria lose their integrity
and water is lost rapidly (8). The chicroplast lamellar
structure becomes disorientated, and chloroplast membrane
proteins undergo changes in such physicochemical proper-
ties as solubility and lecithin-hinding eapacity (23). Per-
meability changes appear to be correlated with speeific
changes in the chloroplast thylakoid menihrane protein
(14).
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Bacterial Multiplication

The infiltratien technique to induce the ¥R in tohacco
leaves allows accurate measurement of the changes in num-
hers of baeteria that occur hefore and during developme: -
of the reaction. Analysis of these population ehanges yields
meaningful information regarding threshold levels for in-
duction of the HR and on the suitability of the interceliu-
lar fluid as a medium for bacterial growth.

Bacterial populations in infiltrated tissues ean be de-
termined by standard dilution plating teebniques. Take
samples immediately affer infilteation and  at  suitable
intervals thercafler until collapse of the tissues oceurs.
For this purpose, cut leaf disks with a cark barer Irom
the eenter of the infiltrated aren and comminute them with
a TenBroek tissue grinder in 1 ml of distilled water or ap-
propriate buffer. Dilute the resulting suspension with water
or -huffer in a standard logarithmie series and plate out
appropriate dilutions on a suitable medium. Beeause vari-
ahility is usually high, the number of samples removed
at cach sampling time must be adequate for meaningful,
stafistical analysis. Caleulations can be made simple if
the leal disk sample is exnetly | em?® of leaf surface; thus,
the populations per milliliter will represent those per square
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centimeter. The intereellular spaee of w leaf disk of thix
size will vary from 0.01 to 0.1 ml, depending on the age
and eondition of the leaf.

The general growth pattern obtained when tow inoculum
levels (107 eolls per williliter or below) are used indieates
substantial differenees between compatible and incompat-
ille bacteria (40), The typical growth curve for compatible
2. solanarearum steaing conzists af a short (8 h) luyg period
followed by rapid cxponential inecrease to approximately
10° cells per milliliter at about 45 h after inoculation. With
ineamputible strains, populations also increase after the
initial lag but remain below the threshold level, that i,
bolow 5 3 10° eells per milliliter, for induetion of the HR
and then deeline slowly. At higher inoculum levels (10°
¢olls per milliliter), populations may increase steadily un-
til the threshold level is reached 36 h later and then de-
cline rapidiy. At still higher inoeulum levels (10° cells per
milliliter), populutions vemain steady for 6 I and then
deeline preeipitously as the HR is indueed (37, 40).

Baeterial muitiplication is not cssential for HR indue-
tion. If the inoeulum is introduced at levels higher than
the threshold, bacterial populations remain steady for
about 6 h and then hegin to deerease, At this time, clee-
trolyte leakage first becomes ecvident. Populations drop
precipitously before complete collapse, and dessication of
the host cells accurs. This is presumptive evidence that
the materials that leak out ef the affected eells have bae-
tericidal properties (36).

Physiological Changes Associated with HR

Because the FIR involves echanges in menbranc integrity,
one of the first, measurable, physiological changes in ineeu-
lated tobacco leaf tissuc is un inerease in clectrolytes tiat
leak out of the cells and into the suspending solution (6).
A sharp inerense in conductivity coineides with the appear-
ance of the HR, Other physiologieal changes also occur
during the latent period. Althougli the host is symptomless,
respiratory metabolism inereages, the maximuin rate oceur-
ring just before tissue collapse oceurs (32). Such tempo-
rary respivutory inereases may vefleet the initial cffect of
the loss of integrity of initochondrial membranes. The
inaetivity of pelyphenoloxidase, peroxidase, or other oxi-
dases does not inerease significantly enough to contribute
to the increase in oxygen consumption. In addition, phos-
phatidases and proteases, which could be involved in mem-
hrane hreakdown, do not inercage during the latent period
(12, 33).

Only minor increases are shown in RNasc in the super-
natant fractions of tissue extracts undergoing the HR.
Kiement {17) argues that marked changes in these various
engymes, whieh do occur when the HR is induced by tomnatoe
mosaic virus {TMV), are absent in the bacterially-induced
HR because the latter reaction occurs oo rapidly. Alter-
natively these changes might not occur with bacterial
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mmeeula beeause the mechanising that induce the IR are
different from those involved in loeal losions initiated by
niriges.

The properties of the intercellular fuid before, during,
and after the HR development are of considerable interest.
The method to obtain this fluid, doseribed by Klement
(16), is simpie, but, for reasons that are not readily ap-
parent, has had lmited applications. In this method, the
fluid is spun out of the leaves hy centrifugation after infil-
trating the leaves with water or buffer. Beeause consider-
able dilution results from this procedure, the fuid must
be concentrated fto about one-fourth original volume) to
simulate the osmotic potential of the fluid i vive. Bven
in the dilute form, however, the Auid provides an adeqguate
mediun for such baeteria growth as P. fabac’ (16},

Fluids from tobacco ieaves infltrated with an incompat-
ihle strain of P. solanacearum beeame mhibitory to bac-
terial growth only when extracted 12 to 18 b after inocu-
lation (29). The compounds responsible for this inhibition
have not been identified—hut are heat-stable and of low
molecular weight,

Such inhibitory compounds may help explain why bae-
terial populations begin to deerease at about the same time
that clectrolyte leakage first becomes ovident and why
these populations drop so rapidly hefore compiete collapse
and desiccation of the leaves oceur.

Nature of the HR Inducer

The bacterially induced HR is particularly suitahle for
investigations on the nature of the substance(s) that in-
duces the reaction. The reaction is predictable, and numer-
ous fractions can he assaved conveniently on a single leaf.
The baeterin can be grown separately from the host and
vast amounts of ccll constituents can be obtainad by rela-
tively simple fractionation procedures, Unfortunately, these
procedures have not resulted in the clueidation of the induc-
er. By osmotic shoek, Gardner & Kado (5} isolated a factor
from Erwinia rubrifaciens cells that reproduced the symp-
toms of the HR. Sequecita & Ainslie {38} reported also
that 2 high-molecular weight fraction from P. solana-
cearum induced a reaction indistinguishable from the typi-
cal FIR. Unfortunately, these reports have not been pub-
lished in detail and have not been confirmed,

Because many toxie compounds present in hacterial ex-
tracts can cause collapse of tobacco leal tissues, distin-
guishing this reaction from that typical of the HR is dif-
ficult. Eowever coxteacting the inducer only from those
strains  that are incompatible in tobaces should be
possible. When this ceriterion is applied, none of the pub-
lished reports appears to refer to a specific inducer, Possibily,
cell walls of all gram-negative, plant pathogenic hacteria
contain the inducer but are prevented from cxerting action
on the host because compatible strains produce a capsule or
extracellular slime that covers potential binding sites. Such
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strains do not induce the HR. bhut extracis that do not
contain the seluble capsule, but retain cell wall eomponents,
would be effeetive induesrs of the HR,

Incompatible bhacteria. onee they at{ach to an infectible
site en the host ecll wall, eould become metabolically aeti-
vated and release a highly unstable toxin that wounld interaet
with a “sensitivity locus” on the host ecll (3, 37). At one
time, this toxin was theught to be simply ammeonia released
by the metabolic activities of the bacterium (25, 26), but
careful measurcments of the amounts of amwmonia pro-
duced in the tissues undergoing the HR failed to support
this hypothesis (7).

Because a hroad spectrum of compounds that contain a
resretive SH group (Ehoglyeolic aeid, wereaptoethanol, di-
thiothreitol, and others) cavse u toxic renction on tobacce
leaves that mimicks the HR, it has heen suggested that the
HR results from cleavage of the 8-8 bonds in wembranc
protemns (6, 193, This is a plausible hypothesis, hut compo-
nents that have this capueity to break 8-8 bonds have not
been isolated {rom plant pathogenie hueteria.

HR Prevention

Numerous reports exist that the HR can be prevented
or interfered with by various treatments. These include
high temperature {44}, exposure to long periods of dark-
ness (29), cvtokining (34). and preinoculation with either
live {35} or heat-killed bacteria {30). The effecis of these
ireafments are of interest hecause they may help to elu-
cidate the nature of the HR. The effeet of heat-killed bae-
feria i of particular interest beeause eompetition for nu-
trients hetween the hacteria in the initial and in the chal-
lenge inoculations is prevented. Tobacco leaves pretreated
with heat-killed bacteria) cells become refractory to infee-
tion by cither compatible (23) ot incompatible (30) hae-
teria. Although incompatible bacteria do not cause the HR
in protected leaves, the reaction does not shift to com-
patibility. Rather, a systemric response results that pro-
teets the plant from invasion by a variety of plant patho-
gens, including bacteria and viruses {22, 27, 30).

The systemic, proteclive response induced by heat-
kkilled hacteria is (a} depentdent on the concentration of
bacteria in both initial and challenge inoculations: (b)
time-dependent—the reaction requiring between 7 and 18
h for complete protection; (e} light-dependent—the action
spectrun consisting of o bimodal enrve with peaks at 450
to 500 nm and 600 to 660 nm {Kraus, unpublished), reminis-
cenb of the spectrum for ehlorophyll b; (d) temperature-
dependent—protection being inhibited in plants grown at
32 G ar higher; (¢} persistent—proteetion reaching a
maximum within 60 b and then deereasing gradually for
several days; and {f) nonspecific—both in terms of the
bacteria that induce the protective response and in terms
of the bacteria that are prevented from multiplying in the
protected tissues (30, 41),
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The acquisition of resistance appears te depend on the
same fype of recognition phenomenon hetween oufer con-
stituents of the cell walls of host and parasite that we
deseribed for HR mduction. Heat-killed hacteria ave rap-
idly attached to and enveloped by the host celi wail, and
large amounts of granular material accminulate arcund the
dead hacterial cell and on the inside of the host cell wall.
Recent work has established that the lipopolysaeeharide
layer (LP3) of the outer wall of gram-negative bacteria
is the inducer of resistance (1¢, 373. Breause gram-positive
bacteria are ineffective as inducers of disease resistanee,
and all pram-negaiive baeterin tested =0 {av (including
several saprophytes} ave active inducers, these results are
consistent with the hypothesis that LPS is the active male-
eule.

The LPS isolated in pure form from P, soloncecearum is
an effective inducer of disease vesistance in tobaceo, but
its activity iz compietely destroyed Ly treatment with
almend emulsin, which ecoutaing o wixture of P-glycosi-
dases. Chemical modifications of the LPS malecule indi-
cate that the active mwoiety i& the lipid A portion, hut it
must be present m a form sulficiently scluble to attach to
a putative receptor in the host cell wall,

Purified I.PS can be visualized readiiv by eleetron miero-
scopy. When introduced info fobaeea leaves, it attaches fo
mcesophyll cell walls and induces ultrastruetural changes
in the host cell similar to those resuiting from attachment
of the entive bacterium (12). A leetin, isolated from to-

baeeo cell walls, exhibits high binding affinity for LPS and
eauses raphl precipitation of this compound i wvitro (39).
The leetin binds speeifically to internal N-acetyl glucosa-
mine groups; such groups are major constituents of the
lipid A portion of T.PS. Thus, a plausible hypothesis is that
this eeli wall leetin eonsiitutes the binding site for bac-
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terial TPS in the plant and is responsible for the initial
recognition event that results in a resistant response.

Although the maleeular interactions that result in attach-
nment of bacteria to tohacco eell wulls are reasonably well
understood. information is limited concerning the nature of
the mechanizm that result= in o resistant response (40, 425,
When live, incompatible hacteria are used in the ehallenge
inoeutation, the number of colls is redueed rapdly, they grow
in chains, and do not attaeh to the host cell wall, Anti-
bacterial substunces appear in the intercellular fluid at
the time when protection first becomes evident {36}, These
vompounds are produced only in plants kept in the light,
are lieat-gtable, and of low molecular weight, Intercellu-
Iar fluids extracted frowm protected fissues contain, in addi-
tion to these inhibitors (possibly terpencids), substantial
amounts of salts, amine acids, sugars, and other com-
pounds that aflect bacterial growth. The inerease in os-
motic pressure is sulficient to explain some of the inhibi-
tory effects of interceilular fluids. These complex effects
have not been reselved as vet, but it is elear that terpe-
noids contribute most of the inhibitory effeet.

Tabacea leaves that have heen treated with heat-killed
haeterin algo show marked inereases in peroxidase (27, 36).
Thix increase appears to be caused by a liglit-dependent
transfer of peroxidase from the leai cell to the intercellular
fluid. Increasges in peroxidasze can be deteeted in tissues dis-
tant from the site of initial inoculation and arve correlated
with the appearance of resistance. In addition, a lectin that
binds €0 bacterial LPR ean be extracted from protected
leaves by infiltration with saline and is present at concen-
trations considerably greater than normal (Graham &
Bequeira, unpublished). Tow all of these [actors intervact
to create an environment that is unfavorable for multipli-
ention of plant pathogenic baeteria is ynknown,

Discussion

This brief veview of sume of the literature pertaining to
the HR induced in tobaceo hy plant pathogenie bacteria
gives ample evitience of substantial progress in the under-
standing of a reaction that was essontially unknown until
1963, This rapid progress is the result of applying simple,
but effective, technicques developed hy Klement to intrvo-
duee bacteria into the intereellular spaces of tobaeco leaves
and to extract the fuid in which these bacteria grow in the
plant. These techniques will continue to he uselul adjuncts
to other, more sophisticated, techniques to study the inter-
action of hacteria and host cells.

That tobaceco was used initially In the bacterially in-
duced, HR study was a fortuitous but fortunate oceur-
rence, The tobhacco plant hay remarkalble sensilivity to the
presence of plant pathogens, including baeteria, and reacts
m a highly predictable fashion, It is highly adaptabie for
work in the laboratory and prowth room, and the large
intercostal spaces in the aminae facilitate the introduction

not only of bacterin hut of a variety of substances that
alfect the IR and thus help in the elucidation of the renetion
itzelf. Txtensive literature on the physiology, biochemistry,
and geneties of tobacco provides information te vesolve
problems of induction or prevention of the TIR.

The wide popularity that the tobuceo plant has had for
the HR study is justified but earries the inhevent danger
that Lroad generalizations will be made that ave not ap-
plicable to all plants. The HR indueed in pepper and bean
by phytopathogenie bacteria differs in many important
aspeets from that induced in tobacco. Controversies re-
garding factors that prevent the HR in tobacco, but not
in other hosls, are now giaringly cvident in the literature.
The systemic resistance indueed by prier inceulation in
tobaceo i= not eharacteristic of most of the host-pacasite
systems thut have heen deseribed.

Techniques that will allow unraveling of wany of the
complex problems associated with the bacterially induced
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HR in *ghacco are now available. No doubt the next fow
years will see advances that will allow an interpretation
of many unreszclved problems pertaining to the interaction
of tobacco and plant pathogenic bacteria, However, such
golutions may be applicable only to the tobacco plant and
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reflect anly how it has evolved and developed mechanisms
to prevent the establishment of potential parasites. Such
mechanisios may be vastly different from those in other
plants.
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Appendix—-Suppliers

Nicoliana species,
L. G. Burk, Science and Education Administration, U.8. Department of Agricuiture, Tobaceo Rescarch Laboratory, RR 2, Box 18 G,
Oxford, NLC. 27565,
Nicoliana tebacum—eullivar apd introduction colicetion and treeding linoes,
V. A, Sisson, Science and Education Administration, T.8. Department of Agriculture, Tobaceo Invesligations, Belisville, Md. 20705,
Nicoliona tabacum ev, Havana 38 (Wis 38).
R. C. Newman, Horticulture Department, University of Wisconsin, Madison, Wis, 53766
Nicotiane—selected spacies and cultivars of N. labecwn.
L. N. Bass, Director, National Seed Storage Laboratory, Colorade State Universily, Ft. Collins, Colo, 80321,
The Laboratory was cstablished in 1958 to prescrve germplasm through aequisition and
storage of sced of known or polential value. Tobareo seed wilh adequate dornmentation are
gladly aecepted from all public agencies, seed companies, and individuals involved in plant
brecding, seed research, or geuetic sludies. When seed arc aecepted for stornge they become
the property of the Federal Govermment, and the Labowmlory assumes the responsibility of
future maintenance unless other arrangements are made prior to acceptanes,
Tobaceo pathogens.
Amevican Type Colture Collection entalog, 13th edit., 12301 Parklawn Dirive, Rockvilie, Md. 20852,
Macerozyme R-10 and Cellulase R-10.
Yakult Biochemieals Co., Ltd., 8-21 Shingiknucho, Nishimomiva, Japan.
Phytohormones and miscellancous fine chemieals.
ICN Life Sciences Group, 26201 Miles Rd., Cleveland, Ohio 44128
Sigma Chemical Co, P. 0. Box 14308, Si. Louis, Mo. 563178
Premixed inorganic salts, phytchormones and eoconut water.
Crand Island Biological Company, 3175 Staley Rd., Grand Island. N.Y. 14077,
Mannitol.
Curtis Matheson Scientific Co., 470 Valley Dr., Brishane, Calif, 94005,
Dextran Ti,
Pharmacia Fine Chemiecals, Piscatawny, N.J. 08834,
Rimoeidin.
Pfizer Laboratories, 16700 Red Hill Ave,, Irvine. Calif. 92714,
Evans blue.
ICN Life Sciences Group, 26201 Miles Rd,, Cleveland, Ghio 44128
N-Z amine type A.
Sheffickl Chemical Co., Norwich, N.Y. 13815,
Potassium dextran sulfate.
Meito Sangyo Co., Lid, The Sankeide Bldg., 1, Muromaehi, 4-chome, Nihonbashi, Chau-KKu, Tokve 103, Jupan,
Polyethylene glyeol (Carbowax).
Fisher Scienlific Co., 583 Alpha Dr, Pittshurgh, Pa. 13233,
Polysciences, Ine, Paal Valley Industrial Pk., Warringlon, Pa. 18976,
Polyvinyipyrrolidene,
Sigma Chemical Co, P. O. Box 14508, St. Louis, Mo. 63178
Silicone oil DC200.
J. T. Baker Chemical Co, 222 Red School Lane, Phillipsburg, N.J. 08863,
Peters fertilizer,
Harvy Sharp and Son, 420 Bighth Avenue North, Scatile, Wash, 93109,
Fiiter ads.
VWR Scientific Co., P. 0. 8603, Baltimore, Md. 21240.
Miracioth.
Calbiachem, P. 0. Box 12087, San Dicgo, Calif. 92112,
Nylon (Nitex) screoning.
Toblar, Ernst and Trebber, 290 Saw Mill River Rd., Elmsford, N.Y. 10523,
BEEM capsules Spurr's epoxy resin, and EM grade acctone,
Lrnest F. Fullam, Ine, P. O. Box 444, Schenectady, N.Y. 12301
Plastic ware for cell cuiture,
Faleen Plasties, 195¢ Williams Dr., Oxnard, Calif. 93030
BelLong flasks, Cuprak dishes and general plasiic ware.
Belico Glass Inc., 1401 Bdrudo Rd, Vineland, N.J. 08360
Babeoek centrifuge and Babeock milk test battles. )
Scientific Products, 150 Jeflerson Drive, Menlo Park, Calif. 04023,
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Gro-Lux lamps.
North Ameriean Phillips Lighting Corp., Hightstown, N.J. 08520
Laminar flow hoods.
Baker Co. Ine., Sanford, Maine 04073,
Laminar Flow, Iue, 730 E. Elm 8t, Gonshohocken, Pa, 19428,
Nudire Inc., 3037 Boone Avenue North, Minneapolis, Minn. 35428
Qyrotory shaker
New Brunswick Scientific Ce., Inc., P. 0. Box 986, Idison, N.J. 08817,
Laboratory safety information.
Laboratory Safely at the Cenler for Disense Control (Sept. 1971). U 3. Depurtment of Healik Bducation and Wetare, Publication No.
CDC 75-8118, Center for Disense Control. 1500 Chiflon 8t NE. Allanta. Ga. 20313,
Guidelines for yecombinant DNA rescuuch containing onvironmental impart and laboratory safoty information.
National Instilutes for Health (Director Dovald 8. Frederickson), 6000 Roekville Pike, Bethosda, Md. 20014

Species Index

acaulis ebneyt glutinosu
fertilization, 31 Fraction I protein, 11 flowering, 30
flowering, 31 hybrid Fraction T protemn, ¢
propagation, 31 bigeloviz and tabacum, 3 hiyvbrid
transpianting, 29 X tabgewm 8, 11, 104 tabacum x. %0
douminata protoplast fusion, 63, 68 X fabacumn, 9, 23
tissue culture resistauee protoplasts, 60
differentiation, s3 arthracnose, 104 resistance
medium, 54 black root rot, 93, 104 mosgic, 99
blue meld. 103 powdery mildew, 103
brown spot, 104 root cullure, 40
{rogeye spot, 104 virus
twmor formation. 8 host, 79
(”Q'Hllf(i TXYV in(li(‘ﬂtor, b.l4]
Fraction I protein. ¢ TMYV resistance, 25, 83, 90
oFigin, ¢ goodspeedii
remafanee resistanee
ingstic, 102 hluve mold, 103
! powdery mildew, 103 tissue cullure
ﬂ?‘(’?l!b‘.&.‘ excelsior diﬂ'eren{iaiion, 33
fertiizalion, 31 rosislance medinm, 54
benavidesti blue mold, 103 goxsel
tissue culture
differentiation, 53
medivm, 54
resistance
mosaie, 99
benthemione
fertilization, 31

africana.
deseription, 2
alate
cross with forgeliana, 2
self-inrompatibility, 31
amplexicaulis
resistance
blue moid, 103
frogeye spot, 104

Jorgetiana ferlilization, 31
cross wilh alata, 2 Fraction I prolein, 9
self-incompaiibility, 31 seail dormancy, 29

fragrans tissue eulure
resistance differentintion, 53

anthraenose, 104 mediuvm, 54

. X glaueca kawekamiz

bzgeioat:z' ) . disense, 29 description, 3
hybrid wi.tb debneyt and tabacun, 3 foviilization, 31 kntghtiana
male sterility, 26 Eraction I profein, 9, 10 fertilization, 31

bonariensts hybrid reststunce
resistance tisstic eudture, 52 hive mold, 103

brown spot, 104 tumar formation, 8 tissue culture
self-~incompatibility, 31 % lengsdorflii, 52 differentiation, 33

cavicola protoplast fusion, 16, 63-68 medinn, 54
chromosome number, 2 resistanes

cordifolia brown rool rol, 103
fertilization, 31 mosaie, 99
tissue culture self-incompatibility, 31

medium, 54




langsdoriiii
Fraction I proiein, 9, 10
hyhrid
glauca x, 32
tabacum x, 26
tumor formation, §, 23

X sundesee, flower variegation, 12

X sanderae, linkages, 6
X sanderee, peroxidazes, 7
proloplast fusion, 10, 63-68
root cullure, 40
tissue culiure
hyhrid, 32
trisomies, 3
langifiors
chromosome added o debnoyi x
tabacum, 8
ryst nemalode pathogenicity, 90
resisfance
black shank. 102
brown spot, 104
cyst nemalode, 105
root knot, 103
wildfire, 102
self-incompatibility, 31
{urmor formation, 8
wepalosiphon
lissue culture
differentiation, 53
medium, 34
nesophile
resistance
blagk shank, 102
noctiflora
resistance
brown spat, 104
seed
dormancy, 29
germination, 28
self-incompatibilily, 31
wuelicoiilis
emiasculation, 26
resistance
anthracnose, 104
biaek shank, 102

alophora
chromosome charaelerization, 21
iisense, 20
fertilization, 31
Tractivn T prolein, 10
heterochromatin, 11, 21, 69
heterokaryons, 71
hisric
sylvestris > ehzyme systems, 7
tabacum ¥, 11
progenitor of tubacim, 3, 7, 10
protoplasis, 60
protoplast fusion, 69, 71
palmert
sce irigonophylle, 2

panieiiain
fertilizatipn, 31
hyisrict
% rustien, 1
tissuo culfure
differentinlion, 53
medium, 34
pryeiifora
ferlilization, 31
petuniotde s
zelf-incompatibilily, 31
plhunbaginifolia
hybrid
{abacum, 11
resislance
hlaek shank, 33 102
tizsue culture
difierentialion, 33
medium, 54
raimondii
fertilization. 31
tissue eulture
medium, 34
repandn
bridge cross, 2o
emaseulalion, 26
floworing, 31
resislanee
hrown spal, 104
frogeye spot, 104
wildfire, 102
rusticg
cultivation, 28
growth, 29
hybrid
> pantculaia, 1
» Labacum, 11, 27
mammaoth gene, 11
avary culiure, 47
ovule cullure, 48
protoplast (usion, 63
quantifalive characters, 6
resisianee
black shank, 102
wiltlfirp, 102
rool, eullure, 40
shoot lip eullure, 43
tissue culture
mediun, 54
sanideroe
horticullural gpovies, 2
langsdur i vross
flower variegaiion, 12
linkage, &
peroxidases, 7
sell-incompatibilily, 31
selchellii
lerlilization, 31
solnnifolin
lissus cullure
mediom, 54
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seed dormaney, 20
& [’HOE'{H"_})G
se0 roxtlala, 2
sua el nx
1rolopiasl fusion, o7
resizha Ry
braown gpot, 104
tissue culture
diferentiation, 33
medinm, 54
syfvestris
anenplonds
monosomics,
lrisomies, 3
biridge vross, 9, 26
Fraetion T protein, 10
progenitor of iabacum, 2,7, 9
resistance
disease, 87
drug, 68
root. culture, 40
X tabgewm monosomics, 3
% lomentosiformis
enzyme syslems, 7
origin of {abacum, 10
roct koot resistanee, 104
tabacim
aceessions, 00
alkaloids, 6
anetploids
monosomics, 3, 21, 23, 26
nullisomics, 21
anther culture, 20, 33-35
auxofrophs, 68
bridge cross, 2a
chromosome number, 19, 54
classifiention, 3
eross compatibilities, 25
culture
cullivalion, 28
day-length requirement, 33
growth, 29
DNA, 10, 64
derivalion, 3, 7, @
disense resislance, 87
emasculation, 26
enzyvme systems, 7
flower bud culturs, 49
Fraction T protein, 9, i1
gene
black shank resislance, 33
chlorophyll deficiency, 9
mammotl, 11, 31
(ransler, 64
genotics
markers, 9, 23
quanfitative characlers, 6
grafting, 32, 84
Laploids, 33, 74
heterorhromatin, i1, 69
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iabacum—coniinued
hybrid
debneyi X, i1, 104
glutinosa 3. 9, 26
inlerepecifie, 24
with bigelovii and debneyi, 3
plumbgginifolin, 11, 53
ruslice », 11, 27
suuveciens ., 104
X ghilinosa, 80
X langsdurffii, 26
K nudicaulis, 104
» etaphora, 11, 69
bypersensitiviiy, hacteral, 111
{eaf culture, 43
mutants, 33
arigin, 9
ovary culiure, 47
ovule culture. 38
polien
culture, 36
viability, 20
protoplaste, 34, 60-62, 63-60_ §2-83
quantitative charneters. o
resistance
aming ackd analogs. 88, 74,77
anthraenose, 104
Liack root rof, 103
black shank, 31. 99

{ubaewm —continued
resistance—continued
bine mold, 103
brown rao! rot. 105
brown spol. 104
drugs, 68
Fuserbone wilt 104
mosaie, 89, 102
powdery mildew, 103
root knot, 105
wildfive, 102
ool euliure, 0
sppd
merense, 41
wmniurily, 27
number, 28
suspension culture, 37
tissue cufture
celi seleclion, 74
chromosome number. 10, 34
differentiniion, 53, 54, 77
growlly covve, 56
modium, 34
tumor formation. 7
virns
host, 7¢
TAY indieator, 80
TAIV inoculniion of proloplasts
TAIV resistance, 25, 80
TALY sympionw, 79

thrpsiflora
floweriyr, 31
Lol st
dizpase, 20
fertilization, 3
registance
rool knot. 103
lomentnsiformis
digease, 20
fertilization. 31
mowlh, 20
lieterochromatin, 11
progenitor of {nbarum, 3,710
resisiance
tnosaiv, 90
spfvesiris X
ez sysiems, ¥
rool knot resistance, 1M
relutine
ferfiliantion, 31
wigamdioidos
fertilizalion. 3t
flowering, 31
registanee
Lrown spot, 1
mostic. 99
seed
germination, 23
sowing lime, 31







