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INTRODUCTION

The nature of resistance of cercals to Puceinia gramminis Pers. has
been a subject for much speculation and investigation. There gre
probably at least three types of resistance: Two types of physiologic
resistance, proloplasmic and functional, and morphologic resistance.

The protoplasmic type of resistunce has been investigated more
thorougbly than the other types, and it was long assumed that the
rust resistance of cereals could be accounted for on a physioclogical
basis. 'There is a high degree of specificity between host plant and
pathogene. A cereal variety may he susceptible to certain physio-

* The inyestigations here reporiedd were condueted by the Diviglon of Cereal (‘rops nnd
Direnses, Burean of Plant Industey, in cooperation with the Plant Pathology and
Botany Division of the Minnosota Aerieultural Experiraent Station.

Propented ng a fhesis to the imeulty of the Graduate School af fhe Uuniversity of
Minnesoir In partisl fulfillmont of fhe roguirements for the degece of docior of philosophy.

#The writer pratefully scinowledges fier fndshtedness to Dr. I8 C. Makman for hig
supervision and erftickunt durlag (e eourse of the Investintion, nmd for hig sugrestions
In the proparaiior of the repert,  She 1y wlso Ilndebied to Dr. Qlaf 8. Aapodt forf w -ag
gamples from the unlforin rust msery,
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logic forms of the pathogene and highly resistant to, or even immune
from, other physiologic forms of the same species. In all cases in-
fection begins normally, for the germ tubes of the fungus may enter
physiologically resistant ag well as physiologically susceptible varie-
ties. However, after the germ tubes enter a host that has proto-
plasinic resistance, they kill some of the host cells and then they
themselves die, so that the fungus is never able to establish itself as
an active parasite. The nature of the incompatibilify or antagonism
between the cereal plant and the fungus is not known. Varieties
that have protoplasmic resistance to certain forms of P. graminis
probably are resistant in all stages of development. In some cases,
however, cereal varieties ave susceptible in the seedling stage and
moderately resistant in later stages of development. This may be
due to a morphologic rather than a protoplasmic vesistance.
Morphological resistance to P. graminis is dependent on the struc-
ture of the cereal plant vather than on the interrelations or compati-
hirity of the cereal plant and the fungus. The pafhogene can enter
and develop normally in a variety with protoplasmic susceptibility,
but the structural characters of the host may be such as to prevent
an extensive development of the rust. P. graminis can develop in
alrnost all tissues of the seedlings, but in older plants its development
is possible only in the chlorophylious, nonlignified tissues. ln the
stem, the rust can grow only in the chlorophyllous collenchyma
bundies, which extend lengthwise of the stem and are ]Elartly sur-
rounded by the thick-walled, lignified sclerenchyma. morpho-

logically resistant varieties the collenchyma bundles are narrow, iso-

ITated strands, separated by broad bands of sclerenchyma; hence the
rust 1s restricted to relatively small areas. Long, linear pustules are
formed rather than broad confluent ones, and thie host is practically
resistant. Thus a variety may be physiologically susceptible but
morphologically resistant to certain rust forms. The resistance of
certain wheat varieties in the field may be explained on this morpho-
logical basis. However, there are some varieties that have protoplas-
mic and morphologic susceptibility in all stages of development when
inoculated artificiallv in the greenhouse, and yet they remain almost
free from rustin the field. The reason for the field resistance of these
varieties has not hitherto been explained and has constituted one of
the principal problems of the present investigation. A third type of
resistance was discovered. which. for want of a hefter term, may be
designated as functional resistance,

Functional resistance to stem rust is. in certain cereal varieties,
the result of a characteristic stomatal behavior that causes the ex-
clusion of the fungus. There is a tendency for the cereals to carry
on photosynthesis with many stomata closed, but it has been found
that stomatal behavior differs greatly in different varieties and is
very characteristic for a given variety. The stomata of some varie-
ties are closed for long perviods. Those of other varieties open early
in the day and remain wide open or partly open most of the day.
The germ tubes of P. graminis cnter cereals through the stomata
but are unable to penetrate closed stomata. Hence, those varieties
whose stomata vemain closed for long periods, and especially at
critical times for germ-tube enbry, are resistant to rust.




STEM-RUST RESISTANCE IN CEREALS
HISFORICAL REVIEW

It has long been known that some varieties of wheat are more
susceptible to rust than others. The general opinion about 1890 was
that the hardy, stiff-straw varieties were the least injured by rust.
In 1892 Cobb {13)* advanced a “mechanical theory ™ fo explain rust
resistance, stating that morphological characters, such as a thick
cuticle, & waxy covering, small stomata, a large number of leaf
hairs, or upright leaves, might be responsible for the resistance of
certain varieties. Hitchecock and Carleton (22) supported Cobb’s
theory, for they state that varieties with stiff upright leaves are
affected less than varieties with flaccid folinge and that varieties
with thick epidermis o with many hairs are less likely to rust than
those with thin epidermis and few hairs. Farrer (I6),in Australia,
concurredt in the mechanical theory of resistance; and Sappin-
Trouffy (85}, in France, reported and illustrated the localization of
Pugcinia graminis in the chlorenchymatous regions of the stem of
Avena,

Eriksson and Henning (75), however, were unable to correlate
morphological characters and rust resistance, inasmuch as they
observed that a wheat variety might be resistant to some species of
rust and very susceptible to others. They believed that the rust
resistance was to be explained on a chemical and physiological basis
rather than a morphological one.

Ward (47, 48), in 1901 and 1902, studied the behavior of Puceinia
dispersa on Bromus spp. After investigating the size, number, and
distribution of stomata, hairs, and vascalar bundles, the chlorophyli-
containing tissues, and the sclerenchyma of the brome leaf, he con-
cluded that resistance to infection is not to be accounted for by
observable structural peculiarities. Ward (49) was of the opinion
that resistance is due to internal or intraprotoplasmic properties that
are beyond the reach of the microscope. Biffen (17} agreed with
Ward that rust resistance is independent of discernible movphologieal
characters and believed that it would be practicable to breed whedt
varieties morphologically similar but differing in susceptibility to
the attacks of certain parasitic fungi.

Ward (48} found different degrees of susceptibility when bromes
were artificially inoculated with P. dispersa. According to Ward,
infection in a few cases fails entirely, either because the spores do
not germinate or because the germ tubes are unable to enter the
stomata and produce o mycelium. At the other extreme the germ
tubes enter the leaf, produce an extensive mycelium, and give rize to
pustules. In iniermediate cases there may be a pale fleciing of the
leaf, indicating a move or less extensive mycelium which never pro-
duces sgores. Sometimes the infecting fungus attacks the host cells
so rapidly that they are killed at once, and then the fungus dies, for
the dead host cells are unsuitable medium for its further growth.

The study of rusts and rust resistance of grasses was continued in
Ward’s laboratory, and in 1904 Gibson (18) reported that germ tubes
of rust might easily enter the stomata of plants that are not natural
hosts. Thus the germ tubes of a grass rust might enter the stomata

*Ttatic numbers in porentheses refor fo Liternture Cled, p. 12,
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of a leaf of Ranunculus. The rust reaches various stages of develop-
ment, depending on the taxonomic relationship of the inceulated
plant to the natural host, but in all cases of infection of a nonhost
plant the fungus dies before a mycelium is establisbed.

The infection of an extremely resistant wheat by Puccinie glumar-
2m has been described in detal by Marryat (29). She found that
the germ tubes enter and produce hyphae in the highly resistant
host just as in a susceptible ﬂost. In the former, however, the prog-
ress of the rust is checked by the disintegration and death of the
host cells, resulting in starvation of the fungus hyphae. The de-
structive action of P. glwmarwm is very rapid in a highly resistant
host. The reason for such g reaciion is unknown, but Marryat sup-
posed that it might be due to the production by parasite and host of
certain toxins and antitoxing which are mutually destructive.

A similar phenomenon, the infection of a highly resistant host by
P. graminis, was investigated by Stakman (38) in 1914. The germ
tubes of P. graminis arve able to enter the stomata of the highly
resistant Khapli emmer. The substomatal vesicle may or may not
send out short club-shaped hyphal branches, which soon become
vacuolate and never send haustoria inte the host cells. If a hypha
comes in contact with a host cell, the protoplast of that cell disin-
tegrates and soon dies. The hypha may continue to grow and attack
other cells, bat eventually it al};o disintegrates and dies. The incom-
patibility of host and fungus is extreme, for the host cells seem to
be hypersensitive to the fungus.

Newton (J30) also studied the behavior of Puccinia graminis tritici
in a susceptible wheat variety, Marquis, and in a resistant variety,
Kanred. Her observations were essentially the same as those of Stak-
man (38, 39). The susceptible host a(ﬁusts itself readily to the
presence of the fungus and the rust often develops luxuriantly. The
resistant host is intolerant of the fungus, and the attacked host cells
and the fungus hyphae soon perish. Infection seems to depend on a
delicate balance betv een host and parasite,

Recent cytological investigations on the ceveal rusts and the infec-
tion of their hosts have been made by Allen (4, 5, 6, 7, 8, 9). She
studied several physiologic forms of Puccinia graminis tredici on
susceptible, moderatel resistant, and highty resistant wheat varieties
(4, 8, 6). Allen (7, 8) also studied the belavior of leaf rust, P. ri-
tictng, on the susceptiible Little Club and the resistant Malakoft
wheats, and lately she (9) has reported her observations on the
infection of Bromus marginatus and Triticum vulgare by stripe rust,
P. ghumaruwm. The reactions of P. coronate on Banner and Cowra
35 oats have been studied cytologically by Ruttle and Fraser (34),
and Wellensiek (57) worked with two physiologic ferms of P. sorghi
on corn. All recent cytological findings are in accord with the phe-
nomena reported earlier, although the suthors do not agree on the
causes and explanations for the phenomena.

It was long supposed that all the rust resistance of ceveals could
be aecounted for on a physiological basis. The theory of a mechan-
ical resistance had been se completely discarded by 1905 that no one
seems to have thounght of studying the stracture of rust-resistant
wheats until 1921, when Allen (J) suggested that the resistunce of
Kanred might be due in part to the fact that the stomatal slits were
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not wide enough io permit the germ tubes to enter. Under the con-
ditions of her experiments the stomata of Kanred excluded 90 per
cent of the germ fubes of Puccinda graminis friticd, and she suggested
(2 and 4, p. 147) that the presence of the appressorium might act
as & stimulus to the stoma, narrowing still further the naturally
small stomatal slit or causing the guard cells {0 remain closed. She
believed (4, p. 746} that the resistance in Kanred was due in part to
the nature of its stomata.

Hursh (23) likewise investigated the possibilities of a morphologi-
cal basis for resistance. In 1924 he reported that the distribution
of sclerenchyma and collenchyma in wheat culms could be cor-
related with the rust resistance of the variety in question. Hurch
found that the stems of some resistant wheats contain large amounts
of sclerenchyma, constituting a mechanical imitation to the spread
" of mycelium and the size of pustules, which are likely to be narrowly
linear. On highly susceptible varieties, on the other hand, charae-
terized by little sclerenchyma but extensive strands of collenchiyma,
the rust pustules are broad and often confluent. Hursh’s work re-
established the older idea of a morphological type of resistance, but
on a shightly different basis. He pointed out that the number of
leaf hairs and the size and number of stomata on the leaves were
unimportant in influencing the entvance of germ tubes. The impor-
tant factors were the distribution of susceptible fissues in the wheat
cnlm and the mechanical restrictions to the spread of the rust after
it had established itself within the peduncle of the host.

Although many investigators studied the size and number of
stomata In relation to rust resistance in cereals, very little thought
was given to the possible bearing of stomatsl behavior on the resist-
ance of a variety. As early as 1916 Pool and Mel{ay (32) found
that infection of sugar-beet leaves by Cercospora beticole was de-
pendent on stomatal activity. As germ tubes of the conidia were
unable to penetrate closed stomata, infection occurred only when
the stomata were open. The possibility that stomatal movements
in wheats might infleence the entrance of germ tubes of the rust
was mentioned by Hursh (23) and by Allen (7}, but no reports of
aetual studies were made. :

The stomatal behavior of several wheat varieties and the effect on
rust infection in the field and greenhouse have been investigated by
Hart {20}, The germ tubes of Puccinia graminis fritici usually do
not penetrate closed stomata; thus infection can occur only when
the stomata are open and conditions are favorable for spore ger-
mination and growth of germ tubes. The type of stomatal behavior
is characteristic for varieties of wheat. In some varieties the
stomata respond rapidly fo favorable stimuali and gpen <«lmost imme-
diately after sunrise; in other varieties the stomata open very slowly
or net at all. In the first case the fungus enters its host readily,
but in the second case many of the germ tubes ave excluded, and the
host Is rarely infected. According to Hart, the field resistance of
certain wheat varieties may be accounted for on the busis of stomatal
behavior,

The present paper deals with the morphologieal and functional
resistance of wheat varieties. Ever since the extensive studies on
physiologic specialization in Puccinia graminis by Stakman and his
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coworkers (38, 39, 40, 41, 42, 48, 44, 45), it has been known that there
are certain discrepancies in the type of infection on seedlings in the
greenhouse and that on mature plants in the field. Many of these
perplexing varieties have been studied to determine whether they
possess a morphological or functional type of resistance that would
modify the physiological reaction to virulent rust forms.

ROST STRUCTURE AND THE RELATION OF SUSCEPTIELE HOST
TISSUE TO RUST RESISTANCE

Many of the early conclusions regarding morphological resistance
were based on circumstaniial evidence, on a consideration of the
gross anatomy of the cereal hosts, and on their reaction to rust in
the field. About 1902 Ward (48) made more detailed studies of the
minute anatomy of the hosts. He investigated the leaf rust of .
bromes and naturally, but unfortunat%y: paid particular attention
only to seedlings and mature leaves. His conclusion that there was
no morphological basis for rust resistance probably was justified as
far as his material was concerned, but later studies of the structure of
the culms of mature plants have shown that his generalization was
too sweeping. The present investigation shows that the structure of
wheat seedlings in no way limits rust infection; that the structure
of the peduncles of mature wheat plants may have a very great
influence on rust infection; and that the structure of leaves, leaf
sheaths, glumes, and awns of certain wheat varieties may limit the
development of rust.

THE SEEDLINGS

Seedlings are used in most of the greenhouse studies on physiclogic
specialization in the rusts and in some of the studies on the inheri-
tance of rust reaction in certain wheat crosses. The writer therefore
made a thorough study of the structure of seedlings and its possible
relation to resistance.

The blunt linear seedling leaf is a modified duplicate of the older
leaf blade. (Fig. 1.) The lower surface usually is smooth, with a
more or less prominent midrib and parallel veins running the entire
length of the leaf, but the upper surface is ridged in almost all
varieties, The epidermis consists of thin-walled cells, and epi-
dermal hairs often are present. The stomata ave arranged in
parallel rows on upper and lower surfaces. The mesophyll tissue
comprises a loose, spongy mass, with no compact palisade layer, and
the numerous intercellular spaces are somelimes relatively large.
The vascular bundles are parallel with the midrib, and large bundles
usually alternate with smaller ones.

There is very little sclerenchyma in the seedling leaf, aside from
that in the fibrovascular bundles. The midrib may be veenforced by
a group of cells whose walls have become thickened and lignified, and
there may be g small group of such cells along each leaf margin.
QOccasionally, just beneath the epidermis and opposite the large
vascular bundles, there may be a few lignified cells. As seen in cross
section, each of these groups has only three or four cells, while the
groups at the margins and the midrib may contain 2 dozen or more.
This scanty development of sclerenchyma is characteristic of seed-
lings of all varieties, and there seems to be no structural hindrance
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to rust development, Virtually all tissues of the seedlings ave sus-
ceptible to virulent forms of rust. (Fig. 1, B.)

There ig a possibility that leaf hairs may be so numerous on seed-
lings that the germ tubes of the fungus are kept from enfering the
stomata, or that the stomata are so small or so few and scattered that
the germ tubes are unable to infect the seedling. Ward (48) investi-
gated these problems with respect to the leaf rust of the bromes, and
Hursh (23) studied them with respect to stem rust of wheat. Both
workers concluded that such factors were of no importance in the
entrance of germ tubes. Allen (2} studied the entrance of Pucciniz
graminig tritici through the stomats of Kanred and Mindum wheats.
The spores germinated readily on leaves of both varieties, and many
appressoria were formed over the stomata, but only one-tenth of the
sporelings enfered Kanr ., while virtually all entered Mindum. The

PrauRe 1.-—A, Cross sectlor of a seediing leaf blnde of whent, showing the meager
amonat of selerenchyma (8) at the widrib, ot the merrin of the blade, nnd opposita
the vasealar buodles. A lurge proportion of the sesdilpg blade is chlorenchyma.
B, Crogs section of a rusted whent seedling, showing that there are practically no
marpholegien! restrictiona to the ypread of rust mycellum. X 70

stomatal apertures of Kanred are extremely long and narrow, and
those of Mindum are rather short but about twice as wide as those
of Kanred. Allen suggested that the naturally small stomatal open-
ing in Kanred might exclude the sporelings, especially if the open-
ing is still further narrowed by the action of the guard cells when the
appressorium is formed. :

~ Newton (30) also studied rust infection on seedlings of Kanred
wheat, She obtained heavy infection with forms 3, 11, 12, 15, 18, and
82 of Puccinia gramdnis tritici. 1t Allen’s suggestion that the narrow
stomatal slits of Kanred excluded the germ tubes were true, it was t»
be assuined that the germ tubes of Newton’s rust forms were smaller
than those of the form with which Allen worked. Newton meus-
nred the average diameters of the germ tubes of form 18, to which
Kanred is hi g.hlfy susceptible, and form 17, to which Kanred is highly
resistant. There was no appreciable difference, so it is probuble
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that the stomatal size was not the factor responsible for the resistance
of Kanred.

Apparently it is justifiable to conclude that wheat seedlings usually
possess no morphological resistance to Puccinie graminis. Other
parts of the plant vary more in structure and contain larger propor-
tions of the kind of tissue that can not be attacked by rusts.

THE PEDUNCLE

Puccinia graminis causes the greatest injury when it attacks the
peduncle of the plant—that portion of the stem just below the rachis.
The peduncle usually is a hollow cylinder, although it is sometimes
solid. The outer part, beneath the epidermis, is composed of strands
of chlorophyllous tissue separated by sclerenchyma and vascular
bundles, and the inher region is made up of colorless, thin-walled
pavenchyma. The cellulose walls of the cells in the chlorophyllous
tissues may be thin or irrcgularly thickened, so that Hursh speaks
of this tisstie as collenchyma. The collenchyma is almost surrounded
by the sclerenchyma, the cells of which have thick, lignified walls.
The vascular bundles form the inner part of the sclerent?hyma sheath
and help to separate the strands of colienchyma.

Puccinia graminis attacks only the chlorophyllous colienchyma
strancds in the peduncles of cereals, entering through the stomata,
which are Iocated in single or double rows 1n that part of the epi-
dermis that covers the collenchyma. The fungus mycelinm invades
the collenchyma region but is unable to penetrafe the surraunding
sheath of sclerenchyma. Sappin-Troufty (J5), in 1896, presented
an excellent drawing showing P. graminis confined to the chlere-
phyllous strands of the stem of Avena. He observed that the my-
celial filaments were Iocalized in the parenchymatous regions of a
_ plant, and on the stem of the host the mycelium was extended freely
only longitudinally, becavse it was bordered on all sides and under-
neath by a hemispherical sheath of sclerenchyma. The mycelium
was not found within the sclerenchyma, although some of the haus-
toria might penetrate the cells of the first layer bordering on the
chlorophyllous tissue.

Eriksson and Henning (78, p. 180-123, figs. 40, 44) also found that
Tust was confined to the chlovophyll-containing tissues of the plant -
and was not found in the mechanical tissues. They studied the
structure of uredinia on different parts of the plant and explained
the variable aspect of the pustules on the basis of the distribntion of
chlorophyll tissue, pointing out that the sheath was far richer in
this tissue than the stem.

The peduncles of several wheat varieties and the extent of their
chlorophyllous collenchyma strands were studied by Hursh (£3).
Varieties differ greatly in the amount and distribution of collenchyma
in the peduncle. Little Club and similar varieties have large pro-
portions of collenchyma, and it is distributed in a few very broad
strands which may extend one-third ar more of the way around the
stem. When such strands ave attacked by P. graminds, the pustules
that are formed are very targe and hroad, so that not many are needed
to encircle the stem. Kota and some of the emmers have smaller
proportions of collenchyma, and it is distributed in many narrow
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strands isolated from one another by broad bands of sclerenchyma.
When such strands are attacked by rust, the pustules formed are
long and narrow and often very distinct from one another, so that
a greater number of infections are required to encirele the stem.
Varieties with the Iatter type of peduncle structure are morphologi-
cally resistant to stem rust.

The relative proportions of collenchyma and sclerenchyma in the
peduncle have been studied in many ofher varieties of wheat, In
addition the writer has studied several other factors that ave im-
portant in a morphological type of resistance, numely, the size,
shape, and disposition of collenchyma strands in the sclerenchyma
sheath, the thickness and vesistance to rupture of the epidermis of
the peduncie, the structure of the collenchyms cells, and the effect of
fertilizers on the structure of the peduncle of certain varvieties. In
some cases one factor is more important than all others in determin-
ing the morphological resistance of s wheat variety to stem rust.
In other cases resistance may be the result of the interaction of
several factors,

PROPORTIONS OF COLLENCHYM.A AND SCLERENCHYMA IN THR PEDUNCLE

The structure of the peduncle was studied in a number of stand-
ard wheat varieties to determine whether it varied greatly or was
reasonably constant in any given variety and whether there was g
constant relationship between rust susceptibility and a large pro-
portion of collenchyma. To secure definite, easily comparable re-
sults, the proportion of collenchyma was recorded as g percentage
of the tissue fucing on the periphery of a circle superposed on a
cross section of the peduncle. This method of measurement tales
into account only the fuce of the collenchyma strand adjucent to the
periphery and does not consider the depth or configuration of the
strand. It was, however, the only feasible method for comparing
large numbers of peduncles and determining the relative proportions
of collenchyma and sclerenchyma in the onter regions of the stem.
Hundreds of peduncles, sectioned 1% inches below the head, have
been measured for each wheat variety. All the varieties were grown
in the field at University Farm, St. Paul, Minn.

The preliminary work indicated that the structure of a variety is
remarkably constant from season to season and also from the begin-
ning to the end of a single senson. At different intervals alter
hea?(jng, three different vavieties were compared as to the percentage
of collenchyms in the peduncle. T wenty samples of ecach were
taken 8 days after heading, 10 days after heading, and 20 days after
hearling. The percentages of collenchyma for any one varicty were
approximately the same at all times, never varying more than 1 per
cent. Thus the proportions of collenchyma and sclerenchyma in
the peduncle do not change after the plants have headed. In spite
of this Fact, most of the samples of the standard vavieties were taken
at a fairly uniform stage, about two weeks after heading.

Table 1 gives the percentages of collenchyma in the pednncles of
some of the varieties exnmined. In the common wheats there seems
to be a correlation between vust reaction and the proportion of
collenchyma. Quality, Marquis, Ruby, and Haynes Bluestem, varie-
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ties that are highly susceptible if virulent rust forms are present,
have relatively Iarge proportions of collenchyma in their peduncles.
Kota and Webster, on the other hand, usuaily resistant to rust in
the field, have less collenchyma in their stems. Ceres, selected from
a cross between Marquis and Kota, varies markedly in rust reaction,
and its structure seems to be intermediate between that of its parents.
The percentage of collenchyma in Ceres is less than in Marquis, the
susceptible parent, but greater than in Kota, the semiresistant parent.
A number of hybrids “Detween varieties of Triticum wulgare were
studied, and in all these cases the percentage of collenchyma in the
peduncle seemed to be intermediate between the percentages present
in the parent varieties.

muprE 1.—Perceniages of callenchyima in the peduncles of diferent voarieties of
wheat grown i the ficld ol University Farmn, 8t Paul, and gt Caon Creek,
Afinn,, each season from 1924 to 1928, inclusive

§ C. L | Tollen- . 1. | Collen-
Variety Mo | chyma Varlety . | chyma

Per cent |
Triticum eompactuny: Triticum durum:
Little Chui 61.8 Mindum

=1t
a3

Kanred ..
Triticum dicoceuim;
[17: ]+ R
Vernael [
L T T,

SgEranssld
o ROS%N
£38 FEOE

&

The differences in percentage of collenchyma in the varielies are
onlv slight and may not be responsible for the marked differences
in the appearance of rust pustules. Nevertheless, the more resistant
varieties of T'riticum vulgare have less collenchyma than the highly
susceptible varieties,

All of the durum wheats contain large percentages of collenchyma
in the peduncles, far more than the most suseeptibTe common wheats.
(Table 1.) On the basis of the proportion of collenchyma in the
pedunele, none of the durum wheats would seem. to have any mor-
phologieal resistance to stem rust.

The emmers have less collenchyma than the durums or the common
wheats. (Table 1.} About half of the cireumference of the peduncle
ot Khapli emmer is composed of sclerenchyma, as com aved with
less than one-quarter in the durums and sbout one-third i the com-
mon wheats, This certainly points to a morphological resistance in
the emmers, if the proportion of collenchyma is a relinble indication
on which to base 2 decision.

It is the writer’s opinion that the proportion of collenchyma
varies more in diffcrent parts of a2 single peduncle than in the
peduncles of different varieties. Percival (81) has said that the
chlorophyllous tissue is arranged in parallel strands that are wide
at the apex, taper gradually as they are fraced downwards, and
finally disappear before reaching the base of the internode. He
also states that the averuge width and thickness of each individual
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‘strand is greatest in the upper infernode or peduncle, and the strands
are closer together there; consequently, that portion of the straw is
more uniformly green than the lower internode. If the peduncle
of any wheat variety is cross sectioned just beneath the head or
within one-eighth of an inch of the rachis, a great abundance of
collenchyma 1s found. The collenchyma strands coalesce in this
region and from 1 to 4 or 5 extensive strands encircle the stem
almost completely, leaving only a few narrow bands of scleren-
chyma tissue to interrupt the cylinder. (Fig. 2.) This great
expanse of collenchyma in the region just below the rachis is char-
acteristic of all wheat varieties, vesistant as well as susceptible.
It was found also in the emmers examined. The total percentage
of collenchyma abuiting on the circumference in this region would
be between 90 and 98, and a virnlent rust form would produce broad
“confluent pustules on this part of the peduncle, even though it is
restricted to narrow isolated collenchyma strands farther down the

¥ 15

stem. All varieties are morphologically susceptible in this particular
region.

The portion of the peduncle from half an inch below the rachis
almost to the enveloping leaf sheath is fairly uniform in structure.
It is this part of the stem which varies according to the wheat
variety and is fo be taken as standard for any one variety. (Fig, 2.).

The stem within the leaf sheatl and just above it contains a large
amount of sclerenchyma and very little of the chlorophyllous
collenchyma. Susceptible and resistant varieties beth have large
amounts of mechanical tissues in this part of fhe stem. The
collenchyma strands usuully are extremely narrow and shallow and
are separated by wide bands of sclerenchyma, so that only 25 or 35
per cent of the periphery is rust-susceptible tissue; therefore, the
pustules are necessarily small and narrow., (Fig. 2.)

Thus it would appear that the mnorphological resistance of a
variety probably is not influenced so much by the proportion of
collenchyma in the peduncle as by the disposition of that tissue into
collenchyms strands and by the size and shape of these individual
strands in the sclerenchyma sheath,

BIZE AND SEHAPE OF COLLENCOHYMA BTRANDS

As Fursh (23) has pointed out, the collenchyma strands of one
wheat variety may be very broad and confluent while those of
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another are narrow and distinctly separated by bands of -
sclerenchyma. The broad and confluent strands seem to be composed
of two, three, or more individual strands which have never been
divided and separated by scletenchyma. The collenchyma areas are
never so extensive as they are in the region just below the rachisg, but
they are broad enough to permit the development of large, con-

HAPL ACME

WiconE 3.—Cross mections of peduncles of seven vorietiea of wheat and of elnkern,
ghowing the dlstribution of the callenchymn in strands thut ave portly surrouuded
by sclerenciiyma. X 24

I3

spicnous rust pustnles all along the peduncle. Not all the
collenchyma areas of a single peduncle, however, are of the same.
size. For example, the peduncle of Quality (fig. 3) m= contain
several collenchyma areas made up of three or four fused strands,
a number composed of double strands, and some of single, 1solated
strands. The general structure of the peduncle is determined by
the most prevalent type of collenchyma area.
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The broad confluent strands are characteristic of Little Club,
Quality, Dicklow (C. I.* 3663}, Marquis, Haynes Bluestem, Reward
{C. 1. 8182), Early Baart {C. 1. 1697), Axmmster (. 1. 8196}, and
Redsask (Minn. 2198). All these varieties have been highly suscep-
tible in the field at University Farm, St. Paul, Minn., and the rust
pustules are always large and prominent. These varieties are
physiologically susceptible to a large number of physiologic forms
of Puccinie gramiwis tritici, and, in addition, a single germ tube
infecting a broad collenchyma strand can produce a large amount of
mycelium over a relatively large area. gonsequently, a few large
pustules cover a considernble surface of the peduncle.

In the pedunecles of certain other varieties the strands of collen-
chyma are almost always single and isolated, with only a few double
strands scattered here and there. The three or four extensive col-
lenchyma aveas just beneath the rachis are broken up into 30 or 40
narrow and distinet strands farther down. the stem. This is the case
in Kota, Webster, Hope, Minturki (C. I. 6155), and Sevier (C. L
6247), usually resistant to stem rust at University Farm. (Ifig. 8.}
These varietles possess a protoplasmic resistance to a large number
of physiologic forms, but, even when they are infected by a form
to which they are physiologically susceptible, the development of the
rust is restricted by the structure of the peduncle. The mycelium
produced by a single infecting germ tube is confined to the limited
ares, of a single narrow collenchyma strand, and the pustules pro-
duced usually ave small and narrow. Thus, a great number of infec-
tions is required to cover the amount of surface that, in a varlety
like Little Club, is coversd by a few pustules. Occasionally, Xota
appears to have large confluent pustules, but in almest all cases these
are compound pustules, composed of several small narrow ones in
which spore production has been so abundant that the margins of
the individual pustules can not be determined without microscopic
examination,

Some of the other varieties are intermediate in structure. Thusg
the peduncle of Ceres has about equal proportions of single and
double collenchyma strands. Ceres does not have the broad, con-
fluent strands often found in Marquis and it has fewer of the double
strands than Marguis, but it has many more double strands than are
ever Tound in Kota. Mavquillo also has 4 Jarge number of double
collenchyma strands in the peduncle, but has far fewer than its
" Marquis parent. The variety Progress (C. I. 6902} also is in the
infermedinte clasy and has about equul numbers of narrow single
strands and double strands.

Single collenchyma ureas of six different varieties ave shown in
Figure 4. All the tracings were made with the camera lucida and
were drawn to the same sc.de in order that a representative strand
of one variety might be compared with that of another. The collen-
chyma area of (JQuality is more than four times as broad as that
of Kota and about seven times as broad as that of einkorn. It is
small wonder that narrow linear pustuies are formed on some varie-
ties while broad ones appear on others.

<1, 1, {ndicater nccession ntimber of the Division of Cereul Cropy and Disesses, formerly
Oftce of Ceresl Tavestiputlons,
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The collenchyma strands in the peduncles of the common wheais
usually are simple and quite regular in shape. They are sometimes
rather shallow and have moderately straight radial borders, as
- though they were set in relatively smooth-faced, even grooves in the

- sclerenchyma sheath, (Fig. 5.) They are covered by the epider-
mis, which, in the case of broad confluent collenchyma. strands, bears
a considerable amount of the pressure exerted by the developing rust
mycelinm,

Most of the collenchyma areas of the durums are very irregular in
shape, for they are made up of from two to seven individual strands,
partly coalesced, that never have been completely separated by scler-

QUALITY

__’-"""-_—__ _\

MARQUIS

\__-—._-——_-_—_‘/

WEBSTER EINKORN
_""‘"'\..________/
- ——
~— e’

Fuanm 4. -—Camern-tucla tracings of vollencliyinn nreas in
crogy seetion, showling the relniive sizes of strazds whiceh
are lrf\:_picul of five vavieties of wheat and of einkern.
K o

enchyma. The whole mass forms a broad, continuous strand that is
eusily penetrated by the fungus hyphue, but its individual parts are
more or less distinet. Groups of sclerenchyms cells lie just beneath
the epidermis and between the component parts of the collenchyma
mass. These groups of sclerenchyma cells may act as mechanical
reenforcements to tlle epidermal membrane over the collenchyma, and
the epidermis is therefore more resistant to rupture by the growth
pressure of the developing pustule,

The individual collenchyma strands of the durum wheats are deeper
and more irregular in shape than those of the common wheats. The
collenchyma seems fo be more firmly embedded in the sclerenchyma
sheath (fig. 5}; that is, the sclerenchyma surrounds more of the
collenchyma than in the common wheats, and the epidermis borders a
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smaller proporiion of the strand. At the periphery of the culm the
collenchyma strand is narrvower than it 1s a short distance below
the surface, It is as though the collenchyma tissue occupied an
undercut groove in the sheath of sclerenchyma. In such cases a
large part of the area upen which the infecting rust fungus exerts
pressure would be protected by the unyielding sclereuc;ﬁ ma and
comparatively less covered only by the more elastic epidermis.

In the peduncles of Khapli and Sonem emmers the collenchyma
1s in narrow, isolated strands or sometimes in double strands that
resemble the fused strands of the durums, with a group of scleren-
chyma cells beneath the epidery.is and between the individual parts.
The culms of these two varieties asually are more siender than those
of the common or durum wheats and there is a smaller number of
collenchyma strands in each peduncle. Not only are the relative
amounts of collenchyma less in these two emmers than in the common
wheats but the size of the individual strands is actually smaller.
The structure of the peduncle of Vernal emmer is move like that of

el

BiGury 5—Cnmera-luchin tracings of collenchyma areas in
cross section, shawlng the stralght regulnr ‘mirging that
characterize  eollenchymn  sirands of commeon’ whents
(Marquis) amd the {rregolar margios of the strswds of
durnm wheats (Aewme), whivh seom fo bo st in deap,
underent grooves in the selerenchying shewth. ¥ 75

the common wheats than is that of either Khapli or Sonem. The
culn of Vernal has a greater diameter and has a larger number of
collenchyma strands, some of which are single and a few double;
hence the development of the fungus is less restricted in Vernal
than in the other two emmers. Khapli and Sonem have protoplas-
mic resistance to most of the rust forms, but, when they are inocu-
lated with virulent forms, normal pustules develop in the restricted
collenchyma tissues. Such pustules are always small and narrow,
especially if two distinet pustules are formed in a double strand that
has a particularly large or strong group of sclerenchyma cells be-
tween its component parts.

The shape of the individual collenchyma strands in Khapli and
Sonem is very similar to that in the durums. The undercut edges
and irregular borders are so arranged that the epidermis covers
only a small surface of the strand, which seems to be almost com-
pletely buried in the selerenchiyma.

The peduncle of einkorn (C. I. 2433) is extremely slender; con-
sequently the collenchyma strands are fewer and smaller than those
in any other wheats. (Pigs. 3 and 4.) Some of the strands are
single and isolated and some are fused. Even when three or four
collenchymsa strands have coalesced, the groups of sclerenchyma
cells beneath the epidermis are so large that a very small part of
the strand actually borders on the epidermis. A virulent rust form
could produce only narrow linear pustules, and in many strands
pustules wounld never be formed,
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According to these studies, the rust pustules on the peduncle are
Ghargl limited by the size and shape of the collenchyma strands.
In addition, the appearance of the pustules depends on the position
of the collenchyma in its sclerenchyina sheath.

DISPOSITION 0F COLLENCHYMA WITHIN THE BCTLERENCEYMA SHEATH

In all varieties there are found occasional collenchyma strands
that are entirely embedded in the sclerenchyma sheath, with no
part of the strands bordering on the epidermis. These buried strands
are characteristic of no particular variety but may occur in almost
any of them. They have been found in Marguis, Kota, Ruby, Little
Club, Hope, Progress, Webster, Ceres, Acme, Mindum, Pentad,
Tumille, Xanred, Khapli, Sonem, and in einkorn. In nature it is,
of course, impossible for Puccinie gremdinis to infect the buried

-~ C

Marguis

;

\

Fisgnrn 6.—Diagrams show!lng the comtour of the surface of
the pedunele I the simonch stemmed common whent, Mar-
quls, and the furrowed emmer, Sonem. ¥ 115

collenchyma unless the strand abuts on the epidermis at some point
along the peduncle.

The peduncies of most of the common wheats are almost circular
and relatively smooth in outline when viewed in cross section. ‘Those
of the durums and emmers, however, are rather deeply furrowed
and present a wavy outline in cross section. The collenchyma strands
in the common wheats usually are almost flush with the intervening
sclerenchyma. bands, while those of the durums and emmers are
flanked by prominent ridges of the sclerenchyma sheath. (Fig. 6.)

The peduncles of Sonem and IChapli emmers probably are more
distinetly furrowed than those of any other wheat. Hursh (29)
noted the unevenness of the surface of Sonem emmer, caused by the
bulging of the sclerenchyma bands. In Figure 6, 2 diagrammatic
presentation of a cameraucida tracing, it is seen that a rust pnstule
wonld be approximately hemispheric as soon as it succeeded in
breaking the epidermis of Marquis, In the case of Senen, however,
when the epidermis is broken the spore mass still is in the hottom of
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a forrow and can spread across an ares of much less than 180°,
unless pushed out beyond the projecting sclerenchyma ridges.

If o virulent rust form infects a highly susceptible common wheat,
it is a relatively easy matter for the fungus to force back the torn
epidermis until the latter is broken off entirely or lies flattened
against the outside of the bordering sclerenchyma band. (Fig. 7, A.)
I% many spores are fornted, tlie pustule will spread out like a fan and
cover the infected collenchyma strand and the neighboring scleren-
chyma bands on both sides. (Figs. 7, A, and 8.)
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Fves 7.—Dingrams of pustules on o smoclh-stem varlety
of whiat nnd on the furrowed stetn of 2 speit. In A
thie apore bod Iy Msh witl: the perlphery of the pedanele s
in 13 the spote bed Is at the botiom of the farrow. X 150

In the cereals with furrowed poeduncles, the durums, emmers, spelts,
and einkorn, the formation of such fan-shaped pustules is more dif-
ficult. 'The pustule usually lies at the botfom of a furrow snd the
spore mass must be pushed out s considerable distance before it can
spread laterally over the sclerenchyma ridges. Unless the epidermis
is torn off entively and unless spore production is very greaf, the

ustule is confined to its fnrrow between the sclerenchyma ridges.
(Fig. 7. B.}

87002° —31—2
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The peduncles are not smooth in all varieties of common wheat.
‘Some show a tendency toward a decided furrowing, but the furrows
are not so deep as those of the durums or the emmers. Rather are
“they intermediate between those of the durums and those of most of
the common wheats. Some of the varieties examined have been
roughly grourped into three classes, namely, smooth, intermediate, and
furrowed. (Table 2.) Those of the first class nsually are constdered
as rust susceptible in the field and give no indication of a merphologi-
cal vesistance, Those of the second class often have s definite
morphological resistance due to the size and shape of the collenchyma

Froune 8. —Photomicrograph of a cross sectlon of the rusted peduncie of Agropwron
rrpens, showling the large (nn-shaped pustules gnd the abundanee of spores pro-
duced of the smooth stems of n highly snsceptible host. [n surfuece vlew the
pustules nppear as u coniinuons mass of spores, in spite of the fact that the
infecter] collenchyms strands nre separated by moderately broad bunds of
geierenchymat. 59

strands. The structural resistance of these varieties is enhanced
slightly by the furrowing of the stem. In the third class, the emmers
have & morphological resistance based on the size and shape of col-
lenchyma strands, this resistance being further increased by the sink-
ing of the collenchyma between prominent sclerenchyma ridges. The
durums and spelts, however, have no morphological resistance due to
size of collenchyma strands, but they probably have a certain amount
of morphological resistance if stem furrowing is taken as the cri-
terion, The position of the collenchyma in the furrows and the reen-
forcement of the epidermis by sclerenchyma are the important causes
of any structural resistance to stem rust which the durums may
possess,
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TaABLE, 2—Groups, based on the contour of the peduncle 0 cress section, of
feveral wwheat varieiies and hybrids grow® in the field at University Farm,
8t. Paxl, Minn., each scason from: 192} to 1988, ftnclusive

Smoath.otlims g, Tntermedinte culms Jud Dreaply urrowed culms

Triticum compactuant: o Tritipum duram:
e

Little Club Aeme.......--
Triticum vulgare: Hape. o.. T Bisck Perslan_.. ...
uality . : Webster. Akrgus. -
THckiow. Progress. Tunillo.
Fodemtion_ 7 HBevier. Kagred.
Hard Federation.... Ceres.,. 4
Reward Mintueki. ...
Tvbrids:
Muarquis ¥ Kola
! TI-1%-181
Kata X Huby I-20- Triticam dicacenm:
Farker's Marquis_.. 40, Khapli_.
Ruby, - Soneny__

10
Einkomn
Jixbrids:

Khapli X Mindum
{8 soleetions) ..

THE LEAF

THE LEAF BLADE

The mature leaf blade of wheat has been fully described by
Percival (31, p. 53-61), and a very good general description of a
grass leaf has been given by Eames and MacDantels {14, p. 275-
277). The linear, parallel-veined leaf blade is composed of chloro-
phylilons parenchyma, vascular bundles, and lignified sclerenchyna,
and is covered by a rather elaborate epidermis. The epidermis has
been carefully described by Percival, so its structure will not be
reviewed here.

The leaves of most wheat varieties have a largoe vascular bundle
associated with the prominent midrib of the blade. The other
vaseunlar bundles are parallel with the median one, and large
bundles usually alternate with smaller ones. A certain amount
of selerenchyma usnally is associated with each bundle. The smaller
bundlies have no enveloping sheath of sclerenchyma, but there are
small groups of sulerenchyma cells just beneath the epidermis and
opposite the bunlles. There are girders of sclerenchyma sur-
rounding the larger bundles and extending to the lower and upper
epidermal layers.

The chlorophyllous parenchyma lies between the vaseular bundles
and their sclerenchymu girders. These mesophyll cells are thin
walled and irregular in shape, and so loosely arranged that there are
numerous intercellular spaces. Usually there is no definite palisade
layer, although the cells just beneath the lower epidermis sometimes
are more or less isodiametric and eompnaetly arranged.

Each mesophyll avea is definitely separated from the neighboring
mesophyll arex by the large vascular bundles with their girders of
sclerenchyma, (¥ig.9.) Therustfungusinfectsthe mesophyll tissue




9) TECHNICAL BULLETIN 266, U. S. DEPT. OF AGRICULTURE

but can not spread beyond the limits set by the sclerenchymatous
girders. Thus the pofential®size of the rust pustule is determined
by the structure of the leaf or by the sclerenchyma girders in the
leaf. Although rather broad pustules are possible on the leaves of
most wheat varieties, it is true that some leaves permit the forma-
tion of broader pustules than others. Figure 9 shows the mesophyll
aress in comparable leaves of Marquis and Webster. In the leaf of
Marquis the rust-susceptible mesophyll area is about one and one-half
times as Lroad as that in the leaf of Webster.

The mesophyll areas in the leaves of spelt are even narrower than
those in the leaves of Webster, because almost all of the vascular
bundles in spelt are accompanied by sclerenchymatous girders which,
although very marrow, extend to the epidermis and constitute eifec-
tive barriers to the radial growth of the rust hyphae.

MAQGUIS

11GuRE % —Cross sectivns of malove load blades of Marquls andd Webster whends,
show!ng the possible size of rust pusinlies ax determined by the vascular bundies
iqm% thedr ;éia- ors ul Scleroneliymn which sepnrate the chlotophylious nreas of the
enf. X

"Therefore, it is seen that morphological limitations are set for the
rust in the leaves of cercal plants as well ag in the peduncle. The
practical importunce of the leaf-blade structure, however, is not so
great as that of the peduncle for several reasons: (1) The leaf blade
is not so often infected as the peduncle or the leaf sheath, (2) rust
infection on the leaf blade usually is not so destructive as infection
on the peduncle, and {(3) the mesophyll areas in the leaves of all
varieties are so broad that there is ample space for large pustules
even though the rust-susceptible tissue may be more extensive in
some varieties than in others. The leaf blades of spelt probably have
more numerous and more closely placed sclevenchyma girders than
the leaf blades of any of the wheats, but even in spelt fairly large
pustules can be formed, znd the white awnless spelt grown in t%e
rust nursery at University Farm, St. Paul, has been very severely
rusted. The structural limitations to rust development in the leaf
blade are not very effective if the leaf is infected with virulent rust




STEM-RUST RESISTANCE IN CEREALS - 21

forms, but they make necessary a larger umber of infections in
leaves of certain varieties if the rusted ares is to be as extensive as it
is in variefies with less decided structural limifations.

TEH LHAF SHEATH

Stem rust usually appears on the leaf sheath before it is found on
any other part of the plant. Sometimes the pustules are numerous
just above the swollen base of the leaf sheath before any other part
of the plant is infected. In taking fleld notes on stem rust under
conditions of natural inoculation, the estimates of infection often are
based largely on the rust on the lower part of the leaf sheath,

In different parts of the leaf sheath there is variation in siructure.
A cross section of & culm near the leaf blade is illustrated in Figure

Fieres 10.—Cross sectlon of the leaf shenth of wheat, cob o short distence below the
Ieaf bludle, The rust mycelum develops in the chlorophyilous tlssue and the
iysigenows space Dotwenh the vaseninr bundies nud their shenths of selerenchymn,
Dustuies may be formed on the gutor surince of tiw lenf sheatlh or on its inner
surfuce between the shenth upd the inclesed stem, X 70

10. The leaf sheath encireling the stem is rather thin, and its mar-
gins taper to delicnte purenchymatous membranes, The epidermis
of the outer surface js partially lignified and all of its cells have
thickened walls, but the epidermis on the inner surface is composed
of thin-walled parenchyma. The vascular bundles of the sheath are
continuons with those of the blade, and each one is accompanied by
a sheathing strand of sclerenchyma extending from the bundle to the
outer epidermis. The chiorophyllous tissue, between the strands of
sclerenchyma and just below the outer epidermis, usually is not more
thun three or four cells deep. The inner part of the sheath is made
up of colorless parenchyma, and in the matare sheath of almost
every variety theve ave large Iysigenous cavities in the parenchyma,
beneath the chlorophyllous cells and between the vascular bundles.
The rust enters through the stomuata in the outer epidermis and the
mycelium ramifies the chlorophyllous tissues. In cases of severe in-
fection great masses of hyphae fill the lysigenous cavities and force
the parenchyma cells apart. The spores are formed just beneath the
suter epidermis in most cases, but oceasionally spores appear in the
inper parenchyma region snd rupture the inner epidermis. (Fig.
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Frgure 11.—A, Photomicrograph of the rusted leaf shenth of Ceres wheat,
showing, how the size of pustule ls Hmlied by the stcucture of the leof
sheath ; acetion cut elose to the lenf blade.” B, Photomicrograph of a
ruyted lesf sheath eut about 1 jnehk above the leaf base, X 5O
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10.) Most of the pustules are formed on the outside of the leaf
sheath, however, and the size is limited by the sclerenchyma strands
and vascular bundles, just as the size of pustules is limited in the
peduncles. (Fig. 11, A.)

About an inch above the node the entire sheath is thicker than it
is near the leaf blace, the vascular bundles are farther from the
outer epidermis, and there is more sclerenchyma between the vascu-
lar bundles and the epidermis. (Fig. 11, B.) Lysigenous cavities
seldom occur in this part of the sheath ; therefore, the size of the rust
pustules is still limited by the sclerenchyma strands.

Freore 1% —Dlagram of o cress section of a lenf sheath eut about poe-clghth ineh
wbove the leaf base. X 100

Immediately above the swollen leaf base surroundinf the node,
a

the vascular bundles are more deeply embedded in the leaf sheath,
and the sclerenchyma strands form semielliptical sheaths around
the vascular bundles but seldom extend to the outer epidermis.
The expansion of the rust mycelium is no longer stopped by a
sclerenchyma girder, but may spread in the leaf sheath outside the
embedded sclerenchyma sheath (fig, 12) ; consequently, the pustules
may be larger in this part of the sheath than they are in other parts.

The structure of the swolleu leaf base is still different from that
of the rest of the leaf sheath. (Fig. 13.) This part of the culm is
so tough and hard that sectioning is difficult. The vascular
bundles are very deeply embedded and are nearver the inner epi-
dermis than the outer one. Their semielliptical sheaths of scleren-




24 TECHNICAL BULLETIN 266, U. S. DEPT. OF AGRICULTURE

chyma are also entirely embedded in the ground tissue of the leaf
base, which consists of compact, appressed cells with thickened cel-
lulose walls. The epidermis is composed of thick-walled cells that
sometimes take g lignin stain. Epidermal hairs often are present,
but there are no stomata on the swollen leaf base. Thus it is im-
possible for germ tubes of rust to enter the leaf base directly. The
only opportunity for infection would be by means of the rust my-
celium that developed in the susceptible tissue above or below the
leaf base. This part of the culm generally is free from rust, for
evenl in cases of very severe infection when the culm appears to be
a solid mass of red-brown or black spores, the pustules stop
abruptly above and below the leat base. In only two cases have
pustules been noticed on the leaf base, once on quack grass and once
on Ceres wheat that had been heavily inoculated with a virulent
from of rust. The infected Ceres wus sectioned and studied. Evi-

Fravae 13.~Croas seetlon of the swollen lenf basge, showing the thick-walled ground
tiysue 1o which is embedded the vascular bundle with ita semntelliptierl shenth of
selerenchyma. X 100

dently the rust had entered the leaf sheath above its swollen base
and the hyphae had grown in all directions, The mycelium was
found throughout the nonlignified tissues, although its progress in
the leaf base must have been hindered by the thick cell walls of the

round tissue. Spores had been formed beneath the outer epi-
dermis, and several pustules appeared on the leaf base. Spores also
had formed within the tissnes; thus there were numerous imternal
pustules with spores deeply embedded in the host tissues.
{Fig. 14.)

The leaf blade and sheath, compared with the peduncle, contain
relatively large areas of rust-susceptible tissues. In all the wheat
varieties studied, the areas of susceptible tissnes were extensive
enough to permit the formation of moderntely large pustules. Nev-
ertheless, there are definite structural limitations to the spread of
rust in the blades and sheaths, and the possible size of a rust pustule
is greater in some varieties than in others. In all varieties the
swollen leaf hase hag a definite morphological resistance to rust. The
slight morphologica] restrictions in the other parts of the leaf prob-
ably are never so effective n means of limiting rust development as
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is the structure of the peduncle. They are present, however, and
maX have some effect in cases of severe infection.

structural peculiarity that may be more important in rust
resistence than the extent of rust-Susceptible tissue is to be found

Froune 14.—A, Dingram of 0 cross Rectlon of the rusted leaf bese of Ceres wheat.
¥ 25 B, Cumera-tucidn traclug of prrt of the jufected leni-base tlustge with
several jnternal pustnies 25%

in the leaf sheath of einkorn. In einkorn the outer epidermis is
often reinforced by a group of sclerenchyma cells placed between
the epidermis and the chlorophyllous tissue. Such u reenforcing
strand has not been noticed in any other cereal or grass yet examined.
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Tt undoubtedly would be a factor in morphological resistance in
the leaf sheath, probably by increasing the resistance to rupture of
the epidermis. This question will be discussed later.

THE RACHIS

Very often the heads of wheat, like the peduncies and sheaths, are
rusted. The lower part of the rachis frequently is rasted on the
convex side of the individual joints, but the flattened side of a
joint never is rusted. At first one might think that this flattened side

FiGorR 15, —Cross sectlons of the rnchises of three varle-
ties of wheat and of Agrepyron repend, fhowing the va-
rietlon in size of rnchis and ln the distribution of the
collenchymr, "X 25

escaped infection because it was pressed against the inflorescence, but,
on examining the structure of the rachis, no rust-susceptible tissue is
found in that part. (Fig. 15.) The convex side of a rachis joint is
structurally similar to that of the peduncle.  Strandsof chlorophyllous
collenchyma are set in the sclerenchyma sheath and border on the
epidermis. The vascular bundles form a broken cylindex within the
selerenchyma sheath and the inner part is made up of parenchyma.
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The flattened side has no collenchyma, but just beneath the epider-
mis lies a wide and fairly deep band of sclerenchyma. Although
the rachillar structures have not been compared in many different
varieties, in the sections examined there have been indlcations of
structural differences in the rachis as well as in the peduncle and the
leaf of different varieties. The collenchyma areasin the rachis, as well
as in the peduncle, are more extensive in the upper region of each
rachis joint than in the middle and lower sections of & joint, so that
it is necessary that corresponding parts be studied when varieties
are being compared.

The rachis of Little Club (fg. 15) contains extensive collenchyma
areas, its structure approaching that of the peduncle at a point very
close to the head. One broad, confluent collenchyma area extends
abiout three-quarters of the distance around the convex side of the
rachis. In Marquillo the rachis is smaller and more slender than
in Little Club. Tn Figure 15 the collenchyma of the Marquillo
rachis is divided into three broad areas, the largest of which oceu-
pies about half of the convex side of the rachis joint. The other two
areas are smaller, but are nevertheless quite broad. Infection evi-
dently occurred at one side of the large collenchyms area, the myce-
liam has spread across two-thirds of the area, and spores are being
- produced in the earliest-infected part of the collenchyma,

In the rachis of Kota the collenchyma is broken up into many
relatively narrow strands, Thus, in the joint sectioned {fig. 15)
there are 10 distinct collenchyma areas on the convex side of the
rachis, while in the rachis of Matquillo there are but 8. Fach of the
10 strands must be infected separately, for the rust can nat spread
from one to another. As far as concerns the rachis, there.ore, Kota
has more structural protection against rust than ejther Marquillo
or Little Club.

In this connection it is of interest to note the extreme division of
the rnst-susceptible tissue in the rachis of Agropyron repens. A
section is shown in Figure 15 in which the collenchyma is divided into
20 narrow strands, 4 of which are infected with stem rust, It is
obvious that each infecting germ tube is capable of doing far less
damage in the rachis of quack grass than in that of Little Club
wheat,

THE GLUME

The glumes also contain rust-susceptible tissmes and often are
rusted in the field. There are longitudinal strands of chlorophylions
tissue between the colorless bands of sclerenchyma. In cross section
at about the middle of the glume (fig. 16), the largest areas of col-
lenchyma are on either sic%e of the midrib. Smaller strands are
located near the marging of the glume. There is a great deal of
sclerenchyma around the midrib of the glume, but on the inside and
near its margins the cells have thick, nonlignified walls. The thick-
walled cells seem impervious to rust hyphae, however, and the
pustules are confined to the collenchyma strands. Pustules are often
formed on the inner face of the glume as well as on the outer.

In some varieties, Khapli for example, there is no prominent mid-
rib in the lower third of the glume. When the material is sectioned
nenar the base, the chtorophyllous tissne is found distributed in more
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_or less Tegular strands, one approximately as extensive as the next
one, and ail of them borderin% on the outer epidermis. (Fig, 17.)
In Marquis, Kota, and Ceres, however, the ridge of the midrib ex-

tends the entire length of the glume and the two largest areas of
chlorophyllous tissue always lie on either side of it. There are

F1ouRE 168—Dilogrames of the glumes Jo cross seetton: A, Rusted glume of Eota cut
necr tip; B, glume of Cores I%rown in the greenbouse nnd cut at mlddle of glume;
C, glume of Kota cut near middle; 1, glume of Mavguls ent near middle, ¥ 40

smaller strands of the rust-susceptible tissue near the other vascular
bundles of the glume. The entire width of the large strand may
border on the epidermis, or only part of it may do so, the rest of
the strand being embedded beneath the thick-walled cells which make
up most of the ground tissue of the glume.
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The two larger chlorophyllous areas more often are infected with
stem rust than the smaller strands, and if infection be severe there
usually are more spores on the inner face of the glume than on the
outer, {Fig. 16, A.)

The structure of the glumes has not been studied in sufficient detail
to determine whether varietal differences in structure r:ight influence
rust infection. From Figure 16 it is evident, however, that the

Fiaomrs 157 —Diagrams of eross sections of Khapi! emmer
iofected with Puccinie graminis tritiel form 41 - A, Awn;
B, pedunele; O, louf shouth ; D, glume gane the base, and
& smail part of the plume penrsr the mlddle. X 30

chlorovhyllons areas beside the midrib in Ceres are very small and
shallow when compared with the corresponding areas in Marquis.
Ceres resembles Kota more closely, The glumes of Kota often are
rusted, aithough they do not have so much rust-susceptible tissne as
the glumes of some other varieties,

The glume becomes quite narrow at its tip, just before it tapers into
the besk or the awn.” At this level the two lnrge chlorophyllous
ureas become even larger and more conspicuous in relation to the
rest of the tissue, and the small insignificant, lateral collenchyma
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areas dwindle into minute patches of tissue and finally disappear
altogether. Figure 16 shows the structure of Kota near the tip of
the glume.

THE AWN

The awns, when present, arc merely extensions of the midribs of
the glumes. The median vascalar bundle runs through the awn, and
usually there also are two smaller bundles. In cross section the awn
is triangular in shape and there are two cc’lenchyma strands, one
on each side of the large vascular bundle. (Fig. 18.) Sclerenchym
surrounds the collenchyma strunds and the vascular bundles, but the
center of the awn is filled with cells whose walls are thick but not
lignified. The rust pustules are confined to the collenchyma strands.
Even in the awns the colleiichyma strands differ in different varieties
of wheat. The collenchyms strands of Iumillo are more nearly sur-
rounded by sclerenchyma and less of the strand borders on the epi-
dermis than is the case in Ceres or Kota. In the awns of Khaph
there also are relatively narrow collenchyma strands that limit the
size of the pustules.

Esach part of the head contrins rust-susceptible tissue, although
the proportion of susceptible to vesistant tissue is less than in the
peduncle or leaves. The most extensive areas of chlorophyilous tissue
are those which occur near the top of each rachis joint, and some-
times large pustules are found on this part of the head. Stem rust
on the lower joints of the rachis probably is fully as injurious as
that on the upper part of the peduncle.

If the glumes are infected with stem rust, the pustules develop
near the base of the glume, where the chlorophyllous fissue is most
abundant, or along either side of the midrib, where the two largest
strands of susceptible tissue are located. Pustules on the glume nsu-
ally are very narrow, for they are greatly restricted by host structure,
but there is no restriction to their longitudinal development.

Pustules on the awn likewise are narrowly linear, for only tweo
strands of snsceptible fissue run the length of the awn. If spores are
preduced in abundance, the pustule may spread out and cover an
entire side of the long triangular awn.

Thus nearly all parts of the wheat plant contain tissues that are
morphologically susceptible to stem rust. Infection ocenrs if the
viru?ent rust forms gain access to thoge particular tissues which have
protoplasmic as well as morphologic susceptibility. Pustules arve
formed only after the infecting fungus begins to produce spores and
develops encugh pressure fo rupture the epidermis.

PUSTULE FORMATION

Different stages in the process of pustule formation are shown in
Figuves 19 and 20. The drawings were made from an infected leaf
sheath, but the process is the same for pustules on all parts of the
plant. The pathogene produces a considerable mass of mycelium
throughout the susceptible chlorophyllous tissue and then begins to
form spores. Thus considerable pressure is exerted within the
affected tissue. All surrounding sclerenchyma is rigid and unyield-
ing, but the epidermis is stretched and lifted by the underlying
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masses of spores and hyphae. (Fig. 18.) Finally, the epidermis
breaks and s forced back. (Figs. 19 and 20.)

The number and size of pustules indicate the degree of infection
of any wheat variety. In the field, unless a rust form is capable of

Figore 18.—Diaﬁmms of_crosy seeilons of the awns of soveral whent vatietios: A,
Koin; B, tumille; ¢, Khapli; 1), Cerew; K, El—i4; I, Ceres, newr tip of the awn:

G, Ff"'"’ in rhe fransition gren hofween the glume afid neer the buse of the nwn,
» o

producing abundant mycelium and spores, it can not be determined
whether the rust may have entered the plant, Nevertheless, these

are many cases of abnormal pustules and Incomplete developruent
of the infecting rust.
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Sometimes the germ tubes enter the stomata, and the collenchyma
becomes so severely infected that a great mass of mycelium is pro-
duced without forming spores. In this case infection is discernible
only by means of a microscope. In some cases the mycelial develop-
ment is so great that the epidermis is slightly distended. and pro-
trusions are easily felt if the culm is drawn between the fingers.
In some seasons Khapli emmer, growing on Untversity Farm, St
Paul, may have many of these obscure infections. In other varieties
numerous normal pustules may appear on ‘the culms along with a
few or many mycelial infections that are only microscopically evi-
dent. This often has been the case in Kota, Webster, Marquillo,
Ceres, Khapli, Mindum, and Kubanka (C. 1. 2094). :

GuRE 10.—Crous seetinvus of Lthe leaf shealh, showing different winges in pustule
formution. 'Fhe cepidermis is disteaded and fnplly ruptured by the mass of
myeelinm und spores beacath il W 60

At other times the infection begins normally. Spores are formed
just beneath the epidermis, but the rust is unable to exert sufficient
pressure to rupture the epidermis. In these cases the intfection is
apparent, for the dark spore masses can be seen beneath the semi-
transparent epidermis. Such imperfectly developed pustules have
been found in great abundance on Webster and in fewer numbers on
Kota, Ceres, and Marquillo, and on some of the durums. Tt 1s prob-
able that the protoplasmic resistance of o variety hinders the develop-
ment of the rust so much that its growth pressure is insufficient to
rupture the epidermis. In addition, however, there is a possibility
that such morphologic factors as size of collenchyma strand and
structure of the cpidermal membrane affect the rupturing of the
epidernis and influence the formation of pustules quite as much as
the physiologic reaction of the wheat and the mass development of
the fungus.

R
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RELATION OF SIZE OF COLLENCHYMA STRANDS TO FORMATION
OF PUSTULES

It is impossible to determine precisely the force required to
rupture the epidermis, but some general conclusions may be drawn
regarding the relative amounts required in different types of collen-
chyma strands. In the early stages of pustule formation the dis-
tended epidermis behaves more or less like a spherical membrane
and the pressure per unit avea is dependent on the tensile strength
of the membrane and the radins of the sphere of which i is

2 .
part. Thus, p:';-,- where p=pressure per unit area of the mem-

brane, #=tension per unit length of the membrane, and #=the radius
of the-sphere of which the membrane is a part. In a wheat variety
containing several different types of collenchyma strands the dis-

Fraerp 20.—Oromg seetion of a mature #od norme} pustule
on the lenf shenth of Ceres wheat,  The epidermis s
hralton whe foreod out, aud the mnss of spores has pushed
out hevond the perlplicry of the enim ™ X 80

tended epidermal membrane over a narrow, isolated strand infected
with rust would have a greater curvature than that over & broad, con-
finent strand.  (Fig. 21.)  The greater the enrvature, the lower will
be the value of ; and, if it 1s nsstmed that the tensile strength (2) of
the two membranes is the same, the value of 2, or the force per unit
ares required to rupture the epidermis, is greater in the case of the
single narrow strand than the broad, confluent one. ILikewise, the
foree per unit aren required to rupture the epidermis of the pe-
duncle is greater than that required to rupture the epidermis of the
ienf sheath, for the angle of curvature of the membrane over the
infected leaf sheath would be less and the value of » would be zrela-
tively high.

Other factors being equal, it is plausible to assume that the epi-
dermis of the peduncle is move easily ruptured in Marquis, Quality,
and other vurieties having brond confiuent collenchyma strands than
in Xota or Wehster or other varieties with narrow, isointed strands,

67002°—31——3
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The mycelial masses and the imperfectly developed pustules were
found In none of the common wheats that have extensive arveas of
collenchyma. In the studies here reported they were observed only
in variefies of Triticwm, vulyare characterized by narrow collenchyma
strands. Similar infections have been found on the durums and
emmers, but in these cases the collenchyma strands are only partially
fused into broad, confluent collenchyma areas. The groups of
selerenchyma cells beneath the epidermis and between the component
parts of the rust-susceptible area are so arranged that only small
parts of the area actually border on the epidermis. Usually a pustule
js confined to one or two of the individual parts of the area, and it
is only in cases of very severe infection that the entire ares is con-
verted into one large, broad pustule. The epidermis over one indi-

’
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Figore 21,—Diagramg illustrating the distention of the epi-
dermis over brond and narrew collenchyma strapds. The
broken iloes in the lewer figurcs indicate the positloe of
the epidermal membranes before the cojlenchymau is Infected
by rust, while the solid lines indicate its position after dis-
tention by the fungus muss. The ares wnd the cocrespond-

B Ing radil of their elreles show how the valoe of p varies
in the two cages. X 115

vidual part of the collenchyma area may act as a spherical membrane
distinct from the other membranes over other parts of the area, so
that pustule formation may be almost as difficult #s in a single narrow
strand of a common ‘wheat.

If the tensile strength of the membranes of all varieties were the
same, it might be concluded that pustule formation always would
be more difficult in narrow collenchyma strands than in broad ones.
Tt seems reasonable to assume, however, that there is considerable
variation in tensile strength of the epidermis in different wheat
varieties, just as there is 1 size of colllt)anchyma, areas or any other
measurable character. If it were possible to determine tensile
strength of the epidermal membrane, accurate data conld be obtained
on the forces expended in pustule formation in different varieties.
At present, however, efforts ure confined to a study of different fac-
tors that may affect the tensile strength of the membrane. ‘The epi-
dermis varies in structure in different parts of the plant, and it is
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probable that slight structural differences in the epidermal mem-
branes of certain varieties may have a profound effect on the tensile
strength and the resistance to rupinre of these membranes,

STRUCTURE OF THE EPIDERMIS AND ITS RESISTANCE TO
RUPTURE

Percival has fully described the epidermis of different parts of
the wheat plant (31, p. 58, 63-56, 98, 93, 107-109). The epidermal
cells in seedlings are very similar to ordinary parenchyma cells. In
surface view some of the cells are long and rectangular and arranged
end to end along the blade; the rows of these are interrupted occa-
stonally by smaller cells, square in ontline. All these cells have thin,
straight, cellulose walls, thus constitutin% a delicate, flexible epider-
mis over the mesophyll of the seedling blade. The bulliform cells
of the upper epidermis are shorter but deeper than the rest of the
epidermul cells; and their walls are thin and elastic, providing for
the rolling and well-known adjustment of the leaf blades of cereals
to unfavorable humidity. On either side of the rows of bulliform
cells, stomata are arranged in one or two parallel rows. The entire
membrane is thin and delicate, and, if it contained chlorophyll,
probably would be as often infected and would furnish as mueh
nutriment for the rust fungus as do the mesophyll cells. In fact,
haustoria often are formed in the epidermal cells when the mycelium
is abundant in the intercellular spaces bordering the epidermis.
When pustules are formed the spores are aggregated just beneath
the epidermis, and small portions of the membrane are distended
and broken, without any indication of a definite resistance fo rup-
ture. Sometimes, when rust development is exceedingly rapid and
vigorous, spores push out between the epidermal cells without lifting
any part of the membrane. In such cases, since the epidermal cells
are too weakly cemented to act as a restraining membrane, they arve
pried apart by the young spores. Apparently there is only slight
and ineffective resistunce to rupture in the epidermis of the seedling.

The epidermis over the collenchyma in the peduncle consists of
a single layer of more or less clongated cells with sinuous, lignified
walls, A few small, isndigmetric cells occur at intervals. This
membrane, interrupted only by the stomata, extends as a protective
covering over the collenchyma of the stem. The epidermis over the
sclerenchyma of the peduncle usually is made up 0f narrower cells,
and it has a tendency to merge with the other small-cell lignified
tissue and become part of the sclerenchyma band rather than to re-
main as a distinet eovering layer. It is the epidermal membrane
over the collenchyma strand that is important in the process of pus-
tule formation, and, when compared with the delicate membrane of
the seedling, it seems to be a hard, tough layer with its sinuous,
heavily lignified cell walls so firmly cemented together that n great
deal of force is required to break it.

The epidermis of the leaf sheath is similar to that of the peduncle.
Most of the cells are elongated, and the walls are sinuous and greatly
thickened. Not all of the cells, however, have lignified walls. The
walls of the epidermal cells covering the chlorophyllous cells often
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are composed of cellulose, with no indications of lignification. The
degree of lignification of the epidermis of the leaf sheath and the leaf
blade varies greatly, but no reliable data have yet been secured to
determine whether it is constant in a given variety. Sometimes lig-
nification is complete, and all cells covering both the chlorophyllous
and strengthening tissues fake the lignin stain. At other times only
the epidermal cells over the strengthening sclerenchyma and the three
or four rows of epidermal cells adjacent to them are lignified. The
walls of the epidermal cells over the ceutral part of the chlorophyl-
lous area are Smickened but uot lignified. In other cases lignification
is closely restricted to those epidermal cells that border the scleren-
chyma, and the entire strand of collenchyma is covered by epidermis
made up of cells with cellulose walls. Whether the degree of lignifi-
cation affects the resistance to rupture in the epidermis has not been
determined, but it is reasonable to suppose that the quality of the
membrane may be of very great importance. Tt seems possible that
a membrane composed of cells with thickened cellulose walls would

be more pliant and have a greater elasticity than one made up of

cells with thickened lignified walls, very effective as supporting tis-
sue, but easily broken when subjected to stretching and distention
caused by the fungus mass. The quality of the epidermal mem-
brane, as well as certain other characters, should be studied in rela-
tion to pustule formation.

THICKNESS OF THE EPIDERMIS

The thickness of the epidermal membrane probably is almost as
important as the quality in determining its resistance to rapture.
(3iven two membranes of the same quality and the same extent, but
differing in thickness, it is certain that the thicker membrane wotld
hreak less easily than the thinner one.

Measurements were made of the epidermal membranes of the
peduncles of several wheat varieties, and n a few membranes the
outer cell walls with their layers of cuticle were measured separately.
The results are given in Tables 3 and 4. In Little Club, Ruby, and
an unnamed variety {C. I 3465), the epidermal membrane is rela-
tively thin, (Table 3.) These three varieties have protoplusmic sus-
ceptibility to several rust forms and they usuaily rust copiously in
the field.” The pustules on these varieties are nearly always normal
and fully developed, and there is no indication of sugepidermul spore
masses. Apparently the epidermis is broken rather easily. In other
varieties. for example, Marquis, the epidermis is only slightly thicker
than that of Little Club. Marquis al(so has a protoplasmic suscepti-
bility to a large number of rust forms and often is heavily rusted in
the field. Most of the rust forms appear sufficiently virulent and
powerful to break the epidermis withent difficulty. In only a few
cases have subepidermal pustules been noted on Marquis, and in these
cases the few abnormal pustules were accompanied by numerous fully
developed and normal ones.

o}
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TABLE 8~Measurements of the thickness of the epidermel membrane pver the
aollenohyma. of the peduncle in different whewt werieties groton in the fleld
at Coon Creels or at §t. Poul, Minn., in 1927

Thick- ; Thigk-

ness of ness of

epider- eptider-
mis mis

Varlety

A :'rrunsa I Micron

el
No, 3465 ¢ . 2.9 |
35.0 1 Acm
3L,

! Belection from un intreduciion from Epgypt, . 1. 7281, and grown at Undversity Form i 1927,
¥EIY susceptible to stemt rust.

Some varieties have considerably thicker epidermal membranes.
The epidermis of Khapli seems to be extremely thick, and that of
Webster, Acme, Kota. and Velvet Don also is very thick, as compared
with the epidermis of other varieties,

If the epidermis of the peduncle is examined in detail it is found
that the outer walls of the epidermal cells are thickened much more
than the lateral and inner walls. The exterior cell wall, with jts
accompanying layer of cuticle, probably plays an im portant part in
determining the rigidity and the strength of the epidermis. Cobb
(1) studied the structure of the epidermis in the leaves of several
wheat varieties in Australia and found that the cell walls in the
rust-resistant Ward’s Prolific were twice as thick as those in the
rust-snsceptible Zimmerman. Twelve varfeties were examined by
Cobb. With one exception, the cell walls weve thicker in the resist.-
ant wheats than in the susceptible ones. Cobly was of the opinion
that the structure of the epidermis was u very important factor in
rust resistance, a thick tough epidermis preventing the fungus from
ripening and disseminating its spores.

In widition to the measurement of epidermal membranes, a few
nmeasurements were made of the onter cvil walls and the cuticle layer
of the epidermis.  (Table 4.) The peduncles of only u few varieties
were used, but, from the measurements obtained, i€ is evident that
there nre distinet varietal differences in this character as well as in
the thickness of the cpidermal miembrane. The outer cell wall of
the epidermis of Webster is extrenely thick, while that of C. I. 3465
18 relatively thin.  The cell walls in Hope are thicker than the walls
of Kota and Marquillo in spite of the fact that the thickness of the
epidermal membrane of Hope is less than that of the membranes of
Kota and Marquillo. In Quality and C. 1. 3465, two highly suscep-
tible varieties, the onter cell walls are thin and, sinee the entire
epidermis is thin, there is less resistance to rupture.
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"PanLE 4.—Measurements of the thickness of the ovuter wall and cuticle of the
oells in the epidermiz over the collenchyma. of the peduncle in several wheat
parieties and the rust reaction of those varielies ioken grown in the ficld af
Coon Creek or at University Farm, 8t. Paul, Minn.

Thick-
Rust reaction ! ness of
eell wall

Microns
33
6.87

1 Numbers indicate percentage of Infectlon; S=susceptibie; R =resistent; Tr.=trace,

The effect of thick epidermal membranes on pustule formation
often is evident in Xots and Webster, two varieties which have been
studied particularly in the field. These two varieties have a mod-
erate protoplasmic resistance to a large number of rust forms.
Webster has been moderately resistant to all forms with which it
has been inoculated (42), but Kota is resistant to some and sus-
ceptible to others (47). Kota and Webster alse have a morphologic
resistance to stem rust because of the distribution of rust-susceptible
tissues of the peduncle in narrow isolated strands that are sunken
in the forrowed stems. Moreover, their relatively thick epidermal
membranes often prevent the development of normal rust pustules.
Figure 22, A, represents a section through an infected collenchyma
strand in the peduncle of Kota. The epidermis has just been broken,
and it is evident that the membrane is so thick and tough that before
the epidermis was ruptured the sclerenchyma bands were cracked
and split by the force exerted by the fungus. (Fig. 22, A, ¢.) The
force has been great enough even to deform the spores slightly. The
spore walls assume the contours of the epidermis against which they
have been pressing. (Fig. 22, A, 4.}

A more extreme case illustrating the effect of thickness of epi-
dermal membrane is shown in Figure 22, B. This shows u cross
section through an infected collenchyma strand in the peduncle of
the variety Webster. The epidermis apparently is so thicl( and tough
that it does not yield to the pressure of the fungus, and as an increas-
ing number of spores are produced the nore delicate collenchyma is
crushed when the rigid epidermis does not yield.

In both these cases, and especially in the infected Webster, there
is a possibility that protoplasmic resistance is an important con-
tributing factor, A rust form grows less rapidly and vigorously in &
moderately resistant host than in o susceptible one, and it is reason-
able o assume that in the former the fungus can not exert so much

ressure as in the latter. Unless the fungus is very weakly parasitic
it is probable that a number of small but normal pustules will be
formed. If, on the other hand, the moderate protoplasmic resistance
of the host 1s enhanced by a very limited space for development and
by s particularly thick and tongh epidermal membrane, it often
happens that the pustules are formed with great difficulty or remain
buried in the host tissues. Subepidermal pustules are very common
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in Webster, and occur in the leaf sheath as well as in the peduncle.
(Fig. 23.) Very often at least 60 per cent of the pustules on the
culm of Webster never break the epidermis. Spores may be formed
in abundance, but they remain within the host.

A similar phenomenon might readily oceur in Khapli, although
it is not so often apparent. Ihapli has a protoplasmic resistance
to virtually all of the rust forms cceurring in the United States, and

Frguee 22.-—Dingrums of cross sections of rusted colfen-
chymu strands in the peduneles of two vnrletlos of wheet.
A, Kotz, 'The epidermal membrane is thick nnd tongh
and Lelorve it is broken the selerenchyma bandx arce
crucked (i), The resistunce of the membrane s s0 grent
thit svme of the shores are sllghtly deformed (). B,
Webster, The fungus ls unable to break the cpidermis
and the collenchyma iy crushed by the mass of uredinio-
spores. X 250

when stem rust gains entrance to the culm of Khapli it seldom pro-
duces an abundance of spores. Mycelium sometimes is produced so
abundantly as to distend the epidermis, but no dark mass of spores
is evident beneath the membrane to show that infection has tauken
place. In the greenhouse, Puceinia graminds tritici form 41 is very
virulent on Khapli and attacks plants in all stages of development.
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Khaphi is so favorable a host for this rust form that the latter
grows rapidly and luxurimtly. Most of the pustules formed are
normal in spite of the thick epidermis, but there is evidence of diffi-
culty in the breaking of the membrane, and occasionally pustules
are not formed on the infected areas.

Sometimes the epidermis is reenforced by sclerenchyma cells, con-
stitnting a more complex und irregular membrane than the single-
cell layer that usually is considered.

REENFORCEMENT OF THE EPIDERMIS

Reenforcing strands of sclerenchyma cells beneath the epidermis
are very common in the durums and emmers, in which the individual
collenchyma strands are only partially fused into broad and ex-
tensive. collenchymn areas and are sepavated by the strands of
sclerenchyma which lie just beneath the epidermis but do not form
a complete band in the general sclerenclhiyma sheath of the pedun-
cle. (Fig. 24.) In a cross section of the stern the reenforcing
strands always form the prominent ridges, for the sclerenchyma 1s

Ba O
SRR -‘..":J
.\1\5,‘_.—%-

Frouns 28-—{ross gecfion of un lufected leaf sheath of
Webster whent, Spoves are pradneed in sbundneee bt
the epitlermis is not broken pnd the pustoles remaln
sulnnerged o the hosk, > 180

in @& compuact mass approximately as deep as it is wide. These
sclerenchymatous masses tend {o make the epidermis even more
heterogeneous than 1t usually is and they divide the entire covering
layer of the broad collenchyma area into smaller units. These ofien
behave ss narrow individual membranes rather than as part of one
wide membrane. Thus it sometimes happens that a number of dis-
tinct pustules form when one large collenchyma area is infected,
and, only in exceptional cases is the entire area converted into one
large pustule. Figure 24 shows that two separate pustules have
been formed in one of the double collenchyma strands in the pedun-
cle of Xhapli emmer. In the neighboring double strand of collen-
chyma one large pustule is forming and the entire membrane, with
its central reenforcement of sclerenchyma, is being lifted and pushed
out as one unit. Although P. graminis tritici form 41 is extremely
virulent; on Xhapli, the sclerenchyma mass recnforcing the epidermis
sometimes is effective in limiting the size of the pustule. The same
is true also of the other emmers and durnms.

Reenforcing strands of sclerenchyma are more unusual in the
common wheats. They are not found in such varieties as Quality
and Little Club, which have broad, confluent strunds of collenchyma,
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but they may occur in other varieties, such as Kota, Ceres, Marquillo,
‘Webster, and Progress. Al of these wheats have few or several
double collenchyma strands that appear as though two narrow
strands were fused. When the sclerenchymatous reenforcements
occur they are just beneath the epidermis and between the two parts
of the double strand. The reenforcing strauds are never so strongly
developed as in the durums and emmers. Often they are merely
three or four longitudinal rows of cells aggregated in a mass that
does not greatly affect the epidermal membrane nor divide it into
distinet units. Occrsionally they are sufficiently developed to limit
the size of rust pustules as effectively as the reenforcing sclerenchyma
sometimes does in the durums.

Another effective reenforcement of sclerenchyma has heen noted in
the leaf sheath of einkorn. (Fig. 25.) In this section the scleren-

Khapit

Veivel Don

Fraure 24 —Dingroms from peduncles of common whent
(Kotp), derym {Velvet Don), and emmer {(Kbupill,
showing reenforcing sclerenchyma beneath the epidermis
and l;g_ ween the parts of eompound eolicnehyma slbrainds.

il

chyma is in a broad strand and not crowded into a deep mass.- The
membrane over the infected tissne is thus strengthened along a lirge
part of its width and still acts as a single membrane rather than as
two units of membrane separated by sclerenchyma. No such reen-
. forcements have been found in the leaf sheaths of any other varieties.

According to gencral observations and detsiled exdminations it
seems certain that the structure of the epidermis is an important fac-
tor in the formation of pustules. It is generally récognized thab the
rust fungus often has difficulty in gaining entrance to its host -and
establishing itself within the tissues,rf)ut._it 1 not so generally realized
. that there may be great difficulties involved in b’l"ea?{ing through the
" epidermis of the host after extensive mycelial growth and abundané
. spore production have occurred. The structure of the infected area
_ and the nature of the protective membrane are faétors that greatly
~ influence the liberation of the rust spores from the infected host after
., the fungus hes completed its development in the area in question.
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The development of the fungus in a given area may be slow or
rapid, depending on a number of factors, such as compatibility of
the host and parasite, light, temperature, and other external factors,
In the peduncle the rate of development of rust may be profoundly
affected by the structure of the infected tissue, and the extension of
the mycelilum may be hindered by morphological peculiarities of the
collenchyma, as well as by the sheath of sclerenchyma surrounding
the susceptible collenchyma.

STRUCTURE OF THE COLLENCHYMA

If the cell walls of the chlorophyllous tissues in the peduncle are
irregularly thickened, as are the walls of other collenchyma, it seems
Erobable that the fungus would have more difficulty in sending

austoria through them than through the thin walls of ordinary
chlorophyllous parenchyma cells. The rust mycelium might ramify
the tissue at a slower rate, and a longer time would be required for
- the development of a mass of mycelium sufficient to produce an
abundance of spores and form conspicuous rust pustules. This might

Fraure 25-—Cross mection of the leaf sheath of einkorm,
gkowing the selerenchyma which reenforces the epidermis
gerosgs parct of its width. ¢ 100

then be one reason for the differences in length of incubation period
in the seedlings and in the peduncles of mature plants. In a physio-
logically susceptible seedling the fungus advances rapidly in the
mesophyll tissue, sending numerous haustoria quickly and easily
through the thin cellulose walls of the cells. The development is so
rapid that the first pustules usually appear on the seventh day after
inoculation, and by the twelfth or fourteenth day pustules may be
fully formed and accurate rust notes taken. When, on the other
hand, the peduncles of mature plants are inoculated with virulent
forms, the rust mycelium progresses more slowlg_rt and the first

ustules generally appear from 12 to 15 days after inoculation.
Very often rust notes are not taken until about the twenty-first day
and sometimes even later,

‘Whether the haustoria penetrate equally well the thick and the
thin walls of the collenchyma cells has not been determined experi-
mentally, but observational evidence indicates that they are formed
more slowly in cells with thick walls than in those with thin, deli-
cate ones. In the case of the infected leaf base of Ceres, the general
agpearance of the sections indicated that the rust had difficulty in
advancing through the ground tissue, made uwp of compact cells
with very thick cellulose walls, The absence of large intercellular
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sgaces and the heavy, regular thickening of the cell walls retarded
the fungus considerably., It is possible also that the collenchyma
cell walls of some wheat varieties are thicker than those of other
varieties and that the fungus develops even more slowly in pedun-
cles of the former.

EFFECT OF FERTILIZERS ON STRUCTURE

For many years there has been a general impression that heavy
applications of nitrogenous fertilizers render plants susceptible to
rusts. According to Little (27), Bolley (12), Voelcker (46), Sorauer
(36), Remer (33%, Avmstrong (10), Spinks (37), Freeman and John-
son (I7), Johnson (24). and others, the severity of rust attack is
likely to be greafly increased on low, rich soils, and especially on
soils heavily manured with nitrogenous material, If there is any
excess of potassium or phosphorus, however, the plants are not
Tikely to be so heavily rusted. The literature on the subject has been
fully reviewed by Eriksson and Henning (25), and Stakman and
Aamodt (40).

Whether the fertilizers exert a dirvect effect on the physiologic ve-
action of a plant to rust is not yet definitely determined. It has
been suggested by Armstrong (70}, Freeman and Johnson (17), and
by Vavilov, according to Stakman and Aamodt (47), that the effect
is indirect, The opportunities for infection are greater since nitrog-
enous fertilizers often delay maturity and increase the plant sur-
face and density of stand. Ward (50) found that nutrient solutions
alone did not alter the susceptikility or resistance of bromegrass to
brown rust. Stakman (35) found in 1914 that fertilizers had no
direct effect on the immunity or susceptibility of wheats to stem
rust. Again, in 1924, Stakman and Aamedt ({0) concluded that
natural and artificial fertilizers did not change the degree of physi-
ologic susceptibility of wheat to stem rust. They suggested, how-
ever, that the morphologic resistance of a variety might be changed
somewhat by fertilizers.

Several authors have suggested that fertilizers may affect the in-
ternal structure of the cereals aund protect or predispose them to
disease. According to Hursh (£3) and Stagman and Aamodt (40),
Petermann believed that the strength of the cell walls was affected
by fertilizers and that differences in resistance were due to differences
in the resistance of the walls to puncture. According to Hursh (23)
and Stakman and Aamodt (40), Russell also states that fertilizers
effect the structure of the cell wa{ls, the nifrogenous manures causing
the plants to produce thin cell walls easily penetrated by the rust
hyphae. According to Stakman and Aamodt (40), Miyake and
Adachi are of the sume opinion. The latter also report that the
increased resistance of plants fertilized with potassium is due to the
fact that potassium fertilizers strengthen the cell walls,

Hursh {23) studied the effect of nutrient salts on the morphology
of leaves of Haynes Bluestem wheat. 1In cultures deficient in nitro-
gen the leaves had relatively large amounts of sclerenchyma; the
girders surrounding the vascular bundles extended from one epi-
dermis to the other and separated completely the areas of susceptible
chlorenchyma. The epidermis was composed of small;, heavily
cutinized cells with thick wails, and the entire leaf was firm and
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compact, In cultures supplied with excess nitrogen the leaves were
more porous and succulent. Very little sclerenchyma accompanied
the vascular bundles, and each area of chlorenchyma was continuous
with the mext. The epidermal cells were large, thin-walled, and
slightly cutinized. Hursh concludes that the effect of excess nitrog-
enous fertilizers is to increase the area in which the fungus can
grow without altering the fundamental protoplasmic resistance of
the plant,

In the present study it was thought advisable to determine the
effect of fertilizers on the structure of the peduncle. If the relative
proportions of sclerenchyma and collenchyma are greatly altered,
or 1t the division of collenchyma into strands is changed by different
Tertilizers, it would be impossible to rely on morphologic’ resistance
in any variety of wheat. If nitrogenous fertilizers prevent a normal
development of sclerenchyma. which results in very little division of
the collenchyma areas, it is obvious that the rust may develop exten-
sively after it enters the peduncle of a physiologically susceptible
host.  And if the epidermal membrane is greatly modified by the
application of fertilizers, the process of pustule formation in certain
varieties may be affected.

Experiments were made at University Furni, St. Paul, Minn., in
1925 and 1926, and ut Coon Creck, Minu., in 1927 and 1928. Tripli-
cate rows of each variety were grown in squave-rod plots, and border
rows of Marquis or Mindum were grown around each plot. The
fertilizers were applied in moderate and in excessive quantities just
hefore seeding, andl. in the cuse of nitrates, about three or four weeks
after seeding.  In 1923 an( 1926 six varieties of wheat were grown:
(1) Marquis, a common wheat with a relatively large proportion of
collenchyma in the peduncle, usually susceptible to stem rust; (2)
Kota, with a smaller proportion of collenchyma and often resistant in
the field; (3) Ceves, a hybrid Letween Marquis and Kota, intermedi-
ate with respect to structure of its peduncle, sometimes resistant in
the field; (4) Pentad. a durnm wheat, upparently highly resistant to
or almost immune from stem rust: (5) Mindum, a durum, physiologi-
cally susceptible to a number of forms of stem rust, often rusted in.
the field 1f virulent forms are present; and (6) Acme, also a durum.
with protoplasmic susceptibility to most rust forms but very seldom
rusted in the field. Aceme is said to have an effective morphologic
resistance by reason of the occurrence of sclerenchyma between the
vpidermis and the collenchyma strands in the peduncle (23).

A different set of varieties was grown at Coon Creek, Minn., in
1927, namely, the durun: wheats, Acme and Mindum ; Khapli emmer;
the morphologically susceptible Marquis; Little Club, highly sus-
ceptible physiologieally und morphologically; the rust-resistant
hybrid Marquilloj and the resistant commen wheat, Webster. In
1928 Marquis, Marquillo, Kota, Ceres, Hope, Acme, and Mindum
were grown.

Fertilizers were applied both in moderate quantities and in exces-
sive quantities. At University Farm the following fertilizers were
used : :

Pounds per ucre
Trehle superphosphate © ewe.. 128
Potnssitm chloride 240
Ammo-phos (I3—48)__. __ __ ... .. .. U C 80
Sodium nitrate. __ 240
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Two check plois were left without fertilizers, and one plot was
treated with a combination of superphosphate, potassium chloride,
and sodium nitrate. A second series of plots was treated with
excessive quantities of fertilizers and received double the quantity
applied to the first series. The same fertilizers were used at Coon
Creek, except that either ammonium sulphate ov ures was used in
place of the sodiumn nitrate. The ‘Ammo-phos series was omitted.
In addition to the single fertilizer plots, there were plots treated
with combinations of two of the fertilizers, and one plot treated with
all three compounds. Plots of a second series were treated with
excessive quantities of fertilizers.

The peduncles were clipped about two weeks affer the plants
headed und were preserved in acetoaleohol, Later they were sec-
tioned on a sliding microtome. stained. and examined. All pe-
duncles were sectioned about 134 Inches below the rachis, und the
results are based on the averages of 10 to 15 peduncles in each
sample.

EFFECT OF FERTILIZERS ON THE RELATIVE PROPORTIONS OF SCLERENCHYMA
AND COLLENCHYMA IN THE PEDUNCLE

In 1923 samples of cach variety from the different plots were
weasured to determine the proportion of collenchyma adjacent to the
periphery of the peduncle. It is possible that the prevalence of large
and numerous pustules on plants heavily fertilized with nitrogen
js due to an increase in anmount of collenchyma, which is a divect
resnlt of nitrogenons fertilization. The proportien of collenchyma
in the peduncles was expressed in percentages, and the meusure-
ments for the entire series, with stem rust notes in addition, are
shown in Table 5.

TARLE D—Rust notes and percenloges of enllenchpie in the peduneles of sin
raricties of arheat grown ow different feriflizer plofs af Tniversity Fora.
Bt, Pauwl, Minn,, 023
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It is obvious that the variation in rust infection is nof extreme
within a variety, and that the heaviest infection is not abways on the
plants that receive the nitrogenous fertilizers. In the case of Mar-
quis, the percentages of rust infection were almost the sume on all
plots, the highest estimates {35 S)° being those for plants supplied
with potassium chloride, Ammo-phos, or a combination of potassium,
phosphorus, and nitrogen. When the structure of the peduncle was
studied, there were oni} very slight differences in percentages of col-
lenchyma, the range being between 69.8 and 72.2 per cent,

The results obtained with Ceres were somewhat similar to those
obtained with Marquis, there being no great differences in rust infec-
tion nor in the structure of the peduncle. In the case of Ceres, how-
ever, the severest rust infection (10 R)} was on plants in the check
plot, and the mildest {trace to 5 R} was on plants fertilized with
Ammo-phos. There was not the slightest indication of change in pro-
portion of collenchyma in peduncles of plants in different plots. In
fact, the percentage range was from 62.9 to 66.5, and the percentage
of collenchyma in the least heavily rusted peduncles from the Ammo-
phos plots was 65.2, as compared with 63.1 per cent in those from the
more heavily rusted check plots.

The only indications of a relationship between the severity of rust
and the proportion of collenchyma, as a result of the application of
fertilizers, was found in Kota wheat. The plants on the plot treated
with treble superphosphate had the least collenchyma and the rust
infection was lower than that in any of the other plots. The pustules
were small and well isolated, for the reaction was recorded as R.
Conversely, the plants on the two plots treated with Annno-phos and
with a combination of potassium, phosphorus, and nitrogen contained
Inrger percentages of collenchyna, and the rust infection was rels-
tively high (20 per cent) and reaction varied from R to SR.

In the case of durnm wheats, zlso, there was no evidence that
fertilizers have any profound effect on the proportion of susceptible
tissue in the peduncle. The Mindum plants which received the treble
superphosphate were more severely rusted than other plants of the
same variety, but they did not contain the lurgest percentage of col-
lenchyma. On the other hand, plants of the Pentad variefy, which
received treble superphosphate, contained slightly more sclerenchyma
than similar plants of otlller plots. Pentad has a marked protoplas-
mig resistance to stem rust, and only a trace of rust developed in the
check plot on a few plants of this variety that had been injured. The
Acme plants that received treble superphosphate also contuined the
highest percentages of collenchyma, but the differences in measure-
ments were so slight that they were not considered significant. In
this variety also the plants injured by foot rot, by bunt, or by clip-
ping seemed to be more liable fo rust infection. For this reason, the
rust. infection in the check plot and the phosphate plot was recorded
#s trace to 50 R.

Neither the results of this experiment nor those of the 19926 éx-
periment{ support the supposition that nitregenous fertilizers alter

i For explanutlon of symbols for rust retctiony see footnote 1 to Table 5, p. 4%,
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the structure of plants by increasing the proportion of rust-susceptible
tissue. Measurements made in 1926 were as inconsistent as these
made in 1925. There was not the slightest correlation between fer-
tilizers used and percentage of collenchyms in Kota wheat, even
when the fertilizers were applied in excessive quantities. The range
of variability in percentage of collenchyma was not great in any
variety, and the very slight differences that occurred were not con-
sistent with the differences which occurred in 1923,

In the next two years, 1927 and 1928, tests were made at Coon
Creek, Minn., to determine whether there would be greater response
to fertilizers on the sand than on the loam at University Farm.
Although stands weve poor because of unfavorable growing condi-
tions, some varieties were studied in detail. The results were about
the same as those previously obtained. The differences in percentage
of collenchyma were so siight 2s to be of no significance, and the
highest percentages of collenchyma were not always in the peduncles
of plants fertilized with nitrogenous materials. The conclusion was
that fertilizers applied in the quantities used in these experiments
did not appreciably alter the proportion of collenchyma in the pe-
duncle of any variety studied. The next problem was to ascertain
the possibility of fertilizers affecting the distribution of collenchyma
in the peduncle.

EFFECT OF FERTILIZERS ON THE DISTRIBUTION OF COLLENCHYMA IN THE
FPEDUNCLE

Although the application of nitrogenous fertilizers did not ecause
the formation of a larger proportion of collenchyma in the peduncle,
it is possible that the collenchyma present in such a peduncle might
comprise fewer and larger areas and might not be divided into many
smaller and narrow ones, as would be the case in an unfertilized plant.
In order to obtain definite information on this question the numbers
of different types of collenchyma areas in each peduncle were tabu-
lated, and averages were secured for 10 samples from each fertilizer
plot. In this way it is easy to tell at once how many single collen-
chyma strands occur in the average stem of a plant from a cerfain
fertilizer plot, how many double strands, and how many collen-
chyma areas consisting of three or more coalesced strands. Of
course, there is no comparison of size of single collenchyma strands,
but the degree of division of the rust-susceptible tissue is determined.

The results of two of these fabulations are presented in Table 6.
In Marguis wheat the great majority of the collenchyma areas con-
sisted of single strands and a moderate number of them were double
strands. Larger areas of collenchyma, three or four coalesced strands,
were more unusual, but occurred in one or two peduncles in a group
of 10 examined culms. In the durum wheat, Acme, the average
number of single collenchyma strands in each peduncle was con-
siderably lower, and relutively more of the collenchymsa areas con-
sisted of several coalesced strands.
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TsBLE 8. —Distribution of the collenchyma of the peduncle nto single, double,
und conleseed, sirands dn Marguiz and Acwme wheats grown on different
fertilizer plots ai Unlversity Farm, St. Paut, Minn., 1926
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If the averages obtained for each fertilizer plot he compared, it is
evident that in Marquis the fertilizers appeared to have had no effect
on the division of the collenchymu. The proportions of single,
double, and coalesced strunds were approximately the same in all

“plants from the different plots; nitrogen did mot tend to produce
fewer single strands and more double or coalesced strands, In the
case of Acme there were greater differences when the averages for the
single collenchyma strands were compared. The plants supplied with
excessive quantities of potassium chloride or treble superphosphate
contained more single collenchyma strands than plants on the other
plots, thus indicating the possibility of a greater division of collen-
chyma, In spite of the fact that there were more single strands in
these plants, the number of conlesced collenchyma strands remained
about the same as in plants from other fertilizer plots. It also is
true that the average number of single collenchyma strands was high
in the case of plants furnished with Ammo-phos in excess.

The peduncles of Kota, Ceres, Pentad. and Mindum were similarly
analyzed but gave no evidence that fertilizers exerted any appreciable
or consistent effect on the division of collenchyma in the peduncle.

EFFECT OF FERTIIAZERS ON THE STRUCTURE OF THE EPIDERMAL MEMBRANE

If fertilizers affect the strength snd thickness of cell walls in
cereals and grasses, as Petermann and Remer have suggested (23, 40),
it is possible that they may affect the thickness of the epidermal
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membrane and the strength and thickness of its cell walls. Such
modifications in the epidermis would alter the tensile strength of the
membrane and change its resistance to rupture. If the modifications
were great enough, it is conceivable that the formation of pustules
would be greatly affected. Thus, in a variety like Kota, in which
evident difficulty in pustule formation is somevimes found when only
moderately virulent rust forms attack the peduncle, it is probable
that a thackening and strengthening of the membrane or its cell
walls, as a result of fertilization <with potassium or phosphorus,
would prevent entirely the formation of normal pustules. On the
other hand, if the epidermis were thinner than ‘normal and had
weaker and thinner cell walls as a result of nitrogenous fertilization,
the tensile strength of the membrane might be decreased sufficiently
to permit the formation of normal pustules without any difficulty
whatever. As only a few actual measurements have been made on
the thickness of the epidermal membrane and of the cell walls, it is
impossible to say now whether the slight differences in measurement
are consistent and can be correlated with the different types of ferti-
lizers used. More data must be obtained before the problem is solved.

EFFECT OF FERTILIZERS ON THE DIAMETER OF THE PEDUNCLE

During the examination of plants on the fertilizer plots it was
noticed that the peduncles of some plants were thick and succulent,
while those of others were more slender. Hursh (24) suggested that
the diameter of the peduncle might be an important factor in the
morphologic resistance to rust, by determining the angle of curvaturs
of the epidermis and thus affecting the resistance to rupture of the
membrane.  After studying the deeply furrowed peduncle of some
varieties, as contrasted with the smooth, even peduncle of others,
the writer decided that the width gnd curvature of the epidermal
membrane over aach collenchyma area were far more important than
the diameter of the peduncle. Nevertheless, the diameters of pedun-
cles of Marquis and Kota, grown on different fertilizer plots at Coon
Creel, Minn., were determined. There seemed to be mare variation
in diameter of peduncles of Kota than in those of Marquis. (Fig.
26, A, B.) Variation in Marquis seemed too slight to be of any
importance, but in Kota the nitrogenous fertilizers scemed to have j
dlecided effect in increasing the diamoter of the peduncle. Whether
these differences are great enough to alter the degree of curvature in
the usually somewhat furrowed peduncle of Koty is uncertain. The
rust infection on the plants at Coon Creek was not severe enough to
indicate the effect of fertilizers. If dizameter were an important fac-
tor in this case, however, it would be such as to decrease the resistance
to rupture in the epidermis of plants treated with nitrogen. It
seems probable that the diameter of the peduncle, therefore, would he
a more 1mportant factor in rust resistance in the case of a smooth-
sterw wheat than when the peduncie is furrowed, as it is in Kota,

RELATION OF STOMATAL BEHAVIOR TO STEM-RUST RESISTANCE
IN WHEAT

Since the germ tubes of Puceinia graminis enter the wheat plant
only through the stomuta, it seems likely that stomaial behavior nuy
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have an influence on rust infection. While there is not necessarily
any correlation between number, distribution, and size of the stomata
and the behavior of wheat varieties with respect to rust, stomatal
movements may be important, as Hursh {(£3) and Allen (7) have sug-
gested. Pool and McKay (32) found that germ tubes of Cercospora
Beticola were excluded from the beet leaf when the stomats were
closed, so it seems reasonable to presume that similar conditions hold
for P. graminis on cereals. The writer {20} found that the germ
tubes of stem rust enter the cereals only through open stomats, for,
apparently, they arve unable to force their way between the guard
cells when the stoma is closed. Consequently, mfection oceurs only
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Ficuap 26.—Crophs showing relative diameters of the
peduncles of wheat grown_an diffcrent fevtilizer plots
tn 1926 : A, Marguis] B, Kown

during certain favorable periods—that is. while there is sufficient
moisture for the germination of spores and the survival of germ
tubes—while temperature is favorable for spore germination and
growth of germ tubes, and while the stomata are open so as to permit
the entry of germ tubes.

According to Loftfield (28), the stomatal movements in cereals fol-
low a definite daily rhythm. He found that under favorable condi-
tions the stomafa open at sunrise or soon after, remain open during
the morning, close gradually during the late afternoon, and then
remain closed all night. If conditions are unfavorable, most of the
stomata remain closed during the day or are only partially open for
an hour or so after sunrise. Night opening does not oceur under
ordinary conditions, favorable or unfavorable.

Allen (7), while studying the early stages of infection of Puccinia
triticina on Little Club wheat, found that in materinl fixed in the
morning many of the germ tubes had just entered the host and formed
the substomatul vesicles. In the materiul fixed in the afternoon she
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found that infection was always more advanced, and most of the
substomatal vesicles had sent out infecting hyphae. She suggested
that this daily rhythm might be due to the fact that the fime of
entrance is conditioned by the daily stomatal movements of the host
and that entrance waits upon the natural opening of a stoma rather
than upon mechanical force or chemical action.

Allen (6, p. 720} also has reported that only a certain percentage
of the germ tubes that form appressoiis over the stomata aetual%y
gain entrance to the host. In studying the behavior of three physio-
logic forms of Puccinio grawmings tritici on Khapli emmer she found
that—

The appressorin of ull three forins of the fungus secrete some substance, which,
if present in suffivient amount, penetrates nnd kills the guerd cells and alters
their wails, So far as ean be judged by appearances, it is the same substance
in al! three, hut varies in quantity * * * On comparing the percentage of
entries with the degree of stomatal injury, it is to be noted thut where injuries
are least serious the entries are greatest in number,

In these cases it is probable that the stomats closed as soon as the
substances penetrated and killed the guard cells. Any outside in-
fluence which affects the guard cells and decreases their turgor tends
to close the opening between them,

The writer {20} has found that the rhythm of stomatal movements
fluctuates somewhat in different wheat varieties, although it follows
the general trend of the rhythm as determined for the cereals as a
class. The stomata of cereals are always closed at night, Light is
the most imporfant stimudus for opening, but the stomata of some
varieties respond to the stimulus very quickly, while those of other

varieties respond slowly. A study of stomatal behavior in the upper
Missigsippi Valley dt:rmff the early morning hours, immediately after

sunrise, indicates that a large proportion of germinating rust spores
will gain entrance {o some varieties and prove very effective inoculum,
while on other varieties the majority of germ tubes will be excluded
and only relatively few will enter and infect the host. The spores
may germinate at any time during the might, if temperatures are
favorable, becatise the necessary moisture usually is supplied by heavy
dews during the growing period in the upper Mississippi Valley.
The dew remsins on the plants for a considerable time afpter sunrise,
so that conditions often are ideal for spore germination and survival
of germ tubes. Although many spores may germinate during the
night, none of the germ fubes can enter the host until the stomata
open the following morning, Thus the critical period for infection
is the time between sunrise and the disappearance of the heavy dew,
ufter which the delicate fungus germ tubes on the plant surfaces
perish. If the stomata respond quickly to the stimnlus of licht and
open soon aiter sunrise, there is a longer period during which infec-
tion muy take place than if the stomata respond to sunlight slowly.
Figure 27 shows the behavior of stomata in five wheat varieties
during the early morning of a typical July day.

The stomata of Little Club opened al}zrnost; instantly at sunrise.
For 20 minutes after sunrise, when the first observations were made,
the stomata were about half open. It was possible for the germ
tubes of the rust to enfer Little Club easily between 5 a. m. and
6.20 a. m., the tine when the heavy dew ended. Of comrse, the dew
disappeared gradually snd the plants were not thoroughly dry until
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about 8.20 a. m., so that the period for infection Iprobably extended
beyond the disappearance of the heavy dew. 1t is impossible to
say whether the period was one and one-half hours or three hours,
but it was long enongh for a large number of germ tubes to effect
entry. The stomatal behavior in ELua,lity, Reward, and Early Baart
is similar to that in Little Club. The stomata open very quickly in
the_rr:lorning and there is a relatively long and favorable infection
period.

The stomala of Marquis open a little less rapidly than those of
Little Club, and at 20 minutes after sunrise the openiugs appear as
parrow slits, which probably are teo narrow for the germ tubes
to penetvate. At the next observation peried, 40 minutes after sun-
rise, the stomata were about half open, in condition for the admit-
tance of germ tubes. Thus in Marquis the period favorable for
infection was only slightly shorter than in Little Club. Other
varieties with stomatal behavior similar to that of Marquis_are
Haynes Biuestem, Ruby, Ceres, Arnautka (C. L 1493}, and Mindum.
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s 27.—Stomutnl behavior in the fleld in five varle-
ties of wheat—Litile Club, Maequis, Tlops, Kota, and
Webster—during the prriod inimediately after sunrise

The stomata of the other varieties observed responded to light
more slowly. The stomata of Kota, Webster, and Hope were close
when the first observations were made and they did not begin to
open until some time after 530 a. m. At 530 a. m. most of the
openings in these three varieties were only narrow slits, but by 6.10
a. m. the stomata in Kota were about half open. From Figure 27
it is evident that the stomata of Kota were suitable for germ tube
entry just a short time before the end of the heavy dew. The period
for infection may have been about 15 minutes, or it may have been
between one and one-half and two hours.  In any case it was & much
shorter period than that of either Little Club or Marquis.

The stomatn of Webster and Hope opened even more slowly than
those of Kota. At 6.10 a. m. these stomnata were only narrow slits,
and they did not open far enough to permit infection until near the
disappearance of the heavy dew. If most of the germ tubes per-
ished when the dew began to disappear, there was almost no time
during which the stomatn were sufficiently open for the passage
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of germ tubes. Even though the getm tubes remained viable after
the end of the heavy dew, the period during which infection was
possible is very short when compared with the same period for
Little Club.

It is seen, therefore, that certain wheat varieties may escape
stem-rust infection because of their characteristic stomatal behavior.
Such varieties are said to possess a  functional resistance” to stem
rust. The functional resistance muay vary in different seasons and
in different loenlities, but in some varieties it is remarkably con-
stunt and probably accounts for the marked field resistance of those
wheats,

Velvet Don {C. 1. 1443) ha= been resistant to stem rust at Uni-
versity Farm every season since 1909. Not more than a trace, ov
occasionally 5 to 10 per cent, of rust develops on it in the field, in
spite of the Tact that it is highly susceptible to some of the rust forms
actually present in abundance in the field. The stomatal behavior in
this variety is similar to that in Webster and Hope, so that Velvet
Don probably possesses a functional resistance and stem rust seldom
wets inside this variety when it is growing in the field. Greenhouse
experiments give further evidence that the resistance of Velvet Don
is functional. When seedlings of this variety are inoculated in the
greenhouse with Puccinia graminds tritici form 21, a type-4 infection
results, indicating great susceptibility to that form. When inocula-
tions are made later on plants in the 4-leaf stage, in the boot or after
heading, excellent infection results, an abundance of rust pustules
develop, and there is no indication of resistance. (Fig. 28.)  In the
greenhouse the older plants are kept in the moist chamber for three
days after inoculation, and during that period there probably is con-
siderable time in which the stomata are open and germ tubes are
cutering the plants. In the field form 21 is very often present, but
the perigds of stomatal opening probably do not coincide with the
periods favorable for spore germination and growth of germ tubes.
The functional resistance of Velvet Don has been very effective at
University Farm. Whether it would be effective under different
conditions is uncertain, as this type of resistance in other varieties
sometimes is more eifective in one locality than in ancther.

There 1s great variation in the percentage of stem rust on Webster
wheat. In the uniform rust nursery at University Farm only 5 to
16 per cent of stem rust developed on Webster in 1927. On the sand
experimental plots at Coon Creek, Minn., there was 60 to 90 per cent
of infection in 1927. but the pustules were all relatively small and a
great majority of them never ruptured the epidermis. hecause Web-
ster possesses 2 morphologic and n protoplusmic resistance to rust as
well as s functional one, Stomatal behavior was not studied at
Coon Creek, but it ix certain that a great many more entries were
effected there than at University Farm.

Likewise, the percentage of sfem rust on Kota varies according fo
focality. In some of the uniform rust nurseries the percentage of
infection on Kota is very high, while in other nurseries only a small
percentage of rust develops on this variety. In 1927 there was'28 to
35 per cent of stem rust on Kota at Madison, Wis., and 38 to 75 per
cent at Morris, Minn. In the same year there was only 1 to 2 per
cent of stem rust on Kota ui Manhattan, Kans., and 4 to 10 per cent
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at Fargo, N. Dak. Rust forms to which Kota is highly suseeptible
were present at all places, for forms 18 and 21 were idenfified. Never-
theless, the percentage of infection varied greatly and stomatal be-
havior may have been responsible for some of the differences.
Tnfection on Kota varies also from season to season, At University
Farm infection on Kota ranges from a trace to about 33 per cent.
In 1919, 1921, and 1922 only a trace of rust was reported on Kota;
in 1925 and 1927 there was between 12 and 20 per cent, and in 1920
there was about 83 per cent. Some of this variation may have been
due to the absence of virulent physiologic forms of rust, but it is
possible that stomatal behavior also was important. In many seasons
Kota is almost free from stem rust, there is very little evidence of

FIGURE 28.—Diagrams of crosy sections of Velvet Don infected with Puccinia gram-
Inix trificd form 21t A, Leaf blade: B, peduncle 2 inches below the head; C,
peduncle just Lelow head. X 22

mycelial infection, and the functional resistance of Kota seems to be
operative. In other seasons there are numerous infections on Kota,
and stomatal behavior seems to be ineffective in excluding the rust.
The game variability in number of infections is evident in Khapli
emmer. Khapli has a marked protoplasmic resistance to all forms of
stem rust yet found in the United States, but if the stomata are open
it is possible for Puccinio grominis tritici to enter a resistant host
as esily as it enters a highly susceptible one. The stomatal behavior
of Khapli in soe seasons 1s such that the rust is excluded entirely.
In others a large number of germ tubes enter and the mycelial in-
vasions are numerous. As fruiting pustules usually ave not formed, a
cursory field examination of Khapli reveals no evidence of the in-
fection. The mycelium develops ernugh so that the epidermis is
distended, and if the culm is drawn uetween the thumb and fore-
finger the surface feels uneven end bumpy. If a microscopic exami-
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nation be made the mycelium may be =een in the chlorophyllous
tissues. In some years this type of Infection is very usual on Khapli.
In other years the germ tubes are unable to enter and the emmer is
free from rust.

Stomatal behavior has been studied in some of the wheat hybrids
that have been grown and tested for their resistance to stem rust at
University Farm. A number of crosses have been made in which one
parent possesses a marked functional resistance to stem rust, while
the other parent has none. If the functional resistance is transmitted
to the new individuals, then, under field conditions, the hybrids
usually will be resistant to all forms of Puccinie greminis. A few
observations were made to ascertain if there was any correlation be-
iﬁyveen storatal behavior and the rust resistance of the selected hybrid
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Goulden (79) discusses the inheritance of “mature plant resist-
ance ” in hybrid wheats and suggests that it offers much greater
posstbilities in the production of resistant varieties than the building

" up of protoplasmic resistance by a complicated series of crosses.

The stomatal behavior of four ¥, hybrid lines of g Marquis X
H-44-24 cross was compared with that of the two parents. Marquis
generally is susceptible to rust in the field, while H—44-94 has 5 de-
cided functional resistance, being similar in this respect to its sister
selection, Hope. As may be seen in the graph of Figure 29, A, the
stomatal movements in the four hybrids resembled stomatal move-
ments of the H—44-94 parent rather closely; not one hybrid had =
tendency to behave like Marquis in this respect. Evidently when the
selections were made all of the hybrid lines chosen for propagation
possessed a functional resistance. The stomatal behavior did not
seem related to the morphologic type of the hybrids, for hybrids
509 and 512 seemed to be Marquis types, while hybrids 508 and 513
resembled H-44-24,
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Seven hybrid lines of an H—44-24 X Marquis cross also were
studied. '%hey were in the ¥, generation, four of them closely
resembling the H—44-24 parent morphologically, while two of them
were distinet Marquis types, and one line apparently was still segre-
gating for awns and other head characters. Figure 29, C and D,
1lustrates stomatal behavior in these hybrid lines and in the parent
lines on two days in July, 1929. The two days differed in several
respects, and particularly in sunlight and relative humidity. The
cloudiness and lower relative humidity of July 11 delayed 25 to 60
minutes the opening of stomata in nearly all hybrids and their par-
ents, Marquis, and H-44-24. Thus, on that date, Marquis and
hybrid 564 were the only lines in which the sfomata may have been
open early enough to permit even a few germ tubes to enter before
6.30 a. m., at which time the plants were almost dry. (Fig. 28, C.)
Stomats, of the H—44-24 parent and six hybrids were closed or but
slightly oper until after the moisture had disappeared. On July 13,
a4 day of sunshine and fairly high relative humidity, the stomata
opened earlier and in all cases may have permitted germ-tube entry.
The stomata of Marquis were open for the longest period before the
disappearance of the dew, but none of the hybrids behaved like
Marquis. Hybrids 564, 599, 602, 566, and 598 seemed to take an
intermediate position between the parents, Marquis and H-44-94,
with regard to functional resistance, because thelr stomata were half
open about 40 minutes later than those of Marquis and about 15
minutes earlier than those of H—4424, The stomata of hybrids 565
and 587 and the parent 4424 were open almost an hour later than
those of Marquis, so that these wheats were exposed to rust infection
for a relatively short periocd. Here again there seemed to be no
correlation between stomatal behavior and morphologic type.
When, however, a few of the Fy hybrids of Marquis X Webster
were studied, there was one line (hybrid 3638) whose stomata be-
haved very much like those of Marquis. (Fig. 29, B.) It happened
that this hybrid also resembled Marquis morphologically, while the
other hybrids appeared to be like Webster or were still segregating
for head characters. From the observations of July 16 it seems that
hybrids 8637, 3639, and 3643, and the parent Webster have a fune-
tional resistance. Their stomata were in the narrow-slit stage at
the end of the heavy dew; and those of Webster opened later than
all the rest. Unfortunately, none of the Marquis X Webster hybrids
were promising enough to be selected for further propagation. .
A E.mct-ional resistance may explain some of the “ mature plant
rvesistance ¥ in certain wheat varieties. Most of the evidence of =
mature plant resistance has been based on the field reacticis of
mature plants, but it is necessary that the phenomenon be studied
under more controlled conditions. Stomatal behavier undoubtedly
is the cause of the mature plant resistance in Velvet Don, as has
heen concluded from the greenhouse studies. Such is the case with
Kota and Ceres, also, for the mature plants of these varieties are
eastly infected in the greenhouss and seem to acquire no resistance
to the rust forms fto which they were susceptible as seedlings.
Khapli also has been grown in the greenhouse and inoculated at
different stages of growth to determine whether the older plants
developed a resistance to Puccinie graminis fritici form 41, an
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Egyptian form to which Khapli seedlings arve highly susceptible.
The seedlings gave a type-4 reaction, and the plants were again
inoculated when they were in the boot, and once more immediately
after heading. The inoculum was applied with flattened steel needles
to certain definite areas rather than being scattered promiscuously
by dusting the mature plants with other rusted plants.

Inoculated seedlings are usially left in the moist chamber for abouy
48 hours after inoculation, but the older plants were left for 72
hours in order fo be reasonably sure that a large portion of the germ
tubes entered the stomata. Rust notes were sead three weeks after
incculation, because the pustules develop more slowly on the older
plants than on the debicate. sueculent seedlings. Figure 17 illus-
trates the resuits of the invculations on the mature plants. Pustules
developed on 2ll inoculated purts, peduncle, lead, leat sheuth. glumes,
and awns., In all sectioned material, morphologic resistance to stem
rast was evident, for the pustules were well separated by the
sclerenchymatous tissues. In some cuses 1t was easy to see that the
rupture of the epidermis was a difficult process, Form 41 is a
virulent rust form, however, and it could be seen that infection
occurred in every collenchyma strand facing on the side of the culm
that was covered by the inoculating ncedle. There was no evi-
dence of the so-called wature plant resistance. .

Stomatal behavior in whests may not ewplain all cases of mature
plant resistunce, however, because Johnst n and Melchers (i25) have
recently studied the relation of age of wheat plants to infection by
Puccinia #riticine and found thal certain varictles were definitely
more resistant in the heading than in the seedling stage. Their
work was done in the greenhouse, and, although their plants were
left in meoist chambers for only 48 honrs, the fungus appeared to
have entered the plants without difficulty. The notes were taken
14 to 16 days after inoculation, but pusinies seemed to be fully
developed on those plant parts which they considered susceptible.
The resistant mature plants often were only flecked and in many
cases when pustules developed there was a good deal of necrosis.
They also found that the younger leaves of n mature plant usually
were move resistant to leaf rust than the older leaves of that plant,
They believed that the change from susceptibility in the seedling
stage to resistance at heading time was due to differences in the
chemistry or physiology of the young, active leaves.

In the case of stem-rusi resistance at University Farm, there
seems to be a very high correlation befween functional resistance due
to stomatsl behavior and the general field reaction of a variety.
(Table 7.} Almost all of the wheat varieties possess protoplasmic
registance to one or more rust forms, Certuin varieties also possess
morphologic resistance, und this, whether the host has protoplasmie
susceptibility or resistance, ncenunts for the Lmitetion of the fungus
after 1t enters the plant. A few varvieties are generally vesistand
and often free from rust in the field. in gpite of the fact that they
may have no protoplasmic resistance and no marked morphologie
resistance to the form of rvust present. Stomatal hehavior has been
studied in some of these peculiar varieties and it hus been concluded
that their general freedom from rust in the field is due to functional
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resistance based on stomatal behavior. The most generally resistant
wheats, Webster, Hope, Acme, and Velvet Don, and Khapli emmer
probably have all three types of resistance, so that, even if stomatal
behavior becomes ineffective as a means of resistance in some seasons
or in some localities, the protoplasmic reactions and the structures
of the host may protect it from severe attack. A functional resist-
ance is not a selective one but operates against all forms of rust.
It probably is a more effective type of resistance than a morphologic
or a moderate protoplasmic resistance.

TABLE T.—Suntnury of the different 1ypes of rust resistance possessed by some
wheat varietics and the egorrelation belween their stomatal beliavior and their
generdl hast reaction fo stem ruxt when grown in the fleld at University
Farm, 8t Paul, Minn., in 1523

Types of resistance

Host rene-
Stomatal opening and varlety tion in the

Fune- . -~ field
tional H

Rapid:
Little Clab. ..
Quality
Early Beart.
Heward_......

Moderately rapid:
Marguis._ ..o ..o
Haynas Bluestein
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FKubanka. ..-v-un
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1§, =Busceptible; M3, = moderately suscoptible; L. =resistant.

Abbott (7, 2) has reported that Webster, Hope, and Khapli were
rusted severely in Peru in 1928 and 1929, Hope being so severely
injured that the grain was badly shriveled. Apparently morphologic
resistance did not afford complete protection against rust, for in
Khapli, although each pustule was relatively snmlT, the pustules were
s0 numerous on the culms that they coalesced and completely girdled
the stem. The evidence obtained in Peru indicates that extremely
virulent forms of Puceinia graininis triticl ave present and that in
all the wheats and emmers tested functional resistance due to stomatal
behavior was not effective. Abbott poinied out, however, that envi-
ronmental conditions in Peru are especially favorable for the develop-
ment of stem rust. T'nder such extreme conditions of high humidity
and favorable temperature it therefore is probable that morphologic
and functional resistance do not protect plants so completely as under
ordinary conditions,
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UNEVEN OR ONE-SIDED INFECTION OF PEDUNCLES IN THE FI1ELD

During the past few years it often has been observed that one side
of a wheat culm may be severely rusted and covered with numerous
stem-rust pustules, while the other side is almost free from rust,
with only a few scattered pustules. A large number of these unevenly
rusted )ieduncles were sectioned with the thought in mind that the
morphology might vary sufficiently in the two halves of some stems
to account for the restriction of the rust. The collenchyma areas
varied somewhat, and occasionally those of one-half of the peduncle
were broad and extensive while those of the other half were broken
up into several smaller strands. But that half of the stem with broad
collenchyma strands was not always the severely rusted half, Often
the rusted half had fewer and smaller collenchyma strands than the
nonrusted half. In the great majority of these unevenly rusted
peduncles the structure of the one half was approximately the same
as that of the other half and there was no indication that the mor-
phology of the host was responsible for the one-sided rust infection.

Later, Stakman and Aasmodt ® noticed that the north side of the
culin usually was severely infected by rust, while the south side
sometimes remained relatively free from rust. The cases of uneven
infection often were numevous in the awnless wheats, but they were
very infrequent in the awned varieties. These field observations sug-
gested that intensity of sunlight might be concerned in the problem.
The south side of the peduncle is exposed to the sunlight all day
long, while the north side usually is protected and in the shade most
of the time. The awns of certain varieties might have a shadin
effect on the culms so as to permit an even rust mfection all amung
the stem.

There was a possibility that the south side of the stem was scalded
during periods of intense sunlight and heat, for the uneven infec-
tions generally were noticed after hot, sunshiny weather. In this
case part of the tissues might be destroyed, so that rust could not
develop, or the guard cells of the stomata imight ceass to function
and thereby exciude the germ tubes of the rust. The north side of
an unevenly rusted culm offen remains green longer than the south
side, which loses ifs chlorophyll and turns yellow. The stomata
remain closed on the yellowed half of the culm, but whether they
cease 1o function before the tissues yellow has not been determined.

It seemed possible that the north side of the culms might fur-
nish a food supply more faverable to the production of rust
pustules than the south side. The sngar contents of the north and
south halves of stems were determined to see whether there were
differences in this respect. The samples were collected at 2 p. m.
from Marguis and Mamﬁﬁllo checkrows scattered throughount the
uniform rust nursery. The peduncles were split lengthwise as they
were collected. Samples were taken of green nonrusted and green
unevenly rusted material and of sc-lded stems that had turned yellow
on the south side. Bach ample was analyzed for reducing sugars
and for nonreducing sugars, but the results wers not entirely satis-
factory, The wheat peduncles contained very little sugar and there
were no appreciable or significant differences in the percentages of

& Unpubilshed datu,
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reducing or total sugars in the samples used. It is possible that the
sugars are not so important in fungus nutrition as some of the other
materials such as proteins or pentosans.

WFFECT OF OTHER DISEASES ON RESISTANCE OF WHEAT TO
STEM RUST

There is a possibility that the rust resistance of cereals breaks
down when the normal metabolism of a host is interfered with, espe-
cinlly if that host is attacked by other pathogenes. Stakman, Fie-
meisel, and Levine (45) have reported that the physiologic forms of
Puccinia greminis are remarkably constant and do not gradually
adapt themselves to resistant or semicongenial hosts. They state
that there is no evidence that the pathogenicity of rust forms 1is
easily changed by host influence. Hayes and Stakman (21), in re-
porting on the constancy of stem-rust forms from the standpoint
of plant breeding, stated that hybrid wheats did not increase the
infection capabilities of rust. - The F, families of 2 Kanved X Mar-
quis cross continued to be immune from rust after they had been
proved homozygous for rust immunity in greenhouse tests. The
majority of workers now are probably agreed that the protoplasmic
rust resistance of a wheat variety can not he broken down by the
application of fertilizers, and that any increased rust infection in
the field attendant on nitrogenous fertilizers probably is produced
indirectly. The important factors seem to be increased density of
stand and lodging and delayed maturity rather than a change in the
protoplasmic reaction to rust.

On the other hand, there have heen n few reports of the apparent
loss of resistance to rust. Lang (26) believed that bunt infection
usnally renders wheat plants more susceptible to yellow rust, and
Armstrong (10) reported a disturbance in the resistance to yellow
stripe rust in hybrids derived from a cross between Willelmina and
American Club. Seventeen of the T, plants were free from rust in
the field in 1918 and were considered ¢ genctically immune.” The F,
plants from these 17 were slightly to moderately rusted in 1919, a
season very favorable for stripe rust, and a few of the plants were
badly rusted. Later it was found that some of the badly rusted indi-
viduals also were infected with bunt. and it was thought that the
bant had broken down the rust resistance.  Armstrong, however, was
of the opinion that the resistance of a plant varied somewhat with
its physiologic condition.

Later, Weston (52) also reported an apparent loss of resistance to
yellow stripe rust in some bunt-infected Little Joss wheat. Little
Joss is s hybrid endowed with the stripe-rust vesistance of its Ghirka
parent, which is only slightly susceptible to Puccinia glumarum, in its
later stages of growth. In years when yellow rust is severe in
England the young leaves of Little Joss plants sometimes are
infected em'ly in the scason. Later. as the plants develop, they
“grow away ? from the disease and only oceasional, subepidermal
pustules are found on the mature plants.  Whether this resistance is
truly protoplasmice is not certainly known. It may be a field vesist-
ance of mature plants similar to some cases that lave been dis-
cussed in this paper. In 192526 at Cambridge. England, all bunted
plants of this variety also werce severcly rusted. There seemed to
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be a definite correlation between the two diseases; when bunt infec-
tion was high the yellow siripe rust was severe, and if copper-car-
bonate treatments reduced the amount of bunt the percentage of
stripe rust was lower. TWlletia fritici seemed to be capable of break-
ng down the stripe-rust resistunce of Little Joss in its later stages.

An apparent breakdown of stemn-rust resistance also has been noted
at University Farm. Very often a large number of pustules will ap-
pear on individual plants of a rust-resistant variety severely infected
with bunt or with loose smut. Likewise, in 1996, when foot rots
of wheat were very prevalent in Minnesota, the affected plants of
certain varieties scemed rather severely rusted. For example, Acme
usually 1s aliost free from rust at University Farm, but in 1826 it
was possible to find in the plots a certain small percentage of severely
rusted plants. At first g{ance it appenved as if the seed had been
impure and that a plant of another variety, susceptible to stem rust,
was growing in the plot, The plants were typical of Acme, how-
ever, and in every case these plants also were severely attacked by
root rots. There was a definite correlation between the two disenses.
Si})lnilar observations have been made on Mindum, Kota, and Marquis
wheats.

The phenomenon was not studied in detail because the observations
were made rather late in the season, when the final rust notes were
being taken. It is impossible to say whether or nof the protoplasmie
resistance of Acme was broken down. It seems more probable that
the rust infection was due to the ineffectiveness of the functional
resistance usually characteristic of Acme in the field. Apparently,
the breakdown in resistance was not because of any specitic fungas
in the plants, for the same effect was produced when the heads were
removed abont flowering time. A great many samples of different
wheat varieties were taken in that year and the heads and part of the
peduncle were c]ined for morphologic studies. The clipping pro-
cess was just as effective in breaking down resistance as was foot rot
or bunt infection. The same effect was noticed in the oat plots of
the uniform rust nurseries, for rust was exceptionally severe en
plants from which the heads had Leen clipped for a study of blast,
The physiologic processes were undoubtedly disturbed by elipping,
and 1t 1s conceivable that the stomatal behavior might have been
altered to such an extent as to have facilitated entry of the organism.

One controlled experiment was made in the greenhouse, designed to
breals down the resistance of Khapli emmer to Puccinia graminis
tritiel form 17. The Khapli seedlings give a type-1 reaction with
form 17, so it may be safely assumed that one is working with the
stable protoplasmic resistance and not confusing it with the morpho-
logic or functional resistunce of Khapli. Some of the heads were
chipped just as they were emerging from the boot, and the boots,
leaves, and culms of clipped and nonclipped plants were inoculated
with form 17. The plants were kept 1n moist chambers for three
duys to allow the germ tubes plenty of time to enter. The leaves
andl boots of all plants were flecked slightly and there was u good
den] of local yellowing., Whether this was due to rust infection or
to early ripening is uncertain.  No rust pustules appeared, however,
50 that apparentiy the protoplusmic resistance of Khapli was not
broken down by clipping the heads.
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Field experiments were made in 1929 to test further the possibility
of breaking down rust resistance by subjecting plants to the attacks
of other virulent pathogenes. Seed of Anthony oats, a variety usu-
ally resistant to rust in the field, in the United States, was dusted
50 heavily with spores of Ustilago avenge and U. levis that 35 to 40
per cent of the resulting plants became smutted. The plants were
subjected to natural .-st infection only, with the hope that there
would be plenty of inoculum. The rust infection was unsatisfactory,
however, and the plants apparently maiatained their resistance, as
there was only a trace of stem rust in the entire plot. On August 5.
after most of the oats in the field were thoroughly ripe, the plants
were cut and the smutted plants sorted from the nonsmutted.
Fighty-five per cent of the nonsmutted plants had ripened and were
yellow and dry. On the other hand, almost 100 per cent of the
smutted plants were still green and fairly succulent. Thus the
smutted plants might have been in condition for rust infection over
a longer period than the healthy plants. In case of an epidemic of
the oat-rust forms it is probable that smutted plants might be more
severely rusted than the nonsmutted, but, under the field conditions
at University Farm in 1929, there was no indication that the rust
resistance of Anthony onts was altered by the smut infection.

Adjacent to the 1}?01: of Anthony oats there was a plot of Kota
wheat in which 75 per cent of the plants were infected with Tilletia
tritici and 4 per cent with Ustilugo tritici, while 21 per cent remained
healthy. Kota wheat often is rust resistant in the flield, and it was
thought possible that its resistance might be broken down in plants
which were smutted. On August 5 the smutted, bunted, and clean
plants were sorted and examined cavefully. All the bunted plants and
about 95 per cent of the clean plants were yellowed and ripe, but
50 per cent of those attacked by Ustilago were still green and some-
what succulent. Thus Ustilago infection in wheat as well us in oats
seemed to delay ripening and prolonged the period during which
plants were in condition for rust infection. Tilletia infection in
wheat did not have this effect. The stem-rust infection varied in
the three lots, there being only a trace in both the clean and bunted
plants, but from 5 to 8 per’cent in those attacked by Ustilago iritict,
Unfortunately, the rust forms that infected the smutted plants were
not determined, but it is believed they were forms that might sttack
clean Kota plants in the field. Thus the explanation would 154 be
a breakdown in rust resistance, but increased opportunity for stem-
rust infection due to the delayed ripening of the wheat or an altera-
tion in its functional resistarce.

More complete experiments and more detailed observations are
necessary before the question can be settled. There also must be
certainty that one is dealing with a protoplasmic resistance rather
than with a morphologic or functional type. At present the last
two types of resistance are easier to alter or overcome experimentally
than 1s the protoplasmic resistance.

DISCUSSION
The problem of rust resistance evidently is extremely complex.

At various times certain ideas have dominated the concept of the
nature of resistauee, but all of these idens seldom have been har-
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monized with all of the known facts, Cobb many yeurs ago con-
cluded that resistance was due to morphologic characters of host
plants. He thought there was a correlation among resistance and
the tensile strength of host tissues, the number and size of stomata,
and the presence of waxy bloom on the leaves. This idea had con-
siderable vogue. Then Ward concluded from his investigations
of the brown rust of bromes that no observable morphologic char-
acters were responsible for resistance. e suggested, on the other
hand, that there was some sort of protoplasmic antagonism between
resistant host plants and the pathogene. The work of Marryat,
Gibson, and Stakman supported this view. For some time after
these investigations resistance was attributed solely to physiclogic
incompatibility between host and pathogene. Stakman and Pie-
moeisel, however, snggested in 1917 thut resistance somethmes might
be due to structural characters. Hursh investigated this possibility
quite thoroughly and came to the conclusion that morphologic char-
acters sometimes were responsible for resistance. The investigations
of Allen called attention again to the fact that the size and number of
the stomata may have had some influence on resistunce. The writer
has in?estigate(f{the problens to discover whether these various ideas

can be reconciled. The results presented in this bulletin show clearly
that resistance of gramineous hosts to Puecinde grominis does not
depend on any one factor. It has been shown that resistance may
be due to protoplasmic, morphologic, or functional peculiarities of
the host. Any one of these types of vesistance, or any combination
of the three, may be present in 2 single variety. One should not

getteralize too much. Even the morphelogic resistance may differ
in different parts of plants of the sanie vuriety.

The percentage and distribution of rust-stsceptible tissue probably
is of primary importance in determining the degree of orphologic
resistance to rust in different parts of plants of a single variety and
in comparable purts of plants of different varieties. In the seedlings
of all wheat varieties examined, only the vascular bundles and a few
slender, igolnted strands of sclerenchyma cells offer resistance to
rust. In mature wheat plants there is less susceptible tissue than in
the seedlings, and in some parts there is none at all. The leaf blade
probably has more susceptible tissue than any other puart of the
mature plant, for the susceptible mesophyll areas, distributed in large
parallel strands, are separated from each other only by the vascular
bundles and the girders of sclerenchyma. There is slightly less
susceptible tissue 1n the leaf sheath than in the leaf blade, for the
sclerenchyme about the vascular bundles usually is more strongly
developed. The susceptible tissue Is distributed in parallel strands,
as in the blade, but near the buse of the leaf sheath one strand may be
continucus with the next ot the periphery of the ¢!y, because the
vascular bundles with their sheaths of sclerenchyma are embedded
in the leaf sheath and do not extend to the surface.

The peduncle of u plant contains much less rust-susceptible tissue
than either leaf sheath or blade, but the proportion and distribution
of that tissue differ in different parts of the peduncle. The greater

yroportion of susceptible tissue oceurs just beneath the head, and
1t is distributed in one to four or five broad strands encircling the
peduncle. Farther below the head the quantity of susceptible
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tissue is reduced and distributed in numerous strands that are ex-
tremely narrow in socme varicties and broad and coalesced in others.
Just above and within the leat sheath there is much less susceptible
tissue in the peduncle. The collencliyma areas nre very small and
there ave very broad bands of sclerenchyma between them. The up-
permost portion of the peduncle always is susceptible morphologi-
cally to rust, the middle portion may be either susceptible or re-
sistant, and the lower portion usually is registant morphologically.

The rachis is somewhat similar to the peduncle, and its rust-sus-
ceptible tissue is distributed in strands around the convex side of the
joint. There is, however, no susceptible tissue on the flattened side
of each joint of the rachis, so this part of the rachis is immune
morphologi(-:lll ¥ from rust.

There is some suscoptible tissue in the glume and in the awn, bub
the quantities are small when compared with those in the leaf blade
and the leaf sheath. The two Jurgest strands of susceptible tissue
are on either side of the midrib in the glume and are continuous
with the two strands that run the length of the awn.  In the glumes
other smaller strands run parallel with the two principal strands,
but they are not so often rusted as the central strands.

After surveying the rust-susceptible tissue in different parts of the
grrass plant, it is found that some parts have more mechanical restric-
tions to rust development, nnd hence more morphologic resistance to
rust, than other parts. The seedlings seem to have no appreciable
morphologic resistance, and in the mature plants the base of the leaf
sheath, the upper extremity of the peduncie, and the leat hiade have
but little. The lower portion of the peduncle has a very decided
morphologic resistunce, and the flattened side of each joint of the
rachis has a morphologic immunity from rust. There may be mor-
phologic resistance in the middle part of the peduncle also, in the
feat sheath, and in various parts of the head, but the effectiveness of
auch resistunce differs greatly in different varieties of wheat.

There may be structaral differences affecting relative susceptibility
even in susceptible tissues. When the tissue is made up of very thin-
walleq chlorophylious cells, as it is in all seedlings, there is actually
very little to prevent the penetration by haustoria; and when there
are many lrge intercellular spaces, as 1s the case in seedlings, there
are no mechanical obstacles to the rapid and sbundant development
of fungus mycelium. However, it the rust-sisceptible tissue consists
of compuct collenchyma cells with cellulose walls ot vurying thick-
ness, as is the case in the peduncle, it is probable that the mycelium
will progress more slowly than it does in (he tissues of the seedling.
An extreme effeet of tissue structure on rust development is evident
in the swollen lenf base. This part of the plant is seldom infected,
but on rave accusions the rust mycelium may pass from the base of
the leaf sheath or from the upper extremity of the lower internode
into the ground tissue of the swollen leaf base. The ground tissue
can be infected by the pathogene, but the cells are so compactly ar-
ranged and theiv cellulose walls so greatly thickened that the ramifi-
cation of hyphae must require considerable energy.

During the later stages in the development of rust infection, other
morphologic characters are apt to be more important than the guan-
tity und distribution or the structure of rust-susceptible tissue. When
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the pathogene produces spores and forms pustules the structure of the
epidermal membrane is u factor to be considered. The epidermis of
the seedling is a delicate membrane composed of thin-walled, only
slightly cutinized cells. Tt is easily vaptured by the expanding pus-
tules and the spores even may be pushed out between the cells without
nfting a lnyer of them. The epidermis in the peduncle, on the other
hand, vsually is o very thick, heavily eutinized membrane. The cell
walls are extremely thick and seem to be as heuvily lignified as the
walls of the sclerenchyma. Obviously, the epidermis of the peduncle
is much more resistant to rupture than that of the seedling. The
thickness and the extent of the epidermiis of the peduncle differ
greatly in different wheat varieties, and in some varicties the resist-
ance to rupture is so great that pustules are formed with difficulty
or not at all. The epidermis in the rachis, the glume, and the awn
is similar fo that in the peduncie. In the leaf blade and sheath, how-
ever, it scems weaker and less tough. It is far thicker than in the
seedling, and the cell walls ave thick, but the degree of lignification
varies cousiderably. Occasionally the entire epidermis is composed
of cells with lignified walls, but more often this is not the case.
Sometimes only those cells over the sclerenchyma are lignified, while
those over the rust-susceptible tissue have thickened ecllulose walls.

The epidermis sometimes may be reenforced by strands of scleren-
chyma cells, resulting in increased resistance to rupture because of
thickening of the membrane or because of the separation of the
wide membrane into several narrower ones which act independently
of each other, Such recnforcements never occur in seedlings, but are
extremely common in the peduncles of some varieties of wheat.
They undoubtedly contribute to a morphologic resistance in the
durum wheats and in the emmmers, but are of little importance in the
common wheats. Reenforcing sclerenchyma strunds have not been
found in the leaf blades or leaf sheaths of any of the wheat varie-
ties, but in einkorn there is a broad band of sclerenchyma just Lelow
the epidermis of the leaf sheath; hence the membrane over the rust-
suseeptible tissne is about twice as thick as it would otherwise be.
The nature and structure of e epidermal membinne, therefore,
probably are responsible for consider.ole morphologic resistance to
stem rust, because of the fact that pustules can not be formed readily.

In the peduncle of the plant, other factors probably influenee some-
what the severity of rust infection. The shape and position of the
rust-susceptible nrcas may affect the size of rust pustules. In culms
of the durums and cmmers the width of the collenchyma bundles
a short distance beneath the surface is greater than that of the
periphery. Thus the individual pustules are slightly smaller than
they would be if the radial borders of the infected arcas were vegular
and approximately perpendiculur to the surface of the peduncle, as
they are in the great majority of common wheats. It is probable
also thut it is harder for the pathogene to burst the collenchyma
strand of a durum than that of o common wheat, because in the durum
s larger proportion of the growth pressure exerfed by the myeelial
mass wonld be expended on the rigid unyielding sclerenchyma, and
the narrower epidermal membrane would be more resistant to rupture
than the wide membrane covering the entire width of the collen-
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chyma strand in the common wheat. The position of the collenchyma
strands also must be taken into consideration. In the durums and
emmers they are situated in longitudinal furrows in the peduncle.
There is a fendency toward this condition in some of the common
wheats, but the furrowing of the stem is never so marked as in
the dproms and emmers in which the pustules are likely to be narrow
beeause they are flanked by prominent ridges of sclerenchyma on
both sides. If is possible that these morphelogic characters arve
often of minor importance, but if the host plant has only moderate
protoplasmic resistance to a certain rust form, the shape and dis-
position of the infected areas may be of major importance and
may serve to emphasize the mederate protoplasmic resistance.

The pathogene does not easily enter to many resistant varieties
of wheat. In a few cases the exclusion is due to morphologic causes.
For example, the epidermis of the swollen Jeaf base of 2 wheat culm
has no stomata; consequently the fungus can not invade directly
this part of the plant. The leaf base is almost never rusted in the
ficld. hut it is possible for rust mycelium te penetrate the tiesue of
the leaf base from the adjacent infected leaf sheath or stem. Ocea-
sionally in the pechuncle a strand of collenchyma is completely baried
in the sclereachyma, no part of the strand abuts on the epidermis, and
there is no way for the fungus to pass throngh the epidermis and the
sclerenchyma to reach the susceptible strand of collenchyma. In
most cases, however, the exclusion of the rust fungus is due to peculi-
arities in stomatal behavior. In certain wheat varicties the stomata
usually are closed during the periods when the germ tubes of the
fungus are ready to initiate infection, A certain degree of moisture
and favorable temperatures are necessary for spore germination,
and moisture probably is the prime requisite for the survival of the
germ tubes. In the upper Mississippt Valley there generally is sufli-
cient dew to enable the spores to germinate during the night or the
eurly morning hours. But when the dew disuppears in the morning
the germ tubes shrivel and perish if they are exposed. During the
night the stomata of the wheat plant are closed and they do not
open until affected by the stimulus of sunlight in the morning. Tho
response to sunlight is rapid in some varieties and slow in others.
The first stuges of rust infection depend upon the rate of opening
of the stomats, for the germ tubes do not force their way through
closed stomata. In some vavieties the stomata open so late and so
slowly that the dew disappears and the germ tubes dry up before
they can enter the host. Such varietics are functionally resistant to
stem rust, and this type of resistance is about equally effective against
all physiologic forms.

Clearly, then, rust resistance may be due to several different factors
operating independently or in conjunction. This holds true for
different varietics and species of Graminese and for different parts
of individual plants. For cxample, Kota wheat has considerable
morphologic resistance because of the amount and distribution of
sclerenchyma in the peduncle, but this is not true of Quality wheat.
On the ofher hand, although there are some varietal differences there
i relatively little morphologic resistance in the leaf blade of Kota or
of most other varieties, because the susceptible areas are relatively
large in all of them. For this reason morphology probsbly is rela-
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tively unimportant in resistance to Puccinic trificing. In studying
resistance to this rust one probably would decide that there was no
effective morphologic resistance in any variety. It is always neces-
sary to take into account the structural characters in the different
parts of the host attacked by a particular rust fungus. The leaf
sheath and the peduncie are the principal organs severely infected
with 2. graminis, but it is the leaf blades that are principally infected
with P, riticing, P. dispersa, and P. glwmaruns, The problem of
resistance to P. granwnis has been dealt with in this bulletin, and
8 good deal of the detailed work has been done on the structural
characters of the peduncle of the plant, the region most severely
damaged by rust when the attack is heavy. Had the leaf rusts been
investigated the conclusions might have been quite different

It may be well to summarize the factors influencing resistance in
several of the outstanding wheat varieties to illustrate the importance
of considering more than one factor when such a problem is being
studied.

Kota, a variety of Triticum vulgare, has protoplasmic resistance
to a_number of physiclogic forms of Puceinia graminis tritici,
Besides itz protoplasmic resistance, Kota has a very definite morpho-
logic resistance to stem rust. Hursh showed that this resistunce
was due to the occurrence of the susceptible tissue of the peduncle
in narrow, isolated strands. The size of the pustules is limited b
the width of the strands and if many pustules are produced it is
hecessary that each strand be infected separately, for the mycelium
does not spread from one strand to the next. There are other factors,
however, that probably contribute to the morphologic resistance of
Kota. There 1s a tendency for the peduncle to be furrowed, and
the rust pustules produced in these furrows must contsin great
masses of spores if they are to expand beyond the sclerenchyma
borders of the furrows.” The epidermis of Kofa is very thick mn
comparison with that of other varietics of common wheat. The
cell walls are thick and the membrane appears to be extremely
tough. In some cases, on the peduncle especially, the rust pustules
remain subepidermal, as they seem unable to break the epidermis.
In many cases the force exerted by tlie fungus cracks the scleren-
chyma bands and separates the lignified cells before the epidermal
membrane gives way. Thus Kota has several structures contributing
to its morphologic resistance to stem rust. Moreover, Kota probably
has some functional resistance to stem rust, Tts stomatal Il))chnvior
ndicates that under some conditions a large proportion of germ
tubes are excluded. The effectiveness of this moderate functional
resistance may vary in different seasons and localities, but it some-
times assumes major importance. Kota thus actnally has the three
types of resistance to rust, namely, protoplasmie, functional, and
morphologic; and at least three different struetural characters are
responsible for the morphologic resistance.

Marquis is a direct antithesis to Kota. Marquis has a protoplagnic
resistance to some physiologic forms of Puceinie graminis tritici,
but it seems to have neither morphologic nor fanctional resistance
fo stem rust. The rust-susceptible tissue of the peduncle is dis-
tributed in broad, double strands, and the stem of the plant usually
is smooth and not furrowed as in Kota, The epidermal membrane
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is not so thick as in Kota and there is less resistance to rupture.
Tmperfect pustules are seldom found in Marquis wheat. The stoma-
tal behavior of Marquis is such that the stomata open rather rapidly
and there is ample opportunity for the germ tubes of the rust to
enter. It seems that Marquis must rely solely on its protoplasmic
yesistance to stem rust. Therefore, in comparison with Kota, it is
much handicapped.

Webster, like Kota, possesses the three types of resistance to stem
rust. In its protoplasmic reactions it has been either highly or
moderately resistant to all the physiologic forms of Puccinia graminis
tritics with which it has been inoculated at University Farm, St
Paul, Minn. There also is a very definite morphologic resistance
in Webster. The peduncle is inclined to be furrewed, and the collen-
¢hyma is distributed in narrow, isolated strands beneath the trough
of each furrow. The epidermis is extremely thick and very resistant
to rupture. Subepidermal pustvles are common on the peduncles
and the leaf sheaths of Webster. It may be that normal pustules
would be formed more often if Websfer had Jess protoplasmic
resistance, but it is evident that most physiologic forms of the
fungus have great difficulty in breaking the epicermis. ebster
also has very marked functional vesistance, for its stomata respond
to light so slowly that many gern: tubes of rust probably never have
a chance to enter. The functional resistance of Webster is even
more marked than that of Kota.

Hope, a2 common wheat, is very resistant to stem rust in the field,
in the United States, and it, too, possesses the three types of resist-
ance. Hope is not so uniformly resistant in a protoplasmic way as
Webster seems to be, but it is resistant to a large number of forms
of stem rust. 'The morphologic resistance of Hope is due to the fact
that there are only narrow, 1solated strands of suspectibie tissue in
the peduncle, the stem is slightly farrowed, and the moderately thick
epidermis has exceptionally thick onter cell walls. However. the
very high degree of rust resistance of Hope in the field may be due
principally to its very pronounced functional resistance.

The two hybrid wheats. Cerves and Marquillo, are protoplasmically
highly resistant to a number of rust forms. There is less evidence
of morphologic resistance, however, for both varieties have numerous
moderately broad, counlesced collenchyma strands in the peduncle.
The only factor that might account for a morphologic resistance 1s
the strength of the epidermis. In Marquillo it is thick and tough,
and in sectioned material there is evidence that the fungus has difti-
culty in forming pustules. The importance of the epidermis in Ceres
is loss obvious, and it is not certain that Ceves has any effective mor-
phologic resistance. When the stomatal behavior is studied, Ceres
seems to have no functional resistance, but Marquillo has 2 moderate
functional resistance like that of Kota.

The durumna wheats have protoplasmic resistance to certain forms
of stem rust, but if they bave morphologic resistance it is due to
structures other than those respensible for resistance in the common
wheats. Tt is doubtful whether such morphologic resistance as the
durums have is so effective as their protoplasmic and functional
resistance. All of the durums have broad, coalesced collenchyma
strands in the peduncles; therefore, the amount and distribulion of
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suscepbible tissue are not factors in their resistance. The shape and
the position of the collenchyma in the furrowed peduncle may be
responsible for some resistance to vust but probably they are not such
effective factors as size of collenchyma strand. They do not give any
morphologic resistance to Mindum wheat, for example, for Mindum
may be highly susceptible in the field. The most effective morpho-
logic resistznce in the dmrnms seems due to thickness and the reen-
forcements of the epidermal membrane and its increased resistance
to rupture.

Some of the durums have decided functional resistance to stem
rust. Acme and Velvet Don may be classed with Webster and Hope
with regard to stomatal behavior and functional resistance. This
type of resistance seems to account for the relative freedom of Acme
and Velvet Don from stem rtust in the field. Mindum and Arnautka,
on the other hand, seem to*®have ne more functional resistance than
Marquis, while Kubanka has a moderate functional resistance similar
to that possessed by Kota,

In the emmers there also are the three types of rust resistance.
Khapli, for example, has protoplasmic resistance to most of the
physiologic forms of Puceinia graminis tritici, It also has morpho-
logic resistance because of the following structural charaeters,
namely, the relatively small amount of susceptible tissue and its dis-
tribution in narvew, isolated strands in the peduncle, the irregular
shape of collenchyma strands and their position in the furrowed
culm, the extreme thickness of the epidermis and its sclerenchymatous
reenforcements which increase its resistance to rupture. Khapli also
has a moderate functional resistance to stem rust because of stomatal
behavior,

From the facts available, it is clear that there are several causes
for stem-rust resistance of varieties of wheat. These can be grouped
into three general categories—protoplasmic, morphologic, and func-
tional. In the case of protoplasmic resistance, there is some sort of
antagonism between the pathogene and the host plant. The patho-
gene may enter in a normal manner but is unable to grow exten-
sively within the tissues, because it usually kills some of them and
then itself dies. While it is known what happens in this type of
resistance, it is not known why it happens because of the meager
knowledge. of the physico-chemical process involved. This proto-
plasmic resistance usually is effective only against certain physiologic
forms. No varieties of wheat yet known have protoplusmic resistance
to all known forms of Puccinia graminis ¢ritici. Morphologic re-
sistance may protect plants against the attack of all but the most
virulent physiologic forms, but it is itself due to many factors and
is somewhat variable, Functional resistance, due largely to the fail-
ure of stomata to open promptly in the morning, thus excluding the
germ tubes of the pathogene, ig likely to be more universally effec-
tive than either of the other two. Some varicties have only one type
of resistance, while others have two, and still others have all types.
1t is likely that both the morpholegic resistance and the functional
resistance are particularly important because varvieties with these
means of resisting rust attack probably can resist invasion by aill
phiysiologic forms, Therefore, they are likely to be very useful in
the development of rust-resistant varieties. It is obvious that vari-
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eties possessing all known types of resistance may be most useful.
Fortunately, some varieties, such as Hope, seem to possess in some
degree, at least, all of the three general types of resistance. The
implications of these facts in the development of rust-resistant
varieties are, of course, self-evident.

SUMMARY

There are three general types of resistance to stem rust {Puccinia
graminis) in wheat—protoplasmie, morphologie, and functional. A
number of different structures that are responsible for morphologic
resistance have been investigated; and stomatal behavior has been
studied in wheat as the principal cause of a functional resistance,

All of the aboveground parts of a wheat plant contain rust-sus-
ceptible tissue—leaf blade, leaf sheath, peduncle, rachis, glume, and
awn. The quantity and distribution of the tissue vary in different
parts of the plant., The wheat seedling is composed almost entirely
of susceptible tissue, and a large proportion of the mature leaf blade
is susceptible, but in the peduncle and rachis there are smaller
amounts of susceptible tissue distributed in longitudinal strands
beneath the epidermis.

Wheat seedlings offer virtually no morphologic restrictions to the
development of rust. Most of the tissue is thin-walled chlorenchyma,
with numerous intercellular spaces. The epidermis is a thin, deli-
cate, easily ruptured, cellulose-walled membrane.

The relative proportions of collenchyma and sclerenchyms vary in
different parts of the peduncle and in comparable parts of the
peduncles of different wheats. Just beneath the head about 90 to 98
per cent of the periphery of the peduncle is bordered by collenchyma,
distributed in from one to four or five broad coalesced strands. In
the middle of the peduncle from 50 to 80 per cent of the periphery
is bordered by collenchyma. distributed in numerous strands that are
separated by bands of sclerenchyma. Just above and within the leaf
sheath the peduncle has only 25 to 35 per cent of the periphery bor-
dered by coﬁenchym&, the strands of which are extremely narrow and
shallow. The relative proportions of collenchyms in the middle por-
tion of the peduncle differ somewhat in different wheats, being about
60 to 70 per cent in the common wheats, about 72 to 80 per cent in
the durums, and 50 to 65 per cent in the emmers.

The size, shape, and disposition of collenchyma strands in the
peduncle are important factors in deteunining the spread of the
mycelium and the size of rust pustules. In the common wheats some
varieties are characterized by very broad and coalesced strands of
collenchyma, while others usually have very narrow single strands of
collenchyma with strong wide bands of sclerenchyma between
them. IBach strand is regular in shape with borders almost perpen-
dicular. to the surface of the culm. Most of the common wheats
have smooth culms, but o few varieties have stems that are slightly
furrowed. All varieties of durum wheat have broad extensive areas
of collenchyma formed by three to seven or more confluent strands.
The shape of the strand 1s irregular and the portion adjacent to the
epidermis is less than its total width. The stem of durum wheats
usually is deeply furrowed, with the result that the rust pustules
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lie at the bottom of the furrow. The shape and position of the
collenchyma strands in emmers are very much like those in the
durums, but the collenchyma strands of the emmer are likely to be
narrow and isolated rather than ecoalesced into large extensive areas.

The rust-susceptible tissue in the leaf blade occupies the area
between the parallel vascular bundles and extends from the lower to
the upper epidermis. The girders of sclerenchyma that accompany
some of the vascular bundles separate one collenchyma area from its
neighboring area. The width of the areg varies in different varieties
of wheat and in different species of Triticum, but the differences are
seldom sufficient to affect greatly the size of the rust pustules. An
inerease in the number of sclerenchyma girders and a decrease in the
distance between them make necessary a greater number of infections
if the rust is to cover much of the surface of the leaf blade.

The leaf sheath contains broad strands of rust-susceptible tissue
continuous with those of the leaf blade and separated by the vascular
bundles with their sheaths of sclerenchyma. The rust-susceptible
chlorenchyma lies just beneath the outer epidermis and below it is a
large lysigenous cavity in the parenchyma that forms the inner part
of the leaf sheath, The general structure of the leaf sheath does not
differ greatly in different varieties of wheat. .

The base of the leaf sheath is relatively thick, the lysigenous cavi-
ties tend to disappear, and the vascular bundles with their accom-
panying sclerenchyma are embedded in the leaf sheath and do not
estend to the outer epidermis. The rust-susceptible areas thus merge
with neighhoring rust-susceptible aveas at the periphery of the leaf
sheath, and there is excellent opportunity for the formation of large
rust pustules.

he rost-susceptible tissue of the rachis is distributed in lon,i-
tudinal strands as in the peduncle, but the flattened side of each
joint of the rachis is composed of sclerenchyma and is never infected
by rust. There are indications that the smount and distribution
of collenchyma in the rachis differ in different varieties of wheat
just as they do in the peduncles of different wheats.

There is relatively little rust-susceptible tissue in the glumes and
awns,

Certain vavieties of wheat. may be resistant because of structural
peculiarities that make it difficult for pustules to rupture the epi-
dermis. The size and shape of the collenchyma bundles, the thick-
ness and toughness of the epidermis, and sclerenchymatous reen-
forcements of the epidermis appear to be most important in this
connection,

Not all of the tissues in which the rust can grow are equaily sus-
ceptible. The degree of compactness and the thickness of the cell
walls may determine the rapidity with which the pathogene can
grow.

Some varieties of wheat ave very resistant to all physiologic forms
of stem rust under natural conditions because their stomata open
so slowly in the morning that the germ tubes of the pathogene
nsually dry up before they can enter.

Results of experiments to determine the effect of fertilizers on the
structure of wheat varieties and their susceptibility to rust aftack
were somewhat inconsistent. There were no consistent and signifi-
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cant differences in the proportion or distribution of collenchyma in
the peduncles of wheats grown in different fertilizer plots, although
in a few cases there was an effect which indicated a possible correla-
tion with the degree of rust infection. A study of the effect of fer-
tilizers on the structure of the epidermal membrane was not conclu-
sive. The application of nitrogenous fertilizers did not increase the
dinmeter of the peduncles of Marquis wheat. 1In the case of Kota
the diameter was increased. but it is not clear whether rust suscepti-
bility was increased thereby. No one fertilizer or combination of
fertilizers, in the experiments so far made. seemed consistently to
alter the structure of plants sufficiently to affect their susceptibility
or resistance fo rust.

In the field, stem rust often develops almost exclusively on the
north side of the plants. The exact reason for this phenomenon is
not vet known, but it does not seem to be due to differences in struc-
ture on the two sides of the stem nor to differences in total sugars
uor reducing sugars.

Wheat plants affected with smnts or foot vot are likely to become
more heavily rusted than healthy plants: clipping the heads has the
same effect.

It is evident that there are several types of resistance to stem
rust. A variety of wheat may have one or more of these types of
resistance. Some have only protoplasmic resistance to certain physi-
ologic forms, and none. so far as known. is resistant to all forms.
Such varieties are likely to he severely rusted in those years and
localities in which the physinlogic forms to which they are sus-
ceptible happen to occur. While morphologic and functional re-
sistance may be somewhat variable. varieties with these types of
resistance are likely to be more nearly universally free from rust
than those with protoplasmic resistance only. And. obviously,

arieties Hke Hope and Webster. which have at least in some degree
al] known types of resistance. are lilely to be almost universally
resistant.
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