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WASHINGTON, D.C.

HISTOLOGICAL CHARACTERS OF FLAX
ROOTS IN RELATION TO RESISTANCE
TO WILT AND ROOT ROT

By Lyrron W. Bovig?
Aggistant pathologist, Division of Cerecl Crops and Discazes, Burean of Plant
Industry
The Busgau of Plant Industry in cooperation with the North Dakota
Agricultural Experiment Station and the University of Wisconsin
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INTRODUCTION

In field plantings of flax (Zinum usitatissimum L.) varieties, many
degrees of resistance to the diseases due to soil-infesting fungi are
appsrent. The purpose of the study here reported was to determine
whether there was a correlation between histological characters of
the roots of certain flax varieties and their relative resistance to
fungi that infest the soil of flax fields at Fargo, N.Dzk,

REVIEW OF LITERATURE

Difficulty in producin% sucecessive flax crops on account of a con-

dition that develops in the soil was noted by Pliny (4} ? in the first

1The writer wishes to thenk J. G. Dickenn, of the Unlversity of Wisconsln, for advies
fn the pursuit of these studles; ulso to acknowledge Indebtedness to B, H. Herrling, of
the plant pathology depurtment, University of Wisconsin, for nsslstance in obtalnlog
photomicrographs; to H. H, Flor, of the Dlvision of Cerenl Crops anil Dlsenses, for
growing and celfecting flald apecimens during the senson of 1031 ; to Spas Ivanaff, of
the plant patholngy depurtment, University of Wisconsin, for ausistance In preparatitm
of the muterial illusteated in plate 1; and to A. G. Johnson, of the Division of Cercul
Cfoliﬂ apd Digenges, for eriticism of tha manuseript.

2Ttalie wumbers o parentheses refer lo Llteratore Clted, p. 17,
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century. He wrote that.flax “has the property of scorching (ex-
hausting) the ground where it is grown and of deteriorating the
quelity of the very soil itself.” Similar ideas prevailed until the
latter part of the nineteenth century. In 1890 Lugger (I7) reported
that failures of flax crops were due to the flax straw itself when in
the soil, and not to depletion of the soil. A few years later Snyder
{25) showed by chemical analyses of both soils and crops that in
comparison with-small-grain-crops flax did “ not retnove an excessive
smount of fertility from the soil.”

During the period from 1892 to 1901 it was discovered that the
difficulty in the production of successive flax crops on the same land
was due to parasitic fungi in the soil. It is reported that in 1892
“ Miyabe first found a specits of Fusariwm concerned ” in the fallures
«F successive flax crops in Japan (27). His findings were confirmed
by Hiratsuka (75). In 1893 Broekema (7} in the Netherlands
studied % Viasbrand ®, a soil-borne disease of flax, which doubtless
avas wilt. He suggested the parasitic nature of the disease and
pointed out the possibilities of selecting seed from surviving plants
for developing resistant strains. In 1901 Bolley in North Dakota
described flax wilt as due to a parasitic soil-inhabiting fungus, which
ke named Fusariwm lni, sp. nov. (%, 8). Since these early dis-
coveries much study has been made of the diseases of flax due to soil-
inhabiting fungi.™ A list of fungi reported on flax, with short de-
s(criptions of the diseases they cause, has been compiled by Schilling

233.

Sg}eciﬁc diseases of flax have been described, but the symptoms may -
not be distinctive. .dsierocystis radicis De Wild., Thiclavia dasicola
Zopt, and Pythium megalanthum DBy. have been noted as organisms
that inay occur together and nof show distinetive symptoms (23).
In the United States, plants infected with RAizoctonia have been .
described by Brentzel (5} as “taking on the general appearance
of wilt.” 'The possibility of “ wilt ” due to soil and environmental
conditions has been reported by Boerger (7). Streets? in a study
of species of Fusarium that may vause flax wilt, described F. martss :
App. and Wr. var. viride Sherb. ds very virulent and F. zonatum.
. (Sherb.} Wr. as less virulent. The first species is known to discolor
the fibrovascular bundles of potatoes and the latter to cause dry rot
of potato tubers. It is a question whether Streets made & distinction
of virulence within wilt, a vascular disease, or befween wilt and
rooi rof. ' ‘

Resistance of flax to wilt has been attributed to different characters
of the plants. Tisdale {26) described resistance of the flax root
to infection as due to the development of a corky barrier in the cor-
tical tissues ahead of the fungus. Burnham {8} has reported a strain -
of flax from which “ it was possible to isolate the organism from the
stem tissues of plants whicg were completely healthy.” He points
out that resistance cannot be due wholly to the formation of a enrky
barrier in such a strain of flax. Burnham also states that “ Crosges
between certain resistant strains of different ovigin showed a high
percentage of wilt, indicating that they ma7 carry different factors
for resistance.”

* BTREETS, R. B. STTHES OF THE WILT DISHASE OF FLAX. (Unpublished thesis. Li.
trary, Unlversliy of Wiaconslu.) 1024,
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Resistance of flax to Fusariwm lini has beea attributed by Reynolds
(19, 20, 21) to the presence of toxic principles in the flax plant. He
found that these toxic principles occurred in different amounts in
fiax and suggested that environmental conditions may inhibit the
expression of the hereditary factor in this case. Nelson and Dvorak
(Z8) correlate resistance of flax to wilt with specific globulin frac-
tions which they obtained from the seeds of resistant varieties.

A contrast is apparent between the various parasitic fungi that
infest the soil and attack flax plants. Some of the fungi are de-
scribed as invading the vascular tissues of the rootsand causing
wilt, others 8s invading the ¢ortical tissues of the roots and causing
root rot. However, as previously noted, this contrast may not al
ways be apparent from maecroscopic symptoms, and confusion results.

VARIETIES OF FLAX STUDIED

Five varieties of flax that differ distinctly in their resistance to
the complex of parasitic fungi that occur in soil continuously cropped
to flax were studied. These ara as follows:

Bison {C.I. 3803) ' —A very resistant variety of seed flax originally sclected

by H. L. Boiley, of the North Dakota Agricultural Experiment Station, and dis-
tributed to farmers in 1927,

Morye (C.L 112} and Pehanjo (C.I. 160).~—These are of Atrgentine linseed
type and very resistant. :

Ottatoe White Flower {C.1. 24)—This was chosen as typleal of 'a groip of
varieties in which symptoms of root disense do not usunlly become apparent
until afier midseason. A high percentuge of the plants survive to mature
some sceds, but a low percentage mature as heslthy plants.

Commoen.—A very susceptible selection frown commercial seed flax, none of
which survived when sown In bodly infested soil.

All varieties were pure-line selections. All varieties except Bison
were selected and selfed for five generations by C. R. Burnham at the
department of genetics, University of Wisconsin. His original-seed
was furnished by the Division of Cereal Crops and Diseases.from the
<rop of 1923 grown in badly infested soil at Mandan N.Dak, .-

The five varieties were chosen for this sfudy after tests had been
made of a Jarge number of varieties by growing them in very-badl,
infested soil. The tests were made on pTot 307 at the North Dakota
Agricultural Experiment Station (2), where flax had been grown
almost continuously for more than 30 years. The data on the be-
havior of these five varieties are given in table 1. Three types .are
apparent in the comparative resistance of these varieties to diseases
due to root infections: (1) A type in which & high percentage of
plants survive the season and remain healthy until, mature; %2)@
type in which a high percentage of the plants appear as healthy
until about midseason and survive to mature some seeds, but a low
percentage of the population mature as healthy plants; and (3) a
type in which no plants survive later than midseason.

4 1. refers to accession number of the Divislon of Cereal Cropa and Diseases.
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Taele l-—Comparative resistance of certain flax varieties to disecascs due i
root infections, when grown in a bedly infested fleld at Fargo, N.Dak.,
1829 and 1930

Condltlon of
Flants healthy survived plants

ot harvest”
Group snd varlety ; Pl:{‘%’g&‘;ﬁ"d

Tune 14 | July 28 Healthy

Per-

cent
93.3
95.8

7.4

8| Banmes
- | OO

Partially  resls
Ottewas White
Flower.

Busosptible; Common. |

1 Under ' Plants survived at harvest” are included all piants that reslsted the attack of soil-borne para-
sites sufficlently to mature aoy seed.

METHODS

PEODUCTION AND FREPARATION OF SPECIMENS

Plants for histological studies were grown in the field at Fargo,
N.Dak., and in the greenhouse at Madison, Wis. The field plants
were grown in soil that was only inoderately infested with the fungi;
that attack flax. The soil temaperatures in the field were recorded for
use in comparison with temperatures in the greenhouse. The seed
was sown in the field May 21, 1930, and specimens of roots were col-
lected at intervals of € to 9 days during the following 65 days. On
gccount of an unusual deficiency in rainfall and the resulting low
moisture content of the surface soil, emergence of the plants was
irregular. In collecting the specimens care was taken to obtain
plents of the same relative development.

In the greenhouse, specimens were grown under controlled envi-
ronments 1n chambers described by Dickson (10). The plants were
grown in pots in three chambers held at 16°, 20°, and 24° C,
respectively. The soil was maintained at approximately 60 percent
of its water-holdimg capacity. Comparable plantings were made in
sterilized soil and it badly infested soil obtained from plot 30 at
Fargo, where the field tests of resistance were conducted, Supple-
mentary illumination, by means of electric lights, was given during
the winter months. Temperature, which is a significant factor in the
development of flax wilt (16), was the only factor that was varied in
the series of controlled environments in the greenhouse.

Root specimens were obtained by digging the plants. The roots
were washed carefully to remove the soil. When the roots appeared
clean they were washed further with a camel’s-hair brush while
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immersed in the water. This method was fairly satisfactory for
removing the finer soil particles lodged on the root surfaces. The
roots were stored for a short time in a refrigerator and then sectioned
by hand. The sections were kept in 95-percent alcohol for subsequent
examination. With few exceptions the roots were sectioned within
48 hours after being dug. All sections were cut from the upper 2
inches of the rooi systems, and the development of xylem tissues that
had occurred was used as a basis in the selection of comparable root
sections when microscopic observations were made. Conclusions
were not based entirely upon observation of specimens that had been
killed or preserved in solutions other than alecohol, and embedded or
fixed to slides before examination. Some specimens were killed in
formol-acetic-aleohol, embedded in paraffin, cut, and fixed to slides
with a very dilute formalin-gelatin solution. This faster method
was satisfactory to confirm observations made on specimens prepared
by the slower freehand method. Sections fixed to glass slides were
not entirely satisfactory, since, in spite of precautions, there was
some interference with the free rction of certain reagents such as

acids.

HISTOLOGICAL COMPARISON OF SPECIMENS

The present study was planned to find histological characters of
the flax root that might be significant in determining resistance or
susceptibility to soil-borne fungus parasites. Sections were studied
to determine (1) the occurrence and amounts of suberin and lignin
in the root tissues, (2) the comparative resistance of the cortical
cell walls to the action of certain acids, and (3) the resistance of
the middle laniellae to a pectin solvent.

The following sequence for studying the cell walls and cementing
substances was first carried through with specimens from each envi-
ronment and of different ages:

(1) Seections were stored in 95-percent aleohol,

(2} Bectlons were stained with ruthenium red (1:10,000 agqueous solution)
in tke dark. This stains moest pentosan materials, lignin, and hydroeeltulose.

(3) Sections were kept in 0.5-percent smmonium oxalate wolution, at 83° to
B3° €, for 3 hours. By this treatment the protopectin iz hydrolyzed and be-
comeas soluble, A few sections were stnined with rutheninum red (as deseribed
above) and examined. The ammonium oxalate solution was replaced hy a
fresh solution of the snme, nnd the sections were Doiled gently for 30 min-
utes, A sand bath and a small Brlenmeyer flask with & reflux condenser were
uged for this purpose. This treatment dissolves pectins, pectates, and certain
pentosans, Bections were then washed and sthined in ruthenium red, Sudan
IIi, safranine, or phloroglucin (1 percent in alecshol} with hydrochlorie acid.

(4) Sections were heated in 1- ov 2-percent sulphuric acid, at 85° fo 95° C.
for 3 to 6 hours, to remove xylan, araban, and some hemlcellnloses, and were
then stained as in ne. 3.

{3} A few sections were treated in 2- to 5-perecent sodinm hydroxide at 85°
to 93° G, to saponify certain suberin lamellae and fat eompounds in the walls,
and were stained with Sudan IIL

{6} Sections were stained with Sudan III for 12 hours and mgunted in o
potassium lodide-iodine solution.® The excess solution was removed from the
mount ana the sections were trested with 60- to TH-percent solution of sul-
phuric acid while being observed under the microscope. The cell walls are
stnined with the potassium jodide-itodine solution ns their cellulose becomes
kydrolyzed and dissolves, leaving the Hgnin and suberin of the walls.

*Jodlne 0.3 g and potassium joeide 1.5 g, dissolved in 100 ce of distilled water.
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Results from the foregoing procedure suggested a shorter method,
allowing examination of a greater number of specimens and includ-
ing only those parts of the above-described technic that indicated
where differences in resistant and susceptible specimens seemed to
lie. Sections were macerated by the use of ammonium oxalate and
examined as stated, stained with Sudan 11T or IV, and treated with
a potassium iodide-iedine solution and phloroglucin and examined
under the microscope as sulphuric acid or hydrochloric acid was
applied. Various concentrations of the acids were wsed. A mount
was prepared, consisting of two specimens to be compared. Succes-
sive additions of sulphuric acid, in increasing concentrations, were
added at one side of the cover slip and withdrawn from the opposite
stde with absorbent paper, the specimens being watched at the same
time under the microscope to Jetermine the strength of acid that
would allow time for comparing the relative rate of hydrolysis in the
two specimens. Further comparisons between sections from the
same specimens could then be made more accurately by immedinte
addstion of acid of suitable concentration. Note was made (1) of
the rate at which the cellulose compounds were hydrolyzed by the
acid, (2) of the smount of residue left after the action of the acid,
and (3) to what extent the residue remained intact as an outline of
the original cellular structure of the tissues,

HISTOLOGY OF HEALTHY AND DISEASED ROQTS

A number of specimens of healthy and diseased flax roots from
young plants grown under field conditions were studied to locate
the fungi in them.

The flax root is diarch in arrangement of protoxylem. Quickly
following the differentiation of the few cells at each protoxylem
point, the metaxylem develo])s to form a compact eylinder of lignified
tissue between them. At this stage in the root development some
suberization occurs in the radial and inner tangential walls of the
endodermal cells in an arc opposite the two protophloem points, As
the root develops, suberization of the cell walls of the endodermis
continues toward completion of the circumference formed by this
layer of cells. The rate and extent of this suberization differed
according to the environment in which the specimens were gTOWI.

The increase in diameter of the root results chiefly from the
addition of secondary xylem elements. These develop to form a
large central eylinder of compact lignified tissue. Increase in the
cortex is mainly in circumference to compensate for the enlarging
core of xylem tissue. No secondary meristem was observed to de.
velop in the cortex either naturally or because of stimulus such as
might result from wound or infection.

The cortex of the root is variable both in its duration and in the
character of its cell walls, as will be discussed later.

It was not always clear from the material studicd whether the
exposed suberized surface of older roots was endodermal or peri-
cyclic in origin. In some cases the continuity of the suberized ayer
formed by the cell walls was unbroken and Casparian strips were
evident, indicating endodermis,

No fungus hyphae were observed in specimens of roots of sus-
ceptible flax plants gathered 15 days after seeding (May 16) in




HISTOLOGICAL CHARACTERS OF FLAX LROOTS 7

infested soil at Fargo. Five days later, however, the vascular tissues
or the whole of the steles of the young roots of comparable plants
were well filled with fungus hyphae (pl 1, 4). IHyphae also had
emerged through walls of the xylem elements between the spiral or
annular thickenings. In some cases in which the stele was well
filled with myecelium, hyphae extended into the cortex, which was
still intact, from the part of the stele near the protoxylem points
(pl. 1, B). In such specimens only the pericycle and endoderrais,
whicly lafter had not become suberized, separated the protoxylem
from the cortical parenchyma of the root.

It was not observed how the fungus gained entrance into the xylem
of the root, but indications were that 1t entered at or near the root
tip. under the natural conditions in the field. No hyphae were
observed in the vascular tissues of roots of the resistant flax grown
under the same conditions. On the surface of roots from comparable
resistant plants, mats of hyphae were noted. An extreme case of this
is shown in plate 1, ¢. Other specimens showed evidence that such
a condition may have existed in the soil but that the hyphal mals had
been lost in the washing process. o penetration was observed in
such cases, and it 1s a matter of speculation whether such fungi would
penetrate the cortex of & young susceptible root and readily rot it so
that it would not be noticed in the voilection of specimens. In com.
parable specimens of rools of resistant fiax, large nonsepinic hyphne
of an unidentified fungus were found in a1 between the cells in the
cortex {pl. 1, D). Some of the cortical cells were greatly entarged
and confained a striking deposit, which presumably had developed in
response to the hiyphal invasion in the adjacent tissues (pl. 1, D, d).
Very young collapsed roots were frequently noted in specimens from
comparable susceptible plants. The cortical cell walls of such roots
stained with safranine in contrast to those of young healthy roots,
which stained with fast green. The cause of the collapsed condition
of the roots was not apparent in the specimens observed, but it is
suspected that parasitic fungi were responsible for it. The cellulose,
which in the healthy roots was stained by fast green, had been so
modified that it was stained by safranine, which shows a possible
relation to the ligninlike compounds found in wounded tissues as
described later,

The observations in this study were (1) that in the roots of sus-
ceptible flax plants the vascular-invading fungus grew well in the
vascular tissue and in young roots might spread from the stele to
the cortex, and (2) that in comparable roots from highly resistant
plants no development of fungi occcurred in the vascular clements
under field conditions. Further study is required of the mats of
hyphae found on the surface of the rowds of resistant plants, the
unidentified fungus with nonseptate hyphae found in the cortex of
resistant plants, and the frequent collapse and modification of the
cell walls of very young roots of susceptible plants.

COMPARATIVE HISTOLOGY AND PATHOLOGICAL RESPONSES OF
ROOTS

SPECIMENS FROM GREENHOUSE PLANTINGS

Studies were made to determine i fferences in the cell walls of {he
root cortex (1) by the use of stains, {i.» by comparison of the relative
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amounts of hydrolyzable and nonhydrolyzable materials, and (3) by
comparison of the rate at which the cellulose compounds became
hydrolyzed by sulphuric acid as previously described. No significaut
differences were observed between comparable plants grown uunder
greenhouse conditions at 15° to 16° and at 20° to 22° C., respectively.

Differences were not apparent in the character of the middle
lamellae in the roots of flax growing at 20° to 22° and at 24° when
examined at intervals from 7 to 28 days after planting. Later col-
lections of root specimens from plants growing at 20° to 22¢, made
at intervals during a period of 107 days, showed that a change
occurred in the ch:mical constitution of the cell-cementing substances
in the cortical parenchyma. As the plants developed, this tissue
gradually became more resistant to maceration by ammonium oxalate
solution, as previously described. This increase in resistance to
maceration was most marked in the peripheral region of the cortex
and gradually decreased toward the inner part of the cortex, This
gradient was more uniform in the resistant variety Pehanjo. In
the susceptible variety Common the resistance to maceration was
greatest at the epidermis but patchy rather than uniform through
the cortex. In the older roots of the resistant variety this increased
resistance to maceration appeared also just outside of the endo-
dermis. The more uniform resistance to maceration that developed
in the cortical tissues of the roots from resistant strains when grown
in the greenhouse corresponds with the preater amount of cortical
tissues that were found intact on the roots of these strains when
collected from field plots.

The root specimens from flax grown in the greenhouse at 15° to
162 C. for 40 days showed only the beginning of change in the chemi-
cal constitution of the cell-cementin% substance in the peripheral
region of the cortical parenchyma. Ii; the case of the susceptible
Common flax, the root sections were too completely macerated to
permit examination after boiling in the ammonium oxalate solution,
Examinations of specimens collected from the same plantings at 58,
68, and 107 days showed that the same progressive change in resist-
ance to maceration had oceurred as described above for plants grow-
ing at 20” to 22°, Comparisons between the varieties showed the
susceptible variety lngging behind the resistant varieties and more
patchy in its resistance to maceration. Differences of a constitutional
nature in the middle lamellae of root tissues were not found either
between the plants grown at 15° to 16° as compared with those grown
at 20° to 22° or between different strains of flax grown under com-
parable conditions.

In view of the role that suberization of tissunes in the flax voot
might play in resistance to invasion by root parasites (26. 8, 11, 24),
comparisons were made of the development of the endodermis in the
roots of a number of strains of flax grown at diflerent temperatures.
Differences were not fuund that were characteristic of any variety
or of plants grown at temperatures of 15° to 16° or 20° to 22° C.
Plants grown at these temperatures showed suberization only in the
very distinct Casparian strips in the oldest portion of the roots at
11 days after sowing. After 55 days, the endodermis had developed
so that the walls of the endodermal cells in ares opposite the proto-
phloem were suberized, and heavy Casparian strips were evident in
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the walls of the cells in arcs opposite the protoxylem, After 107
days at the same temperatures, at least the inner walls of all the
cndoderimal cells were suberized.

Pathological responses also were studied in voots of flax plants
grown under the controlled environments in the greenhouse. The
root specimens for this study were obtained either from plants grown
in uninfested soil and mechanically injured or from plants grown
in badly infested soil and thus subjected to the action of n natural
complex of parasites. The infested s0il was obtained from ¥ plot 30
of the North Dakota station, as previously noted.

The general nature of the response found in the cells of the root
cortex wag the same from mechanieal injury as from injoey which
general evidence indicated as due to purasites. No response was
found in the stele of the roots observed. Tn the cells of the cortex
there was a deposition of tan-colored substances on the cell walls,
in the interccllular spaces, and rarely in the cell Jumina.  These
substances were resistant to the action of a G2-percent solution of
sulphurie acid and stained red with phleregiuein as either hydro-
chleric or snlphuric acid was applied (pl. 2, A-"). Tests for suberin
with Sudan XTI or XV showed o faint, almost fuestionable reaction.
The reaction to this stain was not so distinet as the dlustration would
suggest (pl. 2, D). The darvk color in the photograph for the most
part is due to the density of the deposit. Test ® for tannins with ferric
salts pave negative results. The resistance ot these deposited sub-
stances Lo the action of acids and their red color reaction when phlor-
oglucin with either hydrgchloric or sulphurie acid is applied indicates
a relationship with the ligninlike materials that are found in plant
tissues (£8). Suvch a reaction in response {o injury occurred m all
the stramns of flax nged in this stody and was not lmited to plants
grown in the greenhouse chambers cithor at 15° to 16° or at 20° to
29° . Specimens grown at 24°. because they readily beeame dis-
eased and rotted. did not withstand the handling necessary in pre-
paring them for observation.

The eause of such g pathological response was not always apparent
in the specimens examined, nor indicated by the location or organiza-
tion of the pathological tissue that resulted. In cases where the
plants had been purposely wounded, the response occurred in the
cell walls of tissuc followinfz along or just beneath the surface ex-
posed by the wound (pl. &, A1) and in a {ew isolated spots within the
cortical parenchyma, where cells no doubt had been injured by crush-
ing when the wounds were made. Thus mechanieal injury produced
the same type of response in the wounded tisstie as is found in re-
gions of fungus invasion. In eases where the roots had not been
wounded by mechanical means, much variation was found in the
extent of response which had resulted from causes not apparent in
the specimens as observed. In an ofhersvise novmal poart of the root,
deposition of substances might be limited to the wall on one side of
a single epidermal cell as 1t appeared in cross-section, or it might
oceur on the whole of the cell wall and parts of the walls of the ad-
jacent cells. Again, several cells might -be involved xo ng to form
a small pocket on the root surface (pl. 2, 4).. At times deposition

¢ ECKERSON, 8. H, MICROCHEMISTRY, (Mlmcnm:n_.nl,u:(lloll_tlhms\) '
81860—34—"r0l
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of substances on the walls of the exposed cells of the cortex would
cover large enough areas to be evident to the naked eye as tan or light-
brown spots on the roots as they were dug from the soil. Such tan
spots were due to the reaction in the outer cells of the cortex and
when examined under the microscope appeared clean as compared
with those where the reaction had oecurred in a layer of cells be-
neath the surface on which some dead tissue and bits of soil persisted.
Such specimens were found more frequently in roots talen from
Plants grown in infested soil at temperatures favorable for the devel-
opment of disease than in roots grown at Iower temperatures or in
uninfested soil at the same temperature. Also, in these cases the
amount of modified tissue was much greater in the susceptible than
in the resistant strain. This suggested that the injuries were duc
to the action of soil parasites.

Tisdale (26}, in a discussion of the relation of Fusarium lini to the
resistant flax plant, mentioned brown spots on the roots and deseribed
them as occurring where the outer cells of the cortical parenchyma
had been invaded by hyphae and a modification had occurred in the
cells of the cortex just beneath. This secemed a very plausible expla-
nation of the location of the change in the tissues in such specimens
and of their resistance to the parasite. However, in some specimens
studied by the writer the response was ceritered in a cortex filled with
fungus hyphae (pl. 2, 7). In such cases, the relation between such
localized responses in the tissue and invasion of fungus hyphae is
not apparent. The fungus penetrated the modified cells of the cortex,
but a great deal less mycelium developed in them than in those where
no response by deposition of substances on the cell walls had oceurred,
The walls of the cortical cells in which the fungus hyphae were
abundant hydrolyzed with acid more readily than those of corre-
sponding cells in the modifiedl tissue, where hyphae were scarce, or
those in comparable healthy specimens. It was evident, therefore,
that the fungus had destroyed some of the stability normally present
in the walls of the cortex,

SPECIMENS FROM FIELD PLANTINGS

Comparisons of root tissues in field-grown specimens were made
between the same strains of flax and in the same manner as described
above for specimens from greenhouse plantings. These comparisons
were made to determine whether differences in the root tissues of these
strains of flax could be correlated with their differences in resistance
to disease caused by soil-borne parasites. Material for this study was
collented from a planting made May 21, 1930, at Fargo, N.Dak., on
land where flax had grown previously but where the soil was not, suf-
ficiently infested with parasites to interfere with the growth of a very
susceptible strain. Record was kept of the soil temperatures at a
depth of 2 to 3 inches in this plot, in order to compare the root speci-
mens with those produced under controlled temperatures in the
greenhouse.

For comparison of the population of the respective varieties and
strains, a comparable number of root sections from each of 10 or
more plants were taken as a composite sample about every 10 days.
Since comparisons between such samples were made by examination
of only root sections of comparable development as indicated by the
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xylem tissues, their classification is taken as an index to the classifi-
cation of the populations in the respective plantings. The relative
resistance of t}ae cell walls of the root cortices to hydrolysis by acids
and the relative amounts of nonhydrolyzable substances they con-
tained were used as a basis of classification and comparison. The
specimens were divided into four groups, as follows: Group 1 con-
tained roots in which hydrolysis of compounds in the cortical cell
walls was readily accomplished and in which the cell walls contained
only insignificant amounts of nonhydrolyzable materials, if any.
Groups 2, 3, and 4 included plant roots in which relatively greater
degrees of stability of materials in the cortical cell walls were devel-
oped, respectively, as indicated by their resistance to the action of
acids and by the amounts of nonhydrolyzable substances present
(pl. 3, B, ). Root specimens from the different varicties of flax,
collected 20 days after seeding, showed the following distribution of
plants in the different groups (table 2).

The differences in the amounts of nonhydrolyzable substances in
these roots were chiefly in the cell walls in the peripheral region of
the cortices, as but very little was left of the midcortical parenchyma,
in any case, after the action of the acid was completed, and as the
inner cortex was varinble.

Tanre 2-—Distribution of fdax planis in groups based on relative stadilily of
cell walle of root cortices

Percontage of population Lo group—

Trpa of varlety
2 3 4

Reslatant
Suseceptible. ... oo
Partinlly resistnnt

Specimens from a comparable position in the upper portion of the
roots of I1:1&1‘1&5, collected 28 and 36 days, respectively, after sowing,

showed that a gradual change had occurred in the relative differences
between roots of resistant and susceptible strains. They were alike
in time necessary for complete hydrolysis of cortical cell-wall sub-
stances, However, the digerences in the amount of residual wall
materials left after the cellulose materials had been digested were
still noticeable but were less marked. The cortices of root specimens
collected at lnter dates could not be compared, since only frag-
mentary parts or none of the cortices were found to persist on the
older roots of susceptible plants. An example of the persistence
of the root cortex of a resistant strain, although infested, is illus-
trated in plate 3, D, which shows cortical root rot but no infection
in the xylem and therefore not typical wilt.

A comparison between the anatomy of the resistant and suseeptible
strains did not show differences other than those just described.
Qualitative differences in the cell-cementing substances were not
apparent when ruthenium red was used as a stain after treatment
to remove the pectic compounds from the middle lamellae, No
differences were ?ound in the endodermis or stels at any stage studied.
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Specimens of infected roots were found rather infrequently in the
collections from the field, because they were grown in soil -ompara-
tively free from infestation. The response to injury of the root
tissues (pl. 4, A, B) was similar to that described in the roots of
plants that had prown in the greenhouse except that suberization
was more distinet in the field specimens. At the point of emergence
of a branch root, a very distinet response of this type occurs in the
naturally injured and more or less exposed cortical tissue (pl. 4, C).
S?(f:ih rezponses were noted both in resistant and in susceptible straius
of flax,

COMPARISON OF EPECIMENS FEOM FIELD AND GREENHOUSE PLANTINGS

A flax root that has grown under field conditions during the
normal growing season is very different from one that has grown
during tue winter in a controlled environment in a g]’.‘EEDTIOUSB,
where the light is much decreased and of shorter duration than that
in the field during the spring and summer. The rate of development,
of the flax root is much slower under the greenhouse conditions.
Comparison of comparable sections of the primary roots from plants
grown in the greenhouse and field, respectively, showed that the
root of the plant grown in the field (pl. 4, ¢) had developed much
more after 20 days from the date of seeding than the root of the
plant grow in the greenhouse (pl. 4, 0) had developed after 81 days.
The diameter of the root grown in the field was about twice that of
the root from the greenhouse. The endodermis in the latter showed
only a trace of suberization as compared to the well-developed,
heavily suberized endodermis in the root from the field. There
vas also a difference in the composition of the cell walls of the cor-.
tical parenchyma of the roots. Sulphuric acid of a concentration
that readily dissolved most of the cell walls in the cortical paren-
chyma of the roots grown in the greenhouse had very little apparent
effect upon comparable cell walls in the roots grown 1n the field.

DISCUSSION

NATURE AND SIGNIFICANCE OF THE PATHOLOGICAL EBESPONSES

The principal pathological response in the cortical cell walls
of flax roots is the deposition of a ligninlike substance onthe cell wall,
with possibly some intussusception m the wall (pl. 2, 4, B). The
term ligninlike deposit has been used, since it is apparent from
the work of Ritter (2%) thal, without qualification, such a term
as Dgnification should not be applied to the microchemical nature
of the cell wails. Neither was it within the scope of this study
with a small amount of pathological material to attempt further
classification in view of the many open questions in the details of
chemistry and technic in the study of the nature of plant-cell walls.
The significant points, insofar as this study is concerned, were that
this materia]l was ligninlike in its reaction to stains and resistant
to hydrolysis by acids and that only when planis were grown under
field conditions was suberization distinctly evident in response to
mjury of the tissues. Tisdale (26), after examination of field-grawn
specimens of infected roots, described the modification of the cell
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walls in the cortical tissues, resulting from injury bgv fungi, as
“oorky.” His analysis was incomplete, however, in_that he used
“ Pianeze III b ” stain, which colors both suberin and lignin alike.
No stimulation of cell division after injury of the cortex by fungi,
as described by him, was observed by the writer.

The modification of the cell walls by depesition of substances in
response to injury as described above 1s not a primary character of
resistance to fungi such as commonly infest soils in the region of
Fargo and make such soils unfit for flax production, as this response
was noted both in resistant and in susceptible strains of flax. Pene-
tration of such modified walls by hyphae was observed to occur, but
growth of hyphae in such tissue was sparse as compared with
growth in parts of the cortex where no response was evident. In
earlier studies, Tisdale (26) observed the resistance offered to the
fungus by modified cell walls in resistant flax roots. As he did
not observe the response to injury by fungi in roots of a susceptible
strain of flax growing on infested soil, he interpreted the phenomenon
as a characteristic of the resistant plant instead of its being a normal
response to injury regardless of resistance to disease. He stated,
however, that “ Possibly these thickened walls would not be suffi-
cient within themselves to prevent invasion”, and this seems to be
true.

The rupture of the cortex by emerging secondary roots stimulated
the same modification in the adjacent cortical tissue as that resulting
from wounds inflicted by other means (pl. 4, 4-¢). This type of
response seents equal in both resistant and susceptible strains.

CORRELATION BETWEEN HISTOLOGICAL AND FIELD DATA

Stability due to substances that were either more resistant to
hydrolysis by sulphuric acid or nonhydrolyzable developed mora
readily and to a greater degree in the cortical cell walls of the
roots of resistant flax plants than in those of corresponding roots
of partially resistant or susceptible plants. If this stability of the
cortical cell walls had been the only character concerned in the resist-
ance of flax strains to soil-infesting parasites, only the 10 percent
of the population of the resistant strains that were found to have
greater stability in their cortical cell walls than any of the suscep-
tible plants would have survived the season, since 100 percent of the
susceptible strains were killed by disease due to such parasites. Also,
after comparing the root specimens from plants grown in the field
with those grown under controlled environments of the greenhouse,
one would expect that all plantings in infested soil in the green-
house would be Killed very readily by disease. However, marked
differences in the resistance of the respective varieties of flax to dis-
ease were apparent in the greenhouse material except that grown
at 24° C. At 20° some plants of the resistant strains did not wilt
even though they did not at any age develop a stability of their
cortical cell wall that approached that found in 20-day-old suscep-
tible plants grown in the field.

The fact that some of the plants persisted when growing in in-
fested soil under conditions that did not allow the development of
stability in their root cortical cell walls suggesis possibilities that
are illustrated by the following diseases caused by wilt-producing
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or vascular-invading fungi. Haymaker (f4) found that resistance
of tomatoes to wilt (Fusarium lycopersici Sace.) is due to the abili-
ty of the host to tolerate certain toxic products excreted by the fun-

us, Smith and Walker (24) have shown by cytological comparison
Eetween cabbage plants that are resistant and susceptible to yeilows
(Fusariwm conglutinans Wr.) that infection of the root takes place
“ through the growing point and zone of elongation, and infrequently
through root hairs”; and as they found neither “morphological
differences between resistant and susceptible hosts nor visible reac-
tions produced by the resistant host to the presence of the parasite ?,
they suggeest that resistance may be due to the cell contents of the re-
sistant host. They also note that the heavily suberized cells on the
inner cortex of the root form u barrier which prevents entrance of
the parasite to the stele. As previously mentioned, Reynolds (79, 20,
21) has attributed the resistance of flax to wilt (Fusariwm lini) to
toxic substances in flax extracts that inhibit the growth of the para-
site. Fahmy (72} has described the fungus (Fusariwm vasinfectum
(Atk.) var. eegypticcum T. Fahmy) that causes wilt of cotton as
entering the plant principally through the region just back of the
root cap. Rhizesctonia, he points cut, enters the young plant through
the hypocotyl and disorganizes the voot, thus causing death; while in
wilt, death of the plant may not occur. He also notes that the parasite
that canses wilt does not cause disorganization of the root as com-
pared to Bhizoctonia and that it prefers the vascular system of the
host, where it develops rapidly. He also describes growth of the
organism on inorganic media such as might be available to it in fluids
of the xylem vessels, Fahmy, in his conclusion, emphasizes the im-
portance of the rotting of the extremities of the roots in the develop-
ment of disease and points out how the disease may be less severe if
the plant is able to develop a sufficient root system below the levels in
the soil where the parasite is most prevalent and active.

That fungi of the root-rotting type, or cortical invaders, as well as
the wilt-producing type, or V}].SCI]EII‘ invaders, may infest the soil
and make it unfit for production of flax has been mentioned.
Rhizoctonia, which is noted in the above comparison with wilt of
cotton, may be frequently encountered on flax roots growing in
infested soil. A fungus tentatively identified as Thielavig basicole
has been isolated from the roots of diseased flax plants collected
in South Dakota and was observed in specimens collected at Fargo,
N.Dak. (pl. 3, D). As species of Fusarium are difficult to identify,
it 1s possible that some of the fusariz found in flax roots may be
of the root-rotting type. Species of Fusarium that were noted by
Streets ” as least virulent on flax are not of the vascular-invading
type on other hosts. That the relative stability of materials in the
cell walls may be a significant character of resistance to cortical
invasion and development of disease caused by o parasite of this
type has been demonstrated in corn and wheat by Dickson and
]golbert (11) and in tobaceo by Conant (9).

In young flax plants collected from field plantings, it does not
seem a mere chance that the cortical cell walls in the roots of the
reststant strains should be so consistently equal to or better than those
of the susceptible strain in stability as determined by comparative

7 See Tootnote 3,
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treatment with acid. Further, when such a wide range in degree of
stability exists in the cell walls (pl. 3, B, ¢') within pure lines of

lants and when cortical invaders may frequently attack flax roots,
it seems that in some instances correlation may exist between the
stability of the cell walls in the cortical tissues of the roots and the
degree of resistance shown by plants growing on infested soil. For
example, a plant completely resistant to a vascular parasite (such as
Pusariwm lini) might mistakenly be interpreted as only relatively
resistant to this parasite if the possibility of its susceptibility to less
virulent cortical invaders, or root-rotting fungi, is not considered,
This possibility is supported by the data gaineﬁ from field tests and
from microscofpic examination of root specimens from field-grown
plants, in the following manner:

(1) Plants growing in infested soil are subject to two types of
disease, namely, wilt and reoot rot.

(2} In view of previously reported studies of resistance to disease
in flax and other crops (8, 9, 11, 14, 18, 19, 20, 21, 24, 26, 28), it is
assumed that resistance to each of these two types of disease is due to
characters of the plant that are distinct in nature.

(3) The average loss of plants, 14.6 percent (table 1), in the most
resistant varieties is due either to incomplete genetic resistance to
wilt or to some cause against which the plants have no resistance.
Invasion by fungi (pl. 1, D} possibly may account for a part of this
loss. Also, it has been reported (6) that resistance to strains of
Fusarium lini may be specific in some cases. In either case it must
be considered, in keeping with the hypothesis above, that this sus-
ceptibility is independent and uniform through the populations of
the respective varieties. Compensation must then be made in ths
previously described classification of plants accordin% to the stability
of the cortical cell walls or cortical resistance of their roots, since
this is taken as a measure of their resistance to infection and dis-
organization by other fungus parasites. In other words, 14.6 per-
cent of the populations of the respective strains were eliminatec{) by
some independent undetermined cause and consideration is given
only the remaining 85.4 percent of the populations in their classi-
fication according to their relative resistance to root rot as determined
by the relative resistance of the cell walls of the root cortices to
hydrolysis by acids and the amounts of nonhydrolyzable substances
they contained. The classification described earlier (table 1) would
then be as shown in fable 3.

TanLe 3.—Distridution of fur plents based on 85.4 percent of populalions a2
shown in tatle 2

Percentage of population lo group—

Type of varlety
2 3 4 Total

Raesistent . 3 3 3
ptl 42, .
Partlally resistant._ . 42

4.
B.
B.

(4) If a pure-line strain equal to the most resistant strains in its
resistance to wilt and equal to the most susceptible strain in its
resistance to cortical rot were grown in infested soil, it would be




16 TERECENICAL BULLETIN 458, U. 5, DEPT. OF AGRICULTURE

expected that 42.7 percent (34.2-+8.5, groups 2 and 3, table 3), or
that part of its population which equals the resistant strains in the
above classification, would be egually as heaithy. Thus, when 90.7
percent of the surviving plants ofv resistant strains are healthy
{table 1), we would expect 90.7 percent of the 42.7 percent, or 387
percent of such a partially resistant strain to be healthy., Revistance
to wilt without resistance to root rot seems to characterize the par-
tially resistant variety Ottawa White Flower. Microscopic examina-
tion of root specimens showed that this strain was comparable to
the most susceptible strain in stability of the cell walls and therefore
in probable susceptibility to root rot. It is comsidered resistant to
wilt (1) because the average of 38.8 percent of its population which
survived as healthy plants (table 1) checks closely with the 387
percent of healthy plants expected as above; and (2) because & high
percentage of its population remained healthy until Jate in the
season, after wilt apparently had taken its toll {table 1). :

The diseased individuals of Ottawa White Flower did not show
symptoms entirely distinct from wilt. There was a difference in the
fact that plants of this strain appeared to grow well and to be
healthy until after the susceptible Common flax had been killed by
wilt. It was during the later part of the season that the growth of
the plants of Ottawa White Flower was checked and the plants
ripened prematurely. If this was due to a difference in resistance
to wili, the stunting effect should be more apparent throughout the
season. Moreover, such differences in the time when symptoms of
the diseases occurred varied with the seasons. This suggests a pos-
sible difference in the cause of the symptoms. The observations also
show that in planiings of flax in infested soil, such as were used in
this study, a distinction should be made between reaction to two or
more diseases of different virulence and reaction to one disease.

SUMMARY

Three types of flax were selected according to their reaction to
diseases due to root infections by fungi infesting the soil where
successive flax crops had been grown at frequent intervals for more
than 30 years. In their reactions these three types were respectively
vesistant, partially resistant, and susceptible,

Histological studies of the relation of disease resistance and ana-
tomical characters showed that roots from plants grown in the
ﬁr«la(e}nhouse were not comparable to roots from plants grown in the

eld.

Pathological responses, such as the deposition of suberin and lig-
ninlike materials on or in the cortical cell walls of the plant roots,
were not correlated with resistance to diseases due to infections of
the root by soil-inhabiting fungi.

Differences were found between resistant and partially resistant or
susceptible strains of flax in the stability of the cortical cell walls
of the roots as measured by their resistance to hydrolysis by sulphurie
acid and the amounts of nonhydrolyzable materials they contained.
These differences were not constant during the life of the plants but
were most marked in field-grown plants when 20 days old.

Evidence gained in this study and taken from reports of previous
investigations shows (1) that two types of disease, namely, wilt and
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root rot, may occur when flax is grown in soil that has produced this
crep at frequent interva's for meny years, and (2) that resistance
to each of these two types of disease is due to distinctly different
characters of the flax plants.

Histological data and date from field piintings in badly infested
soil may be correlated to show that resistenve to root rot is due to
the quicker.and.-greater development.of stability.in the.cortical.cell,
walls of the roots in the resistant varieties than in the susceptible
varieties.
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