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The early work on flax wilt was started in the
United States in 1889 by Otto Lugger, a biologist
in the Minnesota Agricultural Experiment Station.
Although he wrongly concluded that flax straw, not
a fungus, was the cause of wilt, he stimulated work
in Minnesota and elsewhere on the cause and con-
trol of flax wilt. In 1893, Hiratsuka in Japan and
in 1901, Bolley in North Dakota established that
flax wilt was caused by a Fusarium species, now
named F. oxysporum f. sp. lini.

Four types of wilt symptoms are described: early
(seedling), late (wilt after anthesis), partial, and
unilateral. Early wilt is potentially the most de-
structive, since 100 percent of the plants in a
stand may be lost. Late wilt has been observed in
20-90 percent of the plants in a given year and
generally results in a premature ripening of plants
with shriveling of some seed. The yield loss can be
20 percent, based on the weight of 1,000 seeds.
Also, late wilt reduces numbers of seeds per bolf
and thereby per plant. Partial and unilateral wilt
are of less importance and averaged 3-5 percent
in prevalence during a 3-year observation period of
40 flax varieties in a wilt nursery.

Fusarium oxysporum f. sp. lini is limited in its
host range to species of flax and survives for
decades in infected crop debris in soil. The fungus
is seedborne and can be disseminated on infected
stem fragments.

F. oxysporum f. sp. lini comprises an indefinite
number of races that differ from each other in
numbers of plants wilied per variety when tested
in the greenhouse with single isolates in auto-
claved soil. Isolates or races from Arizona and
California have proven more pathogenic than races
from Minnesota on Minnesota varieties. Differences
in wilt from one location to another in Minnesota
suggest differences in races in the field. Evidence
also may be interpreted to indicate a single com-
mon race with minor gene differences among
isolates.

Temperature is the single most important en-
vironmental factor affecting wilt in flax. Its im-
portance was shown in the field in a 17-year
period with 40 varieties and a 3-year test with 39
varieties. There was a direct relationship between
the number of hours during the growing season
that the soil temperature exceeded 21° C. and the
percentage of plants that wilted. The number of
days that the soil temperature reached or exceeded
24° C. was not as reliable an indicator as the num-
ber of hours the temperature was 21° C. or above
would have been.

At low soil moisture the incidence of wilted
plants increased among moderately resistant or
moderately susceptible varieties in the field. This
factor may be an indirect one and may affect soil
temperature or numbers of antagonists.

Wilt was found on all the major soil types in
Minnesota, but there were fewer wilted plants on
peat soil. In greenhouse and field tests, the addi-
tion of nitrogen, potash, and possibly phosphate
reduced the incidence of wilt in susceptible varie-
ties. However, it was not established whether fer-
tilizers affected host or pathogen, or both. Seven
herbicides applied singly did not affect incidence
of wilt in the field.

Plants grown from cracked or split seeds were
more subject to wilt than plants grown from sound
seed of the same variety. The wilt fungus entered
seeds through injuries in the seedcoat and invaded
cotyledons, hypocotyl, and radicle. Upon germina-
tion, the fungus entered seedlings through root
hairs or root epidermis.

The first pure line variety (Primost) developed in
the United States was selected by plant breeders
in Minnesota in 1904, but it proved susceptible to
wilt. The varieties Chippewa, derived from Primost,
and Winona were released in 1922 as wilt-resistant
varieties in Minnesota. In 50 years of breeding,
selection, and testing, hundreds of wilt-resistant
varieties have been developed in cooperation with
plant breeders in the Department of Agronomy and
Plant Genetics and the U.S. Department of Agricul-
ture. Most of the testing for wilt resistance was
done in a St. Paul “wilt nursery” planted continu-
ously to flax since 1913. Susceptible lines of flax,
among the thousands tested annually, are eliminat-
ed from the population in the wilt nursery. Only
wilt-resistant plants survive the exposure to the
mixture of isolates present in the soil. The effec-
tiveness of testing is shown in the predominance
of wilt-resistant varieties now grown in the north-
ceniral states. The effectiveness also is apparent
from tests on the world collection of flax in the
wilt nursery at St. Paul. Varieties developed in the
United States in that collection (305 varieties)
averaged only 27 percent wilted plants, but varie-
ties developed in 28 countries averaged 54 per-
cent. Moreover, of the 59 varieties developed at
Minnesota and the 169 developed in North Dakota,
the average percentage of wilted plants was 22-23
percent, while the average for varieties developed
outside the north-central states (but tested at St.
Paul) ranged from 30 to 100 percent. Another
measure of effectiveness of developing resistance
was shown in a 1954 test comparing varieties of
the world collection selected in Minnesota from
1919-30 with varieties developed during 1941-53.
Sixty-two percent of the varieties in the first group
wilted; only 4 percent in the second group did.

Survival of varieties depends upon disease inci-
dence. Seeds of 10 morphologically distinct varie-
ties were mixed, sown in different fields, harvested,
and planted again in the same or different fields
for 4-5 years. After 4 years in the wilt nursery, six
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of the 10 varieties had disappeared from the popu-
lation and, of the surviving four varieties, Bison
and Cl 671 comprised 89 percent of the plants.
After 5 years in another sequence, Bison, Redwing,
and Cl 671 predominated. In 3 of 5 years, wilt re-
sulted in predominance of Bison and Cl 671, but
in a still different sequence the lack of exposure
to wilt for the first 3 years and the presence of
rust, to which Bison is susceptible, resulted in the
predominance of Redwing. In this same study,
losses in yield attributable to wilt ranged from 30
to 50 percent.

In another test, six flax varieties were sown in a
nursery where flax had been grown for 43 years.
The yields of five of these varieties averaged 8-16
bushels per acre for the 3-year period, while yields
from the same varieties for the same period on
wilt-free soil averaged 19-27 bushels per acre.
These differences were due to wilt, but probably
also were due to differences in soil fertility.

Studies on inheritance of resistance to wilt
showed that wilt resistance in the F;, F,, Fq, and
F, populations from crosses of resistant and sus-
ceptible parents usually was intermediate in re-
sistance between the parents. Wilt resistance was
not associated with sex of the parent. Of 47 cross-
es of resistant and susceptible varieties, the F;
populations usually were intermediate. Two-thirds
of 33 F, populations were intermediate in resist-
ance, and none of the 33 was appreciably more
resistant than the resistant parent or more sus-
ceptible than the susceptible parent. In four cross-
es, 55-96 percent of the F4 populations were inter-
mediate to the parents in resistance. The resistant
parent influenced F progenies more than the sus-
ceptible parent did in three of the four crosses.
The influence of the resistant parent also was
obvious in a cross of a resistant (Bison) and a
susceptible (Newland) variety, where only one of
125 F, families had more than 50 percent wilted
plants. Some varieties wilt early, some late, and
some wilt throughout the season. Progenies from
crosses of parents that wilt late also wilted late in
limited tests.

Resistance to wilt appears to be non-race speci-
fic, or field (horizontal), resistance. If it occurs,
race-specific resistance probably is of less impor-
tance than field resistance, because varieties are
exposed to a composite of isolates in the field.
Testing for field resistance in a wilt nursery where
flax has been grown continuously for many years
is an eminently effective method for developing
wilt-resistant varieties of flax, and varieties de-
veloped in this way remain resistant for a relatively
long time. In fact, wilt seldom has been found in
commercial fields of flax in Minnesota during the
past decade.






the discolored part of the stem, indicating that the patho-
gen does not grow laterally around the stem.

When plants were examined histologically, discolora-
tion of the vascular elements in the root, stem, and pedi-
cels was apparent. Bolls attached to pedicels arising from
the discolored side contained shriveled seed, as found for
the late wilt shown in figure 6A.

Unilateral wilt averaged only 3 percent of the wilt in
the 3 years of testing (figure 5), making it much less
prevalent than either early or late wilt. Unilateral wilt
often is counted as late wilt when notes are taken on per-
formance of varieties in a wilt nursery.

We do not know why only some of the vascular ele-
ments are invaded by the pathogen; perhaps it is a mat-
ter of chance. One-sided wilt was no more prevalent on
the south exposure than on north, east, or west, as deter-
mined by recording the prevalence of each at cardinal
points of the compass. We have observed no difference
among varieties in prevalence of unilateral wilt.

Host Range

Apparently Fusarium oxysporum f. sp. lini can infect
all varieties of flax. The world collection of flax varieties
has been tested at least twice in wilt-sick soil at St. Paul.
All varieties have become infected with the wilt organ-
ism. These include varieties of Linum usitatissimum and
those of L. angustifolium Huds. and L. crepitans Boem-
ingh. Varieties of the latter two species often are grouped
with L. usitatissimum. Houston and Knowles (29) re-
ported a wild species of flax as susceptible to wilt.

As far as we know, F. oxysporum f. sp. lini will not
induce wilt in any plant species outside of the genus
Linum. Borlaug (9) inoculated a wide variety of plants
with this fungus, but none developed symptoms of wilt.
This finding was confirmed in 1967 by Davis (19).

Causal Organism

Although several Fusarium species have been isolated
from flax plants and seed, Fusarium oxysporum f. sp. lini
is the only recognized species than can wilt flax (4, 57).
In 1932, Bolley and Manns (8) listed F. russianum as a
cause of wilt in seedling flax, but now that organism is
considered to be a race of F. oxysporum {f. sp. lini. Bor-
laug (9) inoculated flax with nine well-known species of
Fusarium, but none induced wilt in flax.

Several species of fungi have been reported to con-
tribute to soil sickness and to cause seedling blight and
damping off (8, 60). Some of the more common ones are
Asterocystis sp., Colletotrichum linicola, Fusarium spp.,
Pythium spp., and Rhizoctonia sp. Tervet (60) postulated
that certain soil fungi in association with F. oxysporum f.
sp. lini may help to bring about wilting in flax in some
way. However, Tervet's (60) experiments were done in
the greenhouse, where flax roots generally are more suc-
culent and susceptible to root infection. Flor (24) made
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tests in the field and found that other fungi were not im-
portant in the soil sickness “complex”; only F. oxysporum
caused seedling blight or wilt in the field.

With small seedlings, it sometimes is difficult to dis-
tinguish wilting by F. oxysporum f. sp. lini from the
blighting produced by other soil-borne fungi. To be cer-
tain, the appropriate number of isolations on nutrient
media must be made.

Recent work at Minnesota also indicates that nema-
todes sometimes may be associated with wilting. Schleder
(54) found that adding the root knot nematode Meloido-
gyne hapla Chitwood to soil infested with F. oxysporum
f. sp. lini greatly increased the percentage of wilted plants
in the flax varieties Marine and B-5128. We do not know
how these nematodes increase the percentage of wilted
plants; perhaps nematodes create avenues of entrance for
the fungus.

Wilt readings sometimes may include damage caused
by organisms other than F. oxysporum {. sp. lini. It seems
likely that root rotting organisms such as Rhizoctonia
solani (24) may contribute to the symptoms recognized
as late wilt. But this possibility does not minimize the
importance of F. oxysporum £. sp. lini.

Life Cycle

F. oxysporum is a facultative parasite. It not only
parasitizes and kills the flax plant, but it can grow and
sporulate on dead, previously infected tissue. Park (52)
has described this species as a highly competitive colon-
izer of fresh organic matter that penetrates tissues rapidly
and deeply ahead of other organisms in an ecological
succession. In fact, this species is a primitive parasite and
pioneer fungus, which probably accounts for its success
in maintaining itself for decades in soil. Moreover, it sur-
vives passively as chlamydospores or colonizes root sur-
faces of nonhost plants (3).

F. oxysporum {. sp. lini is pleomorphic. It produces
three distinct kinds of spores: microconidia 5-12 % 2-3.5
» and nonseptate; macroconidia 17-50 x long with one to
five septa, three septa being the most common; and
chlamydospores, which may be produced in both hyphae
and conidia, both terminally and intercalarily. The three-
septate macroconidia are 25-40 X 3-4.5 p. Chlamydo-
spores are ellipsoidal, terminal, or intercalary and are 5-
10 p in diameter. The chlamydospores are double walled
and sometimes turn brown (57, 72).

On a nutrient substrate the spore may germinate in
less than 2 hours. More than one germ tube usually is
produced by a macroconidium, whereas only a single
germ tube grows from a microconidium. Penetration of
root hairs occurs shortly after germination and up to 2
weeks after germination, depending on the variety.

According to Bolley (7) and Wilson (71), F. oxy-
sporum f. sp. lini may attack any part of a growing plant
(root, stems, leaves, and seed ). Work by Tisdale (61) in
1917 and recent work at Minnesota (48, 50) indicate that
the initial infection occurs primarily through the roots
and particularly through the root hairs of young seed-



lings. Apparently plants of both susceptible and resistant
varieties harbor the fungus in the cortex of their roots.
This was reported also by Davis (19) for other forms of
this species. In susceptible varieties the fungus can be
isolated from any portion of the diseased stem.

During moist weather the fungus may produce an
abundance of both macro- and microconidia on any part
of the plant, particularly near the ground. The fungus
also grows and fruits readily on diverse plant parts in or
on soil. In certain types of soil, mycelia can ramify
through the soil, and chlamydospores are not uncommon.

The fact that F. oxysporum f. sp. lini can survive or
live saprophytically in soil for 5-10 years is a strong indi-
cation that the organism is not readily destroyed by other
microorganisms in the soil. Anwar (2) demonstrated
clearly that F. oxysporum f. sp. lini persisted much better
in the soil in Minnesota than did Helminthosporium sati-
vum, a root rot pathogen of cereals. This he attributed to
the difference in the sensitivity of the two organisms to
the antibiotic microflora in the soil. Of 86 isolates of bac-
teria and fungi isolated from soil and tested in petri
dishes, 48 were antibiotic to H. sativum, whereas none
was strongly antibiotic to F. oxysporum f. sp. lini. Signi-
ficantly, the population of F. oxysporum {. sp. lini varied
with the season, but the trend was the same as for the
other saprophytic organisms present in the soil. Borlaug
and Christensen (unpublished data) applied large quan-
tities of grain inoculum containing Trichoderma lignor-
um, Pencillium spp., and other organisms to flax wilt soil
plots at flax planting time, but no reduction in percentage
of wilted plants resulted. A liberal amount of grain straw
also was added to the infested soil and again there was
no reduction in percentage of wilted plants. Such results
clearly indicate that F. oxysporum f. sp. lini is an aggres-
sive colonizer of organic matter in soil and survives in
soil as well as or better than most pathogens.

The fungus is disseminated by diverse methods utiliz-
ing wind, water, and animals to disperse plant parts and
soil. The most common and effective method appears to
be by means of seed and infected plant parts. Most seed
lots of flax carry spores of F. oxysporum f. sp. lini on the
seedcoat. This is especially true of weathered seed, for
the spore can adhere to it more readily than to the smooth
seedcoats of normal seed. Spores, both micro- and macro-
conidia, get into the seed from diseased straw during
threshing and combining. The inoculum on or in seed is
the most effective means of establishing infection in na-
ture, because the inoculum is adjacent to the infection
court. Seed, especially seed of susceptible varieties, often
harbors the fungus. There is good evidence (unpub-
lished) that the fungus often is introduced into clean
fields on infested and infected seed. Furthermore, infect-
ed plant parts often are found in uncleaned seed lots. It
has been demonstrated that the organism is readily dis-
seminated to other countries by means of infected seed
lots (8).

Undoubtedly the spores of F. oxysporum {. sp. lini and
infected plant parts and soil are disseminated to some
extent by wind. But this method has not been adequately

investigated. Runoff water from infected fields may carry
the fungus or infected plant parts and infected soil. Evi-
dence does not indicate a rapid buildup of pathogens by
this method (9).

Besides planting infected and infested seed, man also
disseminates the pathogen by spreading infested flax
straw and soil onto clean soil. Animals, including birds,
have been known to spread the pathogen. Fusarium
spores have been observed on insects, so they too may be
agents of dissemination. Since infection can occur
through injuries to roots, soil insects as well as nematodes
may create avenues of entrance for the pathogen.

Races

E. oxysporum f. sp. lini is an outstanding example of
a fungus species that comprises an indefinite number of
biotypes and physiologic races. It also is an excellent ex-
ample of great diversity in a species where the sexual
stage is not known. We do not know how fast these dif-
ferences in biotypes arose. Some arose by mutation, since
monosporous isolates from microconidia frequently give
rise to many distinct types. Perhaps others arose by
means of heterocaryosis or parasexualism.

Isolates of F. oxysporum {f. sp. lini differ from each
other in many ways; e.g., in the amount and type of
sporulation; production of microconidia, macroconidia,
and chlamydospores; size and number of septa; pigment
production on diverse media; rate and type of growth on
substrates and in the host; temperature requirements;
alcohol production; antibiotic capabilities; and patho-
genicity. The degree of difference obviously depends up-
on the diversity of the substrate and host plants involved.
Some isolates may be alike on one substrate or one varie-
ty of plant but quite different on another.

In 1926, Broadfoot and Stakman (14) and Broadfoot
(13) demonstrated for the first time that there were dis-
tinct parasitic differences in F. oxysporum f. sp. lini. They
recognized nine distinct parasitic races on four varieties
of flax. One race was particularly conspicuous because it
caused seedlings 2-4 cm. tall to become colorless above
the cotyledons. These races also differ in cultural charac-
teristics and in morphology of the conidia. Later, Letcher
and Willaman (42) showed that these races differ greatly
in their ability to produce alcohol. The more virulent
races produced the most alcohol in culture. A similar re-
lationship was reported by Matsui et al. (45).

F. oxysporum f. sp. lini consists not only of innumer-
able cultural races but also of parasitic races (9, 10, 13,
14, 20, 30, 36, 38, 46, 69). Borlaug (9) could not find any
variety of flax that was resistant to all isolates of the wilt
fungus. He concluded that when a given variety of flax
was inoculated with numerous isolates, a wide range in
resistance or susceptibility occurred. For example, he re-
ported that on Redwing the range in infection of 15 mass
isolates varied from 3-99 percent. He found a range of
2-85 percent wilted plants among 15 mass isolates on
Newland flax (figure 9).
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Figure 11. Percentage of wilted flax plants from 1936 to 1955 compared to
the number of days when the soil temperature exceeded 24° C. during the
period May 15 to July 30, and to the rainfall during the period May 1 to July
30. Wilt percentages are based on averages of 40 lines and varieties and
about 100 plants per variety in the wilt nursery started in 1913 at St. Paul.

data reported in figure 10 were with the same 39 varie-
ties, and notes were taken by the same person (Komme-
dahl) in the same way each year. Some data on either
wilt or soil temperature were not available for the whole
period (1936-55), which accounts for the missing years.

Other factors may account for differences in wilted
plants. For example, high rainfall in any given year might
cancel or reduce the effects of high temperature (see fig-
ure 11).

Soil Moisture

Inspection of the rainfall data in figure 11 indicates
that soil moisture might affect the development of wilt.
It is apparent that 1945 not only was a year with a cool
growing season, but that the rainfall was high. This com-
bination helped Punjab survive despite its susceptibility
to wilt and the abundance of inoculum in the soil.

The period 1943-46 was one relatively high in rainfall
and low in incidence of wilted plants, whereas the pericd
1936-41 was low in rainfall and high in incidence of wilt-
ed plants. However, in some years there appeared to be
no relationship between number of wilted plants and
either rainfall or number of days the soil temperature ex-
ceeded 24° C. Perhaps varieties differ in response to
moisture as well as to temperature.

To explore further the possible role of soil moisture in
the field (as measured by application of water), an ex-
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Table 3. Percentage of wilted plants in three varieties of flax grown on wet
and dry wilt-sick soil in the field

Wilted plants*

Variety ‘Wt Dry
. .percent
Nt o S e e e W o el e« (A 2] 41
RIS 7 rern o L A S I S e e 75 88
KOMEE b et et e N T st et 16 8

“Based on 400 plants per variety tested in 1950 in the regular wilt nurs-
ery started in 1913.

periment was set up in which seeds of three varieties of
flax were sown in the wilt nursery. In one series of plots,
the soil was sprinkled daily with water. In the second
series, no water was applied. Both plots received rainfall
that fell normally during the test periods. The results ap-
pear in table 3.

The added water did not affect the incidence of
wilted plants for the wilt-susceptible variety Punjab;
however, the number of wilted plants was about twice
as great on the dry soil (no water added) as on the wet
soil (water added daily) when the moderately resistant
variety Crystal was tested. Thus, soil moisture mmay in-
fluence wilt with varieties intermediate in resistance to
wilt. Since the incidence of wilt in the resistant variety
Koto is so low, it is doubtful that this difference is bio-
logically important. Possibly higher moisture favors an-
tagonistic organisms on roots; e.g., it was reported that
by increasing soil moisture from 40 to 60 percent the
number of mycolytic bacteria antagonistic to F. oxyspor-
um {. sp. lini increased accordingly (66).

Soil Type

Flax wilt has been found in moderately susceptible to
moderately resistant varieties on most soil types, iniclud-
ing peat, in Minnesota: on the Waukegan-Withrow soils
(silt loam) of Dakota and Washington Counties, on the
Carrington-Clyde soils (silty clay loam) of southeastern
counties, on the Clarion-Webster soils (silt to clay loam)
of southern Minnesota, on the Barnes-Parnell soils (silt
to clay loam) in west-central counties, and on the Fargo-
Bearden soils (heavy silt loam and clay ) of the Red River
Valley. These are the major soil types in the flax growing
regions of the state. Similarly, Bolley (7) reported wilted
plants on all soil types in North Dakota. In fact, flax wilt
has been reported on many soils throughout the world,
wherever flax is grown. The amount of inoculum in soil
need not be high to cause flax to wilt, as was shown in the
following experiments.

Soil from the wilt nursery was diluted with an equal
amount of a soil consisting of two parts silt loam to one
part sand. Half of this diluted mixture was again diluted
and this procedure was continued for nine successive
dilutions, ending in a final mixture of one part wilt-sick
soil in 512 parts of noninfested loam. In another series,
sand was the diluent. Punjab flax was sown in each pot
in the greenhouse using soil of each dilution. The results
are based on two to four replicates of six pots per repli-
cate and 25 seeds per pot.



With successive dilution, the percentage of wilted
plants of Punjab flax decreased from 82 (control) to 81,
79, 54, 28, 18, 11, 8, 9, and 7 using sand, and from 82 to
62, 38, 32, 23, 15, 15, 11, 9, and 8 using silt loam soil as
the diluent. Thus, even a dilution of 1:512 of wilt-sick
soil contained enough inoculum to cause 7-8 percent of
the plants of a susceptible variety to wilt.

Also, by sprinkling wilt-sick soil about 3 millimeters
(mm.) deep over seeds of Punjab spread on autoclaved
soil in pots in the greenhouse, an average of 28 percent
of the plants wilted, ranging from 14-41 percent among
the 12 pots.

When wilt-sick soil was diluted 50 percent with peat,
the percentage of wilted plants of Punjab decreased from
81 in the undiluted soil to 43 in the peat mixture. Nair
(48) at Minnesota also illustrated that an increase in
inoculum resulted in an increase in incidence of wilted
plants. He tested three varieties to three races of the wilt
fungus and found that if spores were added to soil in
concentrations of 10% to 10® spores/milliliters (ml. ), there
was a proportionate increase in incidence of wilted
plants, and more so with wilt-susceptible than with wilt-
resistant varieties.

Thus the amount of inoculum carried from a flax field
on soil attached to tillage equipment or carried by wind
or water erosion may spread the fungus to adjacent fields
where flax might be grown in succeeding years. However,
a high amount of organic matter in peat can support a
high population of soil microorganisms, which probably
compete with the wilt fungus to hold it in check at least
temporarily.

Fertilizer

Lugger (43), in 1890, was the first to make tests in the
field on the role of fertilizers in the development of wilt.
He did not observe any difference in wilt among fertilized
and nonfertilized plants and concluded that exhaustion of
soil by previous crops of flax did not cause flax to wilt.

Snyder (56) also made field tests to determine wheth-
er flax removed nutrients from soil at a rate different from
that of other crops. From his fertilizer trials, he con-
cluded that flax did not remove nutrients more than
cereal crops did.

However, these men had different objectives and were
not testing whether fertilizer applications influenced the
amount of wilt among resistant and susceptible varieties.

Experiments were made in the greenhouse and in the
field to determine the effect of nitrogen, phosphorus. and
potassium fertilizers on wilt development. Four varieties
were used in each test: Bison and Redwing, which were
relatively resistant to wilt, and Crystal and Royal, which
were relatively susceptible. The plants were tested in the
greenhouse using flats filled with soil taken from the wilt
nursery. The results are shown in table 4.

In both greenhouse and field tests, nitrate, phosphate,
and potassium generally reduced the percentage of wilted
plants. The reduction was much greater for the more
susceptible Crystal and Royal flax than for the more re-

Table 4. Percentage reduction in wilt of four varieties of flax grown on wilt-
sick soil in the greenhouse and field to which three fertilizers and two
amendments were applied

Fertilizer Reduction wilted plants over control Average
or reduction of

amendment* Bison  Redwing Crystal  Royal wilted plants
e = REreent. o o s

Greenhouse . ... ... 7 9 7 26 12

Fieldse - % caimpr 10 0 33 12 13
Phosphate

Greenhouse ... .... 0 11 23 13 11

Bigldie . v 20 8 44 24 24
Potash

Greenhouse ....... 14 0 36 10 14

Field ............. 15 6 24 18 16
Lime

| (A SR E 16 10 28 28 20
Sulfur

BiBld s s 16 2 30 7 14

*Ammonium nitrate at 100 pounds per acre (32 pounds of nitrogen),
superphosphate (0-20-0) at 300 pounds per acre (60 pounds of P:0Os),
muriate of potash (0-0-60) at 100 pounds per acre (60 pounds of Kz20),
lime at 320 pounds per acre, and sulfur at 320 pounds per acre. Results
in the greenhouse are based on averages of 50-95 plants, and results in
the field on averages of two seasons’ data: 200 plants in 1949 and 400
plants in 1950 (plants grown in regular wilt nursery).

sistant varieties. Both lime and sulfur generally reduced
the number of flax plants that wilted.

In contrast, Bolley and Manns (8) found in North
Dakota that high applications of sulfur and sodium chlor-
ide each year for 4 years failed to influence the number
of plants that wilted.

It is impossible to determine from these experiments
whether pH is involved, because both superphosphate,
which tends to increase soil acidity, and lime, which de-
creases it, reduced wilt.

However, Nair (48) at Minnesota, using one race in
the greenhouse, found that more flax plants wilted in the
pH range from 5.5-7.5 than at pH values either side of
this range. Wilson (71) found that F. oxysporum f. sp.
lini spread in soil of pH 4.2 but not in soil of pH 7.6 or
8.0, yet stated that the striking difference in soil acidity
was not the causal factor in the spread of the pathogen.

In the greenhouse, Nair (48) tested four flax varie-
ties, Marine, Minerva, Punjab, and Redwood, for the ef-
fect of fertilizers on wilt development using a single race
of F. oxysporum f. sp. lini. He found that phosphate
(P20;, 43 percent) increased significantly the percentage
of wilted plants, in contrast to our results in table 4, while
ammonium sulfate (22 percent) or potash (K.O, KC1, 52
percent) alone or in combination significantly reduced
wilt.

Nair also reported that three nitrogen compounds
(ammonium sulfate, sodium nitrate, and urea) reduced
the number of wilted plants of B-5128, Punjab, and Red-
wood flax in greenhouse tests.

Thus it appears that adding nitrogen, potash, and pos-
sibly phosphate fertilizers can effectively reduce wilt in
susceptible varieties. However, the fertilizers may pro-
mote the growth of the host and make it possible for the
host to withstand infection. There may be no direct effect
of fertilizers on the wilt fungus.
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Table 5. Percentage survival in seedlings of Redwing flax growing in the wilt
nursery when subjected to seven different herbicides, 1959

Herbicide and application

rate per acre Survival*®
percent
NODE(BORTAINL o= s 5 e s ke e el 5 2 et s 2 62.0

4(2,4-DB) [4-(2,4-dichlorophenoxy) butyric acid] (1 1b) ......... 46.6

2,4-D (2,A-dichlorophenoxyacetic acid) (4 0z.) .................. 56.5
Dalapon (2,2-dichloropropionic acid) ......................... 56.7
TCA (irichloroacetic acid)a(Bihe) = o o e iis s s = a ol e s 69.4
MEPA. (4 0z) plus TCRUB D) .. co v e ven canirin o 72.6
MCPA (2-methyl-4-chlorophenoxyacetic acid) (4 oz.) ............. 74.1
MORATCIHIb) U dakaponRCI.) S oo s s s 75:2
S D S Y s e heios o Wi et e e ek (s s o s s 15.6

* Averages of three replicates.

Table 6. Effect of herbicidal application on yield of six varieties of flax in
the absence of weeds in the wilt nursery, 1961

Herbicide* No herbicide

Variety Yieldt  Wilted plantst Yield}  Wilted plantsi
bu./acre percent bu./acre percent

T e 25 13 27 9
Bison .......... 19 9 20 10
B-5128 ......... 22 31 23 29
Marine ......... 21 428 24 408§
Redwood ........ 26 5 27 8
Punjab ... ...... 0 100 0 100

* Herbicides used were MCPA (2-methyl-4-chlorophenoxyacetic acid) at 4
ounces per acre (acid equivalent) and TCA (tnchloroacgtlc acid) at 5
pounds per acre (acid equivalent). Flax was hand weeded in the no herbi-
cide plots.

+ Based on average yield from rod-row (5 m. long) plots.

+ Determined from 100 emerged seedlings within the row. All forms of

wilt were counted. :
§ Much of the wilt occurred late in the season and thus had almost no

effect on yield.

Table 7. Effect of injured seed on emergence and incidence of wilt in three
varieties of flax tested in a wilt nursery

Condition of seed

Variety* Observationt Sound Injured
percent
Brystall v o evis s Emergence 54 18
Wilt i 91
Dakola i ... o osinm Emergence 56 25
Wilt 71 70
Minerva . ................ Emergence 59 117
Wilt 64 75

= Samples were farmers’ seed lots sent to the Minnesota State Seed
Laboratory for germination tests.

+ Emergence refers to the numker of plants that emerged from the seeds
sown. Wilt refers to the number of emerged plants that wilted, expressed
in percentage. Data are based on five replicates of 100 seeds per repli-
cate sown in the field.

Herbicides

Because flax generally is found to be a poor competi-
tor with weeds (23, 40, 41), herbicides usually are recom-
mended for good stands of flax. However, flax growers
have observed flax damage that is similar to wilt, and it
sometimes may be difficult to distinguish herbicide dam-
age from wilt. Thus, seven herbicides were used to spray
on weeds among plants of Redwing flax growing in the
regular wilt nursery. The results appear in table 5. Ob-
viously, none of the herbicides affected percentage sur-
vival significantly.
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In a similar experiment 2 years later, two herbicides
(MCPA for broad-leaved weeds and TCA for grasses)
were applied and compared to results from hand weed-
ing. Then yields and wilt percentages were determined
for six varieties. Results appear in table 6. The applica-
tion of herbicides did not affect yield or incidence of
wilted plants among the six varieties that usually vary in
their resistance to wilt. It therefore is safe to apply ap-
propriate herbicides in flax without affecting incidence
of wilt.

Seed Conditions

Many seed lots of flax produced in the flax-growing
area of the United States germinate very poorly in soil.
Some lots germinate less than 20 percent, chiefly because
of mechanical injuries during harvest, which apparently
are due to unusually dry conditions (39).

To test whether injured seed would be more subject
to wilt than sound seed of the same seed lot, Crystal,
Dakota, and Minerva were chosen. Both sound and in-
jured seeds were selected from the same seed lot by ex-
amining them with an X8 magnifying glass for evidence
of external seed injury. These seeds were germinated on
blotting paper, then dipped into a suspension of spores
and hyphae of a given isolate of F. oxysporum f. sp. lini,
and planted, blotter and all, in flats in the greenhouse.

On the basis of four replicates per variety and 100
seeds per replicate, only 3 percent of the Dakota seed-
lings grown from sound seed wilted, while 100 percent of
the seedlings germinated from injured seed wilted and
died. Similar results were obtained with Crystal: 2 per-
cent of the seedlings from sound Crystal seed wilted,
while 40 percent of the seedlings from cracked seed wilt-
ed and died. From these greenhouse results, it was evi-
dent that seed condition can effectively influence the per-
centage of wilted plants with the varieties tested. The
fungus either adheres to the seed surface or in cracks or
penetrates the seed through the damaged seedcoat.

In a second experiment, seeds of Crystal, Dakota, and
Minerva were tested in the field. Just as in the previous
experiment, sound and injured seeds were selected from
the same lot with the aid of an 8 magnifying glass.
Seeds of the three varieties, at 100 seeds per replicate,
were treated with an organic mercury dust and planted in
the wilt nursery, where flax had been grown annually
since 1913. The results are given in table 7. Considerable
difference between sound and injured seed in the percent-
age emergence was evident. However, of the plants that
emerged, the percentage wilt for a relatively resistant
variety like Dakota was about the same for both sound
and injured seed, although a difference of 14 percent wilt
between sound and injured seed sources of the suscep-
tible variety Crystal was found. Minerva flax usually is
intermediate between Dakota and Crystal in wilt reac-
tion. It occupied the same relative position in this experi-
ment, with a difference of 11 percent wilt of injured seed
over sound seed of the same seed lot.



Sometimes the coat of flax seed appears to be rough,
although no cracks or injuries can be detected. Such
rough or weathered seeds were picked out from a given
seed lot of Minerva for comparison with sound seed of
the same lot. Sixty-four percent of the seeds produced
seedlings in soil, but of the plants that emerged wilting
was no more severe than that from sound seed of the
same lot. However, it was 15 percent less than that from
injured seed from the same lot. Thus injured seed (seed
with cracked and split seedcoats) can result in increased
incidence of wilt, whereas weathered seed appears to be
relatively unimportant. On the other hand, the fungus
can adhere more readily to the surface of weathered seed
and frequently is isolated from such seed (39). Accord-
ing to Tochinai (63), Hiura also showed that the wilt
fungus can penetrate the seedcoats and remain dormant
there for a long time.

When Punjab was injured artificially, hyphae of F.
oxysporum f. sp. lini entered through the wound (a in
figure 12), invading the cotyledons (b), hypocotyl (c¢),
and radicle (d). Thus, injured seed can become invaded
by the wilt pathogen as described earlier by Nair and
Kommedahl (50). By culturing naturally infected flax
seeds, it was found that about three seeds per thousand
were infected with the wilt organism (36). F. oxysporum
f. sp. lini previously had been shown to be seedborne (7).
Nair and Kommedahl (50) also reported that the patho-
gen can enter through the micropyle of sound seed.

The pathogen also can invade the root hairs of the
germinating seedling and the epidermal cells of the root
(figure 13). This possibility was shown by Tisdale (61)
in 1917. The microconidium of F. oxysporum f. sp. lini
germinates and the hyphal tip may adhere tightly to the
root hair of flax as shown in “a” in the camera lucida
drawing (figure 13A). The hypha can be pulled away

Figure 13. Infection of flax roots
by Fusarium oxysporum f. sp. lini
as shown by microconidium that
germinated to penetrate root
hairs (A) and by hyphae that
penetrated epidermis of the root
(B), with subsequent invasion of
the cortex and vascular elements.
(Drawn by P.N. Nair.)

only with considerable force, suggesting that a mucilagin-
ous material has been produced or that an enzyme has
digested part of the root hair and the hyphal tip is held
to the hair.

Hyphae subsequently enter the epidermis from the
root hair (b) or enter cells directly as shown at the right
in figure 13A. From here, hyphae invade the cortex (fig-
ure 13B) and the vascular elements as pictured by Tis-
dale (61) and by Millikan (47), as well.

Figure 12. Hyphae of
Fusarium oxysporum f.
sp. lini enter injured
flax seed (a), and in-
vade cotyledons (b),
hypoctoyl (c), and
radicle (d). (Drawn by
P.N. Nair.)
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