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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 ca use and con­
trol of flax wilt, In 1893, Hiratsuka in Japan and 
in 1901, Bolley in North Dakota establ ished that 
flax wilt was caused by a Fusarium species, now 
named F. oxysporum I. sp. lini. 

Four types of wi lt symptoms are described: early 
(seedling) , late (wi lt after anthesis), partial, and 
unilateral. Early wi lt 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 percen t of the plants in a given year and 
generally results in a premature ripening of plants 
with shr ivel ing 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 boll 
and thereby per plant. Partial and un ilateral wilt 
are of less importance and averaged 3·5 percent 
in prevalence during a 3·yea r observation period of 
40 flax varieties in a wilt nursery. 

Fusarium oxysporum f. sp. Iini is limited in its 
host range to species of flax and survives for 
decades in infected crop debris in soi l. The fungus 
is seedborne and can be dissem inated on infected 
stem fragments. 

F. oxysporum f. sp. lini comprises an indefinite 
number of races that differ from each other in 
numbers of plants willed per variety when tested 
in the greenhouse with single isolates in auto­
c1aved soil. Isolates or races from Arizona and 
Cal ifornia have proven more pathogenic than races 
from Minnesota on Minnesota varieties. Differences 
in wilt from one location to another in Minnesota 
suggest differences in ra ces in the field. Evidence 
also may be interpreted to indicate a single com­
mon race wilh minor gene differences among 
isolates. 

Temperature is the single most important en­
vironmental factor affecting wi lt 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 C. and the 
percentage of plants that wilted. The number of 
days that the soil temperature reached or exceeded 
24C C. was not as reliable an indicator as the num­
ber of hours the temperature was 21 C C. or above 
would have been. 

At low soil moisture the incidence of willed 
plants increased among moderately resistant or 
moderately suscept ible 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 ma jor 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 
colyledons, hypocotyl, and rad icle. Upon germina­
tion, the fun gus entered seed lings through root 
hairs or root epidermis. 

The first pure line variety (Primos!) developed in 
the Un ited States was selected by plant breeders 
in Minnesota in 1904, but it proved susceptible to 
wilt. The var ieties Ch ippewa, derived from Primost, 
and Winona were re leased in 1922 as wilt-resistant 
varieties in Minnesota. In 50 years of breeding, 
selection, and testing, hundreds of wi lt-resistant 
varieties have been deve loped 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 continuo 
ously to flax since 1913. Suscept ible 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
central 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 
Un ited States in that collection (305 varieties) 
averaged only 27 percent wilted plants, but varie­
ties developed in 28 countries averaged 54 per­
ce nt. 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, wh ile the average for varieties developed 
outside the north-central states (but tested at St. 
Paul) ranged from 30 to 100 percen t. 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 var ieties 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 varia­
ties were mixed, sown in different fields, harvested, 
and planted again in the same or diffe rent 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 CI 671 comprised 89 percent of the plants. 
After 5 years in another sequence, Bison, Redwing, 
and CI 671 predominated. In 3 of 5 years, wilt re­
sulted in predom inance of Bison and CI 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 
wi lt-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 inherita nce of resistance to wilt 
showed that wilt resistance in the Ft , F2, Fa, and 
F4 populations from crosses of resistant and sus­
ceptible parents usually was intermediate in reo 
sistance between the parents. Wilt res istance was 
not associated with sex of the parent. Of 47 cross­
es of resistant and susceptible varieties, the F1 
popu lations usually were intermediate. Two-thirds 
of 33 F2 populations were intermediate in res ist­
ance, and none of the 33 was appreciably more 
res istant than the res istant parent or more sus­
ce ptible than the susceptible parent. In four cross­
es, 55·96 percent of the Fa populations were inter­
med iate to the pare nts in resistance. The resistant 
parent influenced Fa progen ies 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 F4 families had more than 50 percent wilted 
plants. Some varieties wilt early, some late, and 
some wilt throughout the season. Progen ies 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), res istance. If it occurs, 
race-specific resistance probably is of less impor­
tan ce 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 
commercia l fields of flax in Minnesota during the 
past decade. 
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proved to be more important than other types of wilt in 
the new nur sery (see figure 5 ) . 

Late wilt results in varying degrees of shriveled seeds 
from pap er th in seeds to fun ctional seeds that are only 
dimp led (see figure 6 ). Other causes for bli ghted seed 
have been described by Komm ed ahl et a l. (39 ) . Th e time 
when the disease st rikes apparen tly determines how mu ch 
loss will be sustained. 

When temperatur es are favorable for wilt shor tly after 
flowering , the bolls (capsules ) that form are empty. Hun­
dr eds of such plants have been observed whe re there 
were no seeds in th e bolls. Th ere was little loss in seed 
yields when lat e wilt appeared shortly before harvest. 

From plants grown in a wilt nursery started in 1946, 
seeds were harvested in 1948 from plants that had lat e 
wilt and from plan ts that appeared healthy in the same 
wilt plot. One th ousand seeds from each of six varie ties 
were weighe d. Th e greatest reduction occurred in Arrow 
flax, whe re the weight per thousand seeds was 8.3 percent 
less from plants with lat e wilt than from plants without 
symptoms of it . Five oth er varieties ( Bison, Crystal, Da­
kota, Koto, and Minerva ) ranged from 0-4 p ercent reduc­
tion in seed weights. 

These comparisons were ma de with pl ants growing in 
a wilt nursery. When comparisons were made between 
plants growing on wilt-sick soil and plants not grown on 
wilt-sick soil, we ight per thousand seeds was less by 20 
percent for Bison flax, 19 percent for Koto flax, and 17 
percent for Dakota flax. 

Furthermore, p lant s with lat e wilt averaged 3.0 seeds 
per boll, while plants growing in the wil t nursery but 
without late wilt symp toms averaged 4.2 seeds per boll, 
based on 100 bolls of Crys tal flax for each ave rage figure. 
Plants normally produce 6-7 seeds per boll out of a pos­
sible 10. Thus, late wilt can reduce seed production per 
boll and thereby per plant . 

Partial Wilt 
Frequently a seed ling wilts and dies except for the 

roots and buds at th e base of the stem. If cool wea ther 
follows hot weather, buds at the base of the stem develop 
in to new shoots following th e death of the original shoo t. 
When the weather is more favorabl e for flax than for wilt, 
the latera l shoots grow and produce seed. As long as the 
weather remains cool the new shoots remain free from 
infect ion. Wi th a return to hot weather , which favors wilt, 
the lat eral shoo ts may subsequently wilt and the wh ole 
plant may d ie. This is called partial wilt and is pictured 
in figure 8. 

Latera l shoots from pa rtia lly wilted plants seldom 
produce enough seed to compensate for the loss from the 
wilting of the first shoot . 

In 1923, Barker (6) recognized the importance of 
partially wilted pl ants, but it has not always been COIl ­

sidered in taking notes on wilt nor has it been counted as 
early wilt in the records . Records of its prevalence were 
kept for the 3-year per iod shown in figur e 5, when it 
avera ged about 5 percent. 

I 
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Figure 8. Partial wilt of flax. The middle shoot wilted, but new, noninfected 
shoots subsequently developed from lateral buds at the base of the plant, 
and the new shoots produced seed and were free from infection. 

Flax plants frequ ently are slightl y chlorotic, as thou gh 
they were in a stage interm edia te between wilting and 
not wilting. Such pl ants often do succumb to wilt, but 
some may persist to maturity. Th ese plants have not ac­
tu ally wil ted and are not included as par tially wilted 
plants. Neverthe less, they are not vigoro us and do not 
produce much seed. Such plants prove to be infec ted 
with the wilt pathogen. In wilt readings based on plant 
vigor such as used by Flor (24) of North Dakota, such 
plants ar e taken into considera tion in evaluating wilt re­
sistance of a variety. 

Unilateral Wilt 
Unilatera l (one-sided ) wilt is a variation of lat e wilt 

in whi ch only one side of the stem and all br anches of 
the inflorescence whose vascular elements connect to that 
sid e are discolored. This type of wilt has been reported 
previously in flax (6) and vascular wilt diseases of other 
crops. 

One hundred stems with unilateral wilt were split to 
separate the discolored from the green port ion of the 
stem, and each stem segment was placed separately on 
nutrient agar. The wilt pathogen was isolated only from 
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the discolored part of the stem, indi cating that the patho­
gen does not grow laterally around the stem. 

When plants wer e examined histologically, discolora­
tion of th e vascular eleme nts in the root, stem, and ped i­
eels was apparent. Bolls attached to pedicels arising from 
the discolored side contained shriveled seed , as found for 
the lat e wilt shown in figure 6A. 

Unilateral wilt avera ged only 3 percent of the wilt in 
the 3 years of testing ( figure 5 ) , making it much less 
pr evalent than either early or late wilt. Unil ateral wilt 
often is counted as lat e wilt wh en not es ar e taken on per­
formance of varieties in a wilt nursery. 

We do not know why only some of th e vascular ele­
ments are invaded by the pathogen ; pe rhaps it is a mat­
ter of cha nce. One-sided wilt was no more pr evalent 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. W e ha ve observed no differenc e 
among var ieties in pr evalence of unilateral wilt. 

Host Range 

Apparently Fu sarium oxysporu m f. sp . lini can infect 
all vari eties of flax. The world collection of flax varieties 
has been tested at least twic e in wilt- sick soil at St. Paul. 
All varieties have become infected with the wil t organ­
ism. These include varieties of L ill WI1 usitatissimum and 
those of L. angustiioliuin Buds. and L. cre pitans Boem­
ingh. Vari eties of the latter two species oft en are grouped 
with L. usita t issimurn. Houston and Knowles (29) re­
ported a wild species of flax as susceptible to wilt. 

As far as we know, F. oxusporum f. sp. lini will not 
induce wilt in any plant species outside of th e genus 
Linum . Borlaug (9 ) inoculated a wid e vari ety of plants 
with this fun gus , but non e developed symptoms of wilt. 
This finding was confirmed in 1967 by Davis (19 ) . 

Causal Organism 

Although several Fusarium species have be en isolated 
from flax plants and seed , Fusarium oxusporu m 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 
conside red to be a race of F. oxijsporum f. sp . lini. Bor­
laug (9) inoculated flax with nin e well-known species of 
Fusariu m , but non e induced wilt in flax. 

Several species of fungi have been reported to con­
tribute to soil sickness and to cause seedling blight and 
damp ing off (8, 60). Some of the mor e common ones are 
Aste rocyst is sp., Colletotrichum linic ola, Fusarium spp ., 
Pythium spp., and Blii zoct onia 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 greenh ouse, wh ere flax roots generally are more suc ­
culent and susceptible to root inf ection. Flor (24) made 

tests in the field and found th at 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
tin guish wilting by F . oxysporu m 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 wilt ed 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 f. sp. lini. It seems 
likely that root rotting organisms such as Bhizoctonia 
solani (24 ) may contribute to the symptoms recognized 
as lat e wilt. But this possibility does not minimize the 
importanc e of F . ox ysporum f. sp . lini . 

life Cycle 
F. oxijsporum is a facultative parasite. It not only 

parasitizes and kills th e flax plant, but it can grow and 
sporulate on dead, pr eviously infected tissue. Park (52 ) 
has described this species as a highly competitive colon­
izer of fresh organic matter that penetrates tissues rapidly 
and deeply ah ead of other organisms in an ecological 
succession. In fact , this species is a primitive parasite and 
pion eer fun gus , which probably accounts for its success 
in maintaining itself for decades in soil. Moreover , it sur­
vives passively as ch lamydospores or colonizes root sur­
faces of nonhost plants (3 ). 

F, oxusporum f. sp , lini is pleomorphic. It produces 
thr ee distinct kinds of spores: microconidia 5-12 X 2-3.5 
p. and nonseptate; macroconidia 17-50 p. 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
septa te macroconidia are 25-40 X 3-4.5 p.. Chlamydo­
spores ar e ellipsoidal, terminal, or intercalary and are 5­
10 11. in diameter . Th e chlamydospores are double walled 
and sometimes turn brown (57 , 72) . 

On a nutrient substrate th e spor e 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 aft er 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. Appa rently plants of both susceptible and resistant 
varieties harbor the fun gus in the cortex of their roots. 
This was reported also by Davis ( 19) for other forms of 
this species. In susc eptible 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 fun gus 
also grows and fruits readily on div erse plant parts in or 
on soil. In certain types of soil, mycelia can ram ify 
through the soil, and chlamydospores are not un comm on. 

Th e fact that F. oxijspo rum f. sp. lini can survive or 
live saprophy tically in soil for 5-10 years is a strong indi­
cation that the organism is not readily destroyed by oth er 
microorganisms in the soil. Anwar (2 ) demonstr ated 
clearly that F. oxys porllm f. sp . lin! persisted mu ch better 
in the soil in Minnesota than did H elminthosporium sati­
vw n, 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 fun gi isolated from soil and tested in petri 
dishes, 48 were antibiotic to H. satioum, whereas none 
was strongly antibiotic to F. oxijsp orum f. sp , lini . Signi­
ficantl y, the population of F. oxijsporum f. 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 qu an­
titi es of grain inoculum containing Tri choderma lignor­
11m, Pencillium spp ., and oth er organi sms to flax wilt soil 
plots at flax planting time , but no redu ction in percentage 
of wilted plants resulted. A liberal amount of grain str aw 
also was added to the infested soil and again th ere was 
no reduction in percentage of wilted plants. Such results 
clearly indicate that F . oxijsporum f. sp . lini is an aggres­
sive colonizer of organic matter in soil and sur vives in 
soil as well as or better than most pathogens. 

The fungus is dissemin ated by diverse methods utiliz­
ing wind, water , and animals to disperse plant parts and 
soil. Th e most common and effective method appears to 
be by means of seed and infe cted plant parts. Most seed 
lots of flax carry spores of F. oxtjsporum f. sp. lini on the 
seedcoat. This is espec ially tru e of weath ered seed, for 
the spore can adhere to it more readily than to the smooth 
seedcoats of normal seed. Spor es, both micro- and macro­
conidia, get into the seed from diseased straw during 
thr eshin g and combining. Th e inoculum on or in seed is 
the most effective means of establishing infection in na­
ture, becau se th e inoculum is adjacent to the infection 
cour t. Seed, especially seed of susceptible vari eties, often 
harbors the fungus. Th ere 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 ar e found in uncleaned seed lots. It 
has been demonstrated th at the organism is readily dis­
seminated to oth er countries by means of infected seed 
lots (8) . 

Undoubtedly the spores of F. oxusporum f. sp . lini and 
infected plant parts and soil are disseminated to some 
extent by wind. But this method has not been ad equ ately 

investi gated. Runoff water from infected fields may carry 
the fungus or infected plant parts and infect ed soil. Evi­
den ce does not indicate a rapid buildup of pathogens by 
this method (9 ). 

Besid es planting infected and infested seed, man also 
disseminates the pathogen by spreading infested flax 
straw and soil onto clean soil. Animals, including birds, 
have be en known to spread the pathogen. Fusarium 
spores have been observed on insects , so they too may be 
agent s of dissemination. Since infection can occur 
through injuries to root s, soil insects as well as nematodes 
may create avenu es of entrance for th e pathogen. 

Races 

F. oxijsporum f. sp . lini is an outstanding example of 
a fun gus 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. W e do not know how fast these dif­
ferences in biotypes arose. Some aro se by mutation, since 
monosporous isolates from microconidia frequently give 
rise to many distinct typ es. Perhaps oth ers arose by 
means of heterocaryosis or parasexualism. 

Isolates of F. oxijsporum 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 differe nce obviously depends up­
on the diversity of the substrate and host plants involved. 
Some isolat es may be alike on one substrate or one vari e­
ty of plant but quite different on another. 

In 1926, Broadfoot and Stakman ( 14 ) and Broadfoot 
(13 ) demonstrated for the first time that there wer e dis­
tinct parasitic differences in F. oxijsporum f. sp. lini . They 
recognized nine distinct parasitic rac es on four vari eties 
of flax. One race was particularly conspicuous becaus e it 
caused seedlings 2-4 em. tall to becom e colorless above 
the cotyledons. Th ese rac es also differ in cultural charac­
teri stics and in morphology of the conidia. Later, Letcher 
and WiIlaman (42 ) showed that th ese races differ greatly 
in their ab ility to produce alcohol. The more virulent 
races produced the most alcohol in culture. A similar re­
lat ionship was reported by Matsui et al. (45 ). 

F. oxys]Jorum 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 
vari ety 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 wid e range in 
resistance or susceptibility occur red . For example, he re­
ported that on Red wing the range in infection of 15 mass 
isolat es vari ed from 3-99 perc ent. He found a range of 
2-8,5 percent wilted plants among 15 mass isolat es on 
Newland flax ( figure 9 ). 
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Figure 11. Percentage of wilted flax plants from 1936 to 1955 compared to 
(he number of days when the soil temperature exceeded 240 C. during the 
period May 15 to July 3D, 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 Sf. Paul. 

da ta 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. 

Oth er factors may account for differenc es 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 figur e 11 indicat es 

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 rain fall was high. This com­
bination helped Punjab sur vive despite its suscep tib ility 
to wil t and the abunda nce of inocul um in the soil. 

The period 1943-46 was one relatively high in rainfall 
and low in incidence of wilted plants, whereas the peri..-d 
1936-41 was low in rainfall and high in incidence of wilt­
ed plants. However , in some yea rs there appeared to be 
no relationship between number of wilted plants and 
either rainfall or number of days the soil temp erature ex­
ceeded 240 C. Perhaps varieties differ in response to 
moisture as well as to temp erature. 

To explore further the possibl e role of soil moistur e 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 fl ax lTown on wet 
and dry wilt·sick soil in the field 

VVilted plants· 
~~ ~ ~ 

. .percent. . 
Crystal 2 2 41 
Punjab 7 5 88 
Kolo 16 8 
· Based on 400 pl ants per var iet y t est ed in 195 0 in the regula r wilt nu rs ­
ery st art ed in 19 13. 

perimenl was set up in which seeds of three va rieties of 
flax were sown in the wilt nursery. In one series of plots, 
the soil was sprinkled daily with wa ter. In the second 
series, no water was applied. Both plots received rainfall 
that fell normally during the test periods. Th e results ap­
pear in table 3. 

Th e added water did not affect th e incid ence of 
wilted plants for the wilt- susceptible variety Punjab ; 
however , the number of wilted pl ants was abou t twice 
as great on the dr y soil (no wat er added) as on the wet 
soil (water added daily ) wh en the moderately r esistant 
variety Crystal was tested . Thus, soil moisture n ay in­
fluence wilt with varieties int erm edi ate in resista nce to 
wilt. Since the incidence of wilt in the resistant variety 
Koto is so low, it is doubtful that thi s difference is b io­
logically important. Possibly higher moisture favors an­
tagonistic organisms on roots; e.g., it was reporte d that 
by increasing soil moisture from 40 to 60 percent the 
number of mycolytic bacteria antagonistic to F. ox yspor­
11m f. sp. lini increased accordin gly ( 66 ) . 

Soil Type 
Flax wilt ha s been found in moderately suscep tib le to 

moderately resistant varieties on most soil types, includ­
ing peat , in Minn esota: on the Waukegan -Withrow soils 
(silt loam ) of Dakota and Washington Counties, on the 
Carrington-Clyde soils (silty clay loam ) of southeas tern 
counties, on the Clarion-Webster soils (s ilt to clay loam ) 
of southern Minnesota , on the Barn es-Parn ell soils (silt 
to clay loam ) in west-central counties, and on th e Fargo­
Bearden soils (heavy silt loam and clay ) of th e Red River 
Valley. Th ese are the major soil types in the flax growing 
regions of the state. Similarl y, Bolley (7 ) reported wilted 
plan ts on all soil types in North Dakota. In fact , flax wilt 
has been rep orted on many soils throu ghout the world , 
wherev er flax is grow n. Th e amount of inoculum in soil 
need not be high to cause flax to wilt, as was shown in the 
following expe riments. 

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 aga in dilu ted 
and this pro cedur e was continued for nin e successive 
dilutions, ending in a final mixture of one part wilt-si ck 
soil in 512 parts of noninfested loam. In another seri es, 
sand was the dilu ent. Punj ab flax was sown in each pot 
in the greenhouse using soil of each dilution . Th e results 
are based on two to four repli cates of six pots per repli­
cat e and 25 seeds per pot. 



\Vith 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 wil t-sick 
soil conta ined enough inoculum to cause 7-8 percent of 
the plan ts of a susceptible variety to wilt. 

Also, by sprinkling wilt-sick soil about 3 millime ters 
( mm.) deep over seeds of Punjab spread on autocl aved 
soil in pots in the greenh ouse , an average of 28 percen t 
of the plants wil ted, ran ging from 14-41 percent amon g 
the 12 pots. 

When wilt -sick soil was diluted 50 percen t with peat, 
the percentage of wilt ed plan ts of Punjab de creased from 
81 in the undiluted soil to 43 in the peat mixture. Tail' 
(48 ) at Minnesota also illustrated that an increase in 
inoculum resulted in an increase in incidenc e of wilted 
plant s. He tested thr ee varie ties to three races of the wilt 
fungus and foun d that if spo res we re added to soil in 
concentrations of 103 to lOGspores/ milli liter s (ml. ), there 
was a pro portionate increase in incidence of wilted 
plants, and more so with wilt-susceptible th an with wil t­
resistant varieties. 

Thus the amount of inoculum carr ied from a flax field 
on soil attached to tilla ge equipment or car ried by wind 
or wa ter erosion may spread the fun gus to adjacent field s 
where flax might be grown in succeeding years. However , 
a high amount of organi c matt er in peat can support a 
high populati on of soil microorgani sms, which probably 
compete with the wilt fun gus to hold it in check at least 
temporaril y. 

Fertilizer 
Lu gger (43 ) , in 1890, was the first to make tests in the 

field on the role of fert ilizers in the development of wilt. 
He d id not observe any difference in wilt among fertilized 
and nonfertilized plants and concluded that exhaust ion of 
soil by pr evious crops of flax did not cause flax to wilt. 

Snyder (56 ) also made field tests to determine whe th­
er flax remov ed nutrients from soil at a ra te different from 
that of oth er crops. From his fertilizer trials, he con­
cluded that flax did not remove nutrient s more than 
cereal crops did. 

However, these men had differ ent ob jectives and were 
not testin g whether fertili zer applica tions influenced the 
amou nt of wilt among resistant and susceptible varieties. 

Experiments were mad e in the greenhouse and in the 
field to determi ne the effect of ni trogen , ph osphoru s. and 
potassium fertilizers on wilt development. Four varieties 
were used in each test : Bison and Redwing, whi ch were 
relatively resistant to wilt, and Crysta l and Royal, which 
were relat ively susceptible. Th e plan ts were tested in the 
greenhouse using flats filled with soil tak en from the wilt 
nurs ery. The results ar e shown in tab le 4. 

In both gree nhouse and field tests, nitrat e, ph osphat e, 
and potassium generally reduced the perc entage of wilt ed 
plants. Th e reduction was much greater for th e more 
susceptible Cr ystal and Royal flax than for the more re-

Table 4. Percentage reduction in wilt of fou r varieties of flax grown on wilt. 
sick soil in the greenhouse and fie ld to which three fertilizers and two 
amendments were applied 

Fertilizer Redu ction wilted plants over control Average 
or reduction of 

amend ment" Bison Redw ing Crystal Royal wilted plants 

Nitrate 
Greenhouse 

. . . . . . . . . . . . . . . .percent. 
7 9 7 26 

. 
12 

Field . 10 0 33 12 13 
Phosphate 

Greenhouse 0 11 23 13 11 
Field 20 8 44 24 24 

Potash 
Greenhou se 14 o 36 10 14 
Field 15 6 25 18 16 

Li me 
Field 16 10 28 25 20 

Sulfur 
Fie ld 16 2 30 7 14 

' Am m on ium n i t rate at 100 pounds per acre (32 pounds of n it rogen) . 
superphosrhate (0-20-0) at 300 pounds per acre (60 pou nd s of P,O.>. 
m uri ate a potash (0-0-60) at 100 pounds per acre (60 pou nds of K,O ). 
li me at 3 20 pounds per ac re . an d su l fu r at 320 pou nd s per acr e. Resul ts 
in t he g re enhouse are bas ed on av er ag es of 50 -75 p lant s. and resul t s in 
th e fi e ld o n av erag es of two seas ons' d ata : 200 pl an t s in 1949 and 400 
p lan ts in 19 50 (p la nt s g ro w n in regu lar w il t n ursery). 

sistant varieties . Both lime and sulfur generally reduced 
the number of flax plan ts tha t wilted. 

In contrast, Bolley and Manns (8) found in North 
Dakota tha t high applica tions of sulfur and sodium chlor­
idc each year for 4 yea rs failed to influence the number 
of plants that wi lted . 

It is impossible to determine from these experiments 
whe the r pH is involved , becau se bo th superphospha te, 
which tends to incr ease soil acidity, and lime, which de­
crease it, reduced wil t. 

However, 1 air (48) at Minn esota, using one race in 
the gree nhouse , 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 acid ity 
was not the causal factor in the sprea d of the pathogen. 

In the greenhouse, Nair (48 ) tested four flax varie­
ties, Marin e, Min erva, Punj ab , and Redwood, for the ef­
fect of fertilizers on wilt development using a sing le race 
of F. oxusporum f. sp. lini. He found that pho sph ate 
( P~ Or., 43 perc ent ) increased significantly the percenta ge 
of wilted plants, in contras t 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 repo rted that thr ee nitrogen compound s 
(ammonium sulfate, sodium nitrate, and ur ea ) redu ced 
the number of wilted plants of B-5128, Punj ab , and Red­
wood flax in greenhouse tests. 

Thus it appears that adding nitrogen, potash, and pos­
sibly ph osphate fertilizers can effectively reduce wilt in 
susceptible variet ies. However, the fertili zers may pro­
mote the growth of the host and make it possibl e for the 
host to withstand infection. Th ere may h e no dir ect effect 
of fertilizers on th e vilt fun gus. 
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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� 

He rb icideand appli cation� 
rate per acre Survival"� 

percent 
None (control) 62.0 
4(2,4·0B) [4·(2,4-d ichlorophenoxy) butyric acid] (l lb.) 46.6 
2,4·0 (2,4·dichlorophen oxyacetic acid) (4 oz.) 56.5 
Oalapon (2,2-d ichloropropionic acid) 56.7 
TCA(trichloroacet ic acid) (5 lb.) _. . . . . . . . . . . . . . . . 69.4 
MCPA (4 oz.) plus TCA (5 lb.) 72.6 
MCPA (2·methyl-4-chlorophenoxyacetic acid) (4 oz.) 74.1 
MCPA (lI b.) plus dalapon (l lb.) _. . . . . . . . . . . . . . . . . . . . . 75.2 
HSO at 5% . 15.6 
• Av erag es of t hree replicat es. 

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

Herb ic ide " No herbic ide 
Variety Yield t Wilted pl antst Yie ldt Wil ted plants] 

bu./acre 
Amy .. .. . . . . . . . 25 
Bison .. . . - . . . . . 19 

percent 
13 
9 

bu./a cre 
27 
20 

percent 
9 

10 
B·51 28 .. .. . . . . . 22 31 23 29 
Marine . . . .... . . 
Red wood . .. . .. . . 

21 
26 

42§ 
5 

24 
27 

40§ 
8 

Punjab .. . .. .. .. 0 100 0 100 
• He rbici des used were MCP A (2 ·m et hy l-4-chl oro phenox yacetic acid) at 4� 
ounces pe r acre (ac id eq uivalent) and TCA (t ri ch loroa cetic ac id ) at 5� 
po unds p er ac r e (ac id equival ent ). Flax wa s h and we eded in t he no herb i ·� 
ci de p lots.� 
t Ba sed on ave rage y ield from ro d -ro w (5 rn . long) plots.� *Dete rmin ed f ro m 100 em erged seed l i ngs w it h in the row. A ll fo rms of� 
wilt were counted .� 
§ M uch of t he wi l t occurre d late in the season an d thus had almost no� 
eff ect on yi e ld.� 

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

Condition of seed 
Variety· Observation] Sound In jured 

percent 
Crystal Emergence 54 15 

Wilt 77 91 
Dakota Emergence 56 25 

Wilt 71 70 
Minerva . Emergence 59 17 

Wilt 64 75 
• Samples we re fa rm ers' seed lots sent to the M innesota St ate Seed� 
Laboratory fo r g ermination te st s.� 
t Em ergence refers to th e number of pl ants that emerged f ro m the see d s� 
sown. Wilt refers to th e number of em erg ed plants that w il t ed. expres sed� 
in percent age. Dat a are based on f ive replicates of 100 seed s per rep li ­�
cate sown in th e f iel d .� 

Herbicides 
Becau se flax gene rally is found to be a poor competi­

tor with weeds (23, 40, 41 ) , herbicides usuall y are recom­
mended for good stands of flax. However , flax growers 
have observed flax damage that is simil ar to wilt, and it 
sometim es may be difficult to distinguish herb icid e dam ­
age from wil t. 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 year s lat er , two herbicides 
( MCPA for broad-leaved weeds and TCA for grasses ) 
were applied and compared to results from hand weed­
ing. Th en yields and wilt percentages were determin ed 
for six vari eti es. Results appear in tabl e 6. The applica­
tion of herbicides did not affect yield or incidence of 
wilted plants among the six vari eties that usu ally vary in 
their resistance to wilt. It therefore is safe to apply ap­
propriate herbicides in flax without affect ing incid ence 
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 injur ies during harves t, which apparently 
are due to unusually dry conditions (39) . 

To test wheth er injured seed would be more subject 
to wilt than sound seed of the same seed lot , Crystal, 
Da kota , and Minerva wer e chosen. Both sound and in­
jured seeds were selected from the same seed lot by ex­
amining them with an X 8 magnifying glass for evidence 
of external seed injury. Th ese seeds were germinated on 
blotting pap er , then dipped into a suspe nsion of spores 
and hyph ae of a given isolat e of F. osusporu m f. sp. lini, 
and planted , blotter and all, in flats in th e gree nhouse. 

On the basis of four replicates per var iety and 100 
seeds per replicate, only 3 perc ent of the Dakota seed ­
lings grown from sound seed wilted , whil e 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, 
whil e 40 perc ent of the seedlings from cracked seed wilt­
ed and died. From th ese greenhouse results , it was evi­
dent that seed condition can effectively influen ce the per­
centage of wilted plants with the varieties tested . Th e 
fungus either adheres to the seed surface or in cracks or 
penetrates the seed through the damaged seedcoa t . 

In a second experim ent , 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 sam e lot with the aid of an X 8 magnifying glass. 
Seeds of the three varieties, at 100 seeds per replic ate, 
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 tha t 
emerged, th e percentage wilt for a relatively resistant 
vari ety like D akota was about the same for both sound 
and injured seed, although a difference of 14 percent wilt 
between soun d and injured seed sources of the suscep­
tibl e vari ety Crysta l was found. Minerva flax usually is 
intermediate between Dakota and Crysta l 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 rou gh, 
although no cracks or injuries can be detected . Such 
rou gh 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 mor e 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 wil t, whereas weathered seed appears to be 
relat ively unimportant. On the other hand, the fun gus 
can adh ere more readily to the surface of weath ered seed 
and frequentl y 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 . 
oxijsporum f. sp. lini entered through th e wound (a in 
figure 12 ), invading the cotyledons ( b ) , hypocotyl ( c ) , 
and radicle (d) . Thus, injured seed can become inva ded 
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. lin! pr eviously had been shown to be seedborn e (7 ). 
[air and Kommedahl (50 ) also reported that the patho­

gen can enter through the micropyle of sound seed. 
Th e pa thog en also can invade the root hairs of the 

germinating seedling and th e epidermal cells of the root 
( figure 13 ). Thi s possibility was shown by Tisdale ( 61 ) 
in 1917. Th e microconidium of F. oxysporum f. sp. lini 
germina tes and the hyphal tip may adhere tightly to the 
root hair of flax as shown in "a" in th e camera lucida 
drawing ( figure 13A). The hypha can be pulled away 

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

.... :.;.

A " 

only wi th considerable force, suggestin g that a mucilagin­
ous material has been produced or that an enzym e has 
digested part of th e root hair and the hyph al tip is held 
to the ha ir. 

Hyph ae subsequently enter the epidermis from the 
root hair (b ) or enter cells dir ectly as shown at the right 
in figure 13A. From here, hyphae invade the cort ex (fig­
ure 13B ) and the vascular elements as pictured by Tis­
dal e (61 ) and by Millikan (47), as well. 

a r ..~ 
\\\\. 

Figure 12. Hyphae of .'i' 
Fusarium oxysporum I. -. ! 
sp, Iini enter injured 
flax seed (a), and in­
vade cotyledons (b), 
hypoctoyl ( c), and 
radicle (d). (Drawn by 
P.N. NaiL) 
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