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ton: Population
s for Management

Fusarium wilt of cotton, caused by the
fungus Fusarium oxysporum Schlechtend.
f. sp. vasinfectum (Atk.) Snyd. & Hans,
was first identified in 1892 in cotton grow-
ing in sandy acid soils in Alabama (8).
Although the disease was soon discovered
in other major cotton-producing areas, it
did not become global until the end of the
next century. After its original discovery,
Fusarium wilt of cotton was reported in
Egypt (1902) (30), India (1908) (60), Tan-
zania (1954) (110), California (1959) (33),
Sudan (1960) (44), Israel (1970) (27),
Brazil (1978) (5), China (1981) (17), and
Australia (1993) (56). In addition to a
worldwide distribution, Fusarium wilt
occurs in all four of the domesticated cot-
tons, Gossypium arboretum L., G. bar-
badense L., G. herbaceum L., and G. hir-
sutum L. (4,30).

Disease losses in cotton are highly vari-
able within a country or region. In severely
infested fields planted with susceptible
cultivars, yield losses can be high. In Cali-
fornia, complete crop losses in individual
fields have been observed (R. M. Davis,
unpublished). Disease loss estimates pre-
pared by the National Cotton Disease
Council indicate losses of over 109,000
bales (227 kg or 500 1b) in the United
States in 2004 (12).

Symptoms

Symptoms of Fusarium wilt can appear
at any stage of crop development. The
cotyledons of affected seedlings wilt and
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die rapidly. Symptoms at this stage can be
confused with symptoms of damping-off
caused by Pythium spp., Rhizoctonia so-
lani Kuhn, and Fusarium spp., but the
brown vascular system of the hypocotyl
distinguishes Fusarium wilt from seedling
disease. The death of seedlings results in
uneven stands, which further contribute to
production problems throughout the season
(Fig. 1). Symptoms in older plants include
stunting, wilting, chlorosis and necrosis of
leaves, dieback often beginning at the top
of the plant, and plant death (Figs. 2 and
3). The most diagnostic symptom of Fusa-
rium wilt is the dark brown discoloration
of the vascular system (Fig. 4). Some af-

fected plants may regrow from the base,
but the new growth fails to produce bolls
and often succumbs to the disease later in
the season. Symptoms of Fusarium wilt are
not always distinguishable from those of
Verticillium wilt. The vascular discolora-
tion is less pronounced and leaves often
turn red in Verticillium wilt, but these dif-
ferences are not reliable, and isolation of
the pathogen is necessary to confirm the
identity of the disease.

Symptoms may occur in a small number
of plants or in large disease foci within a
field (Fig. 5). In furrow-irrigated fields, the
disease is often found in areas that have
been waterlogged. In Australia, the disease
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Fig. 1. Aerial view of an Australian cotton field affected by Fusarium wilt. Dissemina-
tion of the pathogen in furrow-irrigation water or in soil moved down the rows by farm
implements is evident by the distribution of dead plants (gray areas) in the field.
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is rarely seen in nonirrigated cotton crops,
but the disease is common in nonirrigated
cotton in the mid-south of the United
States where annual rainfall is greater
(12,56).

Many factors influence the development
of Fusarium wilt in a field, including viru-
lence of the population of F. oxysporum f.
Sp. vasinfectum, susceptibility of the cotton
cultivar, climatic conditions, soil type, soil
fertility, and interactions with nematodes
and other soilborne microorganisms. All of
these factors may impact the severity of
the disease and subsequent yield losses.
Visible symptoms may not be apparent
when low inoculum densities of the fungus
are present. In a greenhouse study, sub-
merging root systems of susceptible culti-
vars in inoculum of F. oxysporum f. sp.
vasinfectum did not result in visible
aboveground symptoms until spore con-
centrations in excess of 10° conidia per
milliliter were used (104). Symptoms in
more resistant cotton cultivars were not
evident until concentrations of 10° conidia
per milliliter were used to inoculate plants.
Garber et al. (32) found that 77,000 co-
nidia per gram of artificially infested soil
was required for symptom expression, but
only 650 conidia per gram of soil was
required when plants were grown in the
presence of the root-knot nematode. Time
of infection also determines the extent of
yield losses. Plants that are infected early
may die before producing any bolls, while
plants infected after flowering often sur-
vive but produce fewer and smaller bolls.
These plants often mature earlier and their
bolls open sooner, resulting in poorer qual-
ity lint.

Characterization of Races

F. oxysporum includes a large number of
pathogenic and saprophytic biotypes that
share morphological features. Parasitic
biotypes that cause Fusarium wilt of cotton
were grouped into the forma specialis va-
sinfectum. Several races have been charac-
terized within this forma specialis using
both cotton and noncotton differential
hosts. Recently, DNA-based techniques
have been used to validate these races and
to elucidate relationships among them.

In 1927, Fahmy reported the occurrence
of three groups of F. oxysporum f. sp. va-
sinfectum populations based on their dif-
ferential reactions on three species of cot-
ton, American upland (G. hirsutum),
Egyptian (G. barbadense), and Indian (G.
arboretum and G. herbaceum) (30). Arm-
strong and Armstrong later argued that the
use of entire species of Gossypium as a set
of differentials was oversimplified because
cultivar reactions within a species of cot-
ton were variable (4). They concluded that
these distinctive groups of F. oxysporum f.
sp. vasinfectum (which they called races)
could be identified but only if certain cot-
ton cultivars were used as differentials.
Armstrong and Armstrong (4) also be-

lieved Fahmy used weakly virulent isolates
of what was probably race 1 since their
experience with race 1 was greatly differ-
ent. They speculated that Fahmy’s isolates
lost pathogenicity while in continuous
culture. In any case, no race designations
could be made by using entire species as
differential hosts since not all the cultivars
in any one of the Gossypium species exhib-
ited similar symptoms.

While describing symptomatic and as-
ymptomatic hosts of race 1, Armstrong and
Armstrong noted that certain isolates

caused wilt of field-grown soybean (Gly-
cine max (L.) Merr.) and flue-cured to-
bacco (Nicotiana tabacum L.) and con-
firmed this observation in greenhouse trials
(6). The new strain, called race 2, was
formally distinguished from race 1 by its
greater virulence on soybean cv. Yelredo
and flue-cured tobacco cv. Gold Dollar. In
replicated tests, race 2 caused wilt on 40.3
and 70.8% of inoculated Yelredo soybean
and Gold Dollar tobacco plants, respec-
tively, while race 1 caused up to 5.5 and
9.1% wilt of these crops. Armstrong and

Fig. 2. Wilt of foliage of cotton plants of various ages affected by Fusarium wilt. Older
plants as well as seedlings may succumb to the disease.

Fig. 3. Fusarium wilt-induced interveinal chlorosis and necrosis of cotton foliage.
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Armstrong concluded that race 2 was a
mutant of race 1 with increased virulence
on soybean and tobacco. However, the
reactions of 29 cultivars and breeding lines
of cotton to races 1 and 2 were similar (6).
The observation that races 1 and 2 could
not be separated based on their reaction on
cotton inevitably led to confusion about
race designation since the term ‘“race”
implied a genetic relationship between
pathogen and host. By using a set of non-
cotton hosts to define race, Armstrong and
Armstrong were not defining race based on
a set of differential reactions in one host
(i-e., a set of Gossypium plants possessing
different genes for resistance to F ox-
ysporum f. sp. vasinfectum). Armstrong
and Armstrong’s definition of resistance
also was confusing, since they based sus-
ceptibility on the reaction in 50% or more
of inoculated plants (4). If more than 50%
of plants of a cultivar developed external
symptoms of wilt, it was considered sus-
ceptible in their assessment. A cultivar was
considered resistant if less than 50% of
inoculated plants developed external symp-
toms. Therefore, the demarcation between
susceptibility and resistance of some culti-
vars was somewhat arbitrary, especially
since a host’s reaction was quite variable.
If Armstrong and Armstrong had limited
the naming of races according to reactions
in cotton, three races that would have been
designated were: an American race (a sin-
gle race containing races 1, 2, and 6 as
later delineated by Armstrong and Arm-
strong), an Egyptian race (later named race
3), and an Indian race (later named race 4)
(4). These designations could have been
based on a unique set of reactions on G.
arboretum cv. Rozi, G. barbadense cv.
Sakel, and G. hirsutum cv. Acala (Table 1).
The separation of race 1 from race 2 was

Fig. 4. Characteristic vascular discolora-
tion of a cotton stem infected by Fusa-
rium oxysporum f. sp. vasinfectum (left)
and healthy stem (right).

694 Plant Disease /Vol. 90 No. 6

clearly desirable to Armstrong and Arm-
strong, however, since there were clear
differences of virulence on tobacco and
soybean in the greenhouse and field (4).
Unlike the U.S. isolates, neither the Egyp-
tian nor Indian isolates caused wilt of al-
falfa (Medicago sativa L.), Yelredo soy-
bean, okra (Hibiscus esculentus L.),
Kentucky 5 burley tobacco, or Gold Dollar
flue-cured tobacco (Table 2).

Race 5 was described in Sudan in 1966
(44) but was eventually withdrawn after
Nirenberg et al. (75) compared cultural
characteristics and pathogenicity tests and
found that 3 and 5 were identical. Isolates
of races 3 and 5 were separated easily from
the other races by their smaller conidia, in
addition to the development of symptoms
on differential hosts.

In 1978, Armstrong and Armstrong de-
scribed race 6 from Brazil (5). This race
caused wilt of G. hirsutum and okra, like
races 1 and 2, but did not wilt alfalfa, soy-
bean, tobacco, or lupine (Lupinus luteus
L.), which are susceptible to race 1 and/or
2. Race 6 could not be distinguished from
races 1 or 2 in pathogenicity tests on cot-
ton cultivars. Hence, the designation of
some races of F. oxysporum f. sp. vasinfec-
tum continued in the absence of a differen-
tial set of cotton cultivars.

In 1985, Chen et al. described races 7
and 8 in China based on the reactions of
cotton, tobacco, alfalfa, okra, and soybean
(Tables 1 and 2) (17). Isolates of races 4
and 7 were separated by their pathogenic-
ity on cotton and noncotton hosts, but later
genetic analysis suggested that they may
be identical (89). The conflict between the
original pathogenicity tests and the subse-
quent genetic studies remains unresolved.

The latest described population of F. ox-
ysporum f. sp. vasinfectum is a new bio-

type (actually two closely related biotypes)
discovered in Australian cotton crops in
1993 (23). No race designation was made
for these strains since by this time the term
“race” as used for F. oxysporum f. sp. va-
sinfectum was deemed invalid (23). The
Australian biotypes caused wilt in G. hir-
sutum cv. Siokra 1-4 and cv. Acala 44, G.
barbadense cvs. Ashmouni and Sakel, but
did not cause wilt in G. arboretum cv.
Roseum. The reactions of Australian iso-
lates on this set of cotton differentials are
identical to those expected by race 1.
However, unlike race 1 or 2, the Australian
isolates did not affect tobacco, lupine, or
soybean (23), which is similar to the reac-
tion expected by race 6. Later genetic
analyses indicated that Australian isolates
are clearly distinct from race 1, 2, or 6
isolates from the Americas (54). Cultures
of Australian isolates produced strong and
distinctive volatile aroma as do some, but
not all, California isolates of race 1 (94).
By the 1990s, DNA-based techniques
were employed in conjunction with patho-
genicity tests to distinguish the various
races of F. oxysporum f. sp. vasinfectum.
Such tests were needed when differential
cotton hosts were not available or strict
quarantine issues did not allow field or
greenhouse pathogenicity tests with for-
eign isolates. In 1993, Bridge et al. (13)
assessed vegetative compatibility groups
(VCG), restriction fragment length poly-
morphism (RFLP), and aesculin hydrolysis
among races 1, 2, 3, and 4. Because iso-
lates with the same allele at each of the
loci that govern vegetative compatibility
were genetically similar, this was a useful
tool to examine relationships. Races 1 and
2 belonged to the same VCG and race 3
belonged to another. (Race 4 was not in-
cluded in this part of their study.) Races 1

Fig. 5. Disease foci of dead and missing plants in a field infested by Fusarium ox-

ysporum f{. sp. vasinfectum.
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and 2 shared one RFLP pattern, and race 3
and 4 each had a unique RFLP pattern.
Races 1 and 2 could, however, be sepa-
rated on the basis of aesculin hydrolysis. In
that test, aesculin was incorporated into an
agar medium, and the production of aescu-
letin was indicated by its reaction with an
iron salt to give a dark brown/black color
in the medium (13). Race 1 did not signifi-
cantly discolor the medium (a negative
reaction in the aesculin hydrolysis test),
while races 2, 3, and 4 all produced sig-
nificant blackening. Therefore, the general
conclusions were that races 1 and 2 were
similar but could be distinguished in the
aesculin assay, and races 3 and 4 were
each unique. The unique reaction of race 2
in the aesculin assay was also noted by
Rutherford et al. (82).

Assigbetse et al. (7) determined races
based on the susceptibility of cotton culti-
vars Isa 205 and Acala S.J. (G. hirsutum),
Ashmouni 106 and Sakel (G. barbadense),
and CG17 (G. arboretum). Races 1, 2, and
6 caused wilt of both G. hirsutum cultivars
and both G. barbadense cultivars, but not
G. arboretum; race 3 caused wilt of Sakel
(G. barbadense) and CG17 (G. arboretum)
but not the others; and race 4 caused wilt
of CG17 (G. arboretum) only (Table 1). In
their tests using these differentials, plants
were either asymptomatic or symptomatic,
indicating distinct resistance genes. They
concluded that races 1, 2, and 6 belonged
in a single group (called race A for conven-
ience) based on these differentials and
evidence of similarity by RAPD analysis
(although race 6 had distinct RAPD pat-
terns). Lumping races 1, 2, and 6 into a
single group did not contradict Armstrong
and Armstrong, who found all three of
these races had similar reactions in cotton
(5).

Fernandez et al. (31) established 10
VCGs (0111-01110) among F. oxysporum
f. sp. vasinfectum isolates and concluded

Table 1. Reactions of cotton hosts for differentiating races of Fusarium oxysporum f. sp. vasinfectum?*

that each was an independently evolving
lineage. Within group A (races 1, 2, and 6
collectively), there were eight VCGs
(0111, 0112, and 0115-01110). Races 3 and
4 were placed into VCGs 0113 and 0114,
respectively. In this designation, the first
three digits identify the forma specialis
(011 for E oxysporum f. sp. vasinfectum)
and the last digit or digits identify the sub-
group. In contrast to Bridge et al. (13),
Fernandez et al. found a unique VCG for
each race included in their study (races 1,
2, 3, 4, and 6). Most isolates within the
same VCG had the same rDNA and
mtDNA haplotypes, but three distinct
mtDNA haplotypes occurred in VCG0114.
Based on all evidence, race 3 isolates rep-
resented a clone. In Israel, all race 3 iso-
lates also belonged to a single VCG (52).
Race A had three rDNA and four mtDNA
haplotypes, in addition to the eight VCGs.
VCGs of Australian strains were unique
and later designated 01111 and 01112 (23).
The Australian strains also produced a
color change in the aesculin hydrolysis
test.

According to patterns of cellular fatty
acid profiles, another means to character-
ize isolates, race 1 belonged to one sub-
group with races 2 and 6 in another sub-
group (all three in group A), race 4 was in
group B, and race 3 belonged to group C
(38). This was further evidence that among
these isolates, there were three groups, one
that contained races 1, 2, and 6, and one
each for race 3 and race 4.

Partial sequences of translational elon-
gation factor (EF-1a), nitrate reductase,
phosphate permase, and the mitochondrial
small subunit rDNA genes were sequenced
by Skovgaard et al. in 2001 (89). Isolates
of F. oxysporum f. sp. vasinfectum were
polyphyletic with at least two independent
evolutionary origins. Lineage I contained
race 3, an independent clade, lineage II
contained races 1, 2, and 6, lineage III

contained race 8, and lineage IV contained
race 4. Kim et al. (54) included the Austra-
lian biotypes in their study on multigene
genealogies of F. oxysporum f. sp. vasin-
fectum. Isolates were characterized by
partial sequences of translational elonga-
tion factor (EF-la)), phosphate permase,
and beta-tubulin genes, restriction digests
of the intergenic spacer (IGS) region of
nuclear rDNA, and pathogenicity tests.
The Australian isolates formed a strongly
supported independent clade for a total of
three independent evolutionary origins of
F. oxysporum f. sp. vasinfectum (race 3, the
Australian biotypes, and all the rest) (Fig.
6). There was a total of nine haplotypes
based on restriction digests of the IGS
region. Race 6, represented by a single
isolate from the American Type Culture
Collection, possessed its own unique
rDNA IGS haplotype. Except for a single
isolate included in the study, races 1 and 2
shared the same restriction pattern. Kim et
al. (54) also demonstrated that there is no
longer a strict worldwide geographical
division among genotypes of F. oxysporum
f. sp. vasinfectum. In California alone,
representatives of four groups were noted:
races 1, 3, 4, and 8. Today, race 1 is com-
mon in the Americas and much of Africa
(for example, Ivory Coast, Tanzania, and
Zimbabwe), race 3 is common in Egypt,
Sudan, and Israel, race 4 in India, Uzbeki-
stan, and China, races 7 and 8 in China,
and the Australian biotypes are limited to
that country. As researchers continue to
use genetic tools to characterize more iso-
lates, the distribution of various biotypes
will no doubt be more widely distributed
than previously assumed.

Although Armstrong and Armstrong (4—
6) formally delineated races for F. ox-
ysporum f. sp. vasinfectum based on dif-
ferences in the reaction of cultivars of host
plants, including plants of different species
(or even plants of different families), race

Race
Host (Gossypium sp.) 1 2 3 4 6 7 8 Australian biotypes
G. hirsutum cv. Acala S S R R S S I S
G. barbadense cv. Sakel S S S R S S I S
G. arboretum cv. Rozi R R S S R S 1 R

2 See references 4, 7, 17, and 23. In some studies, certain cultivars were substituted for the ones shown. S = susceptible (wilt symptoms), R = resis-
tant (no wilt symptoms), and I = intermediate (some plants susceptible).

Table 2. Reactions of noncotton hosts for differentiating some races of Fusarium oxysporum f. sp. vasinfectum®

Race
Host 1 2 3 4 6 7 8 Australian biotypes
Medicago sativa cv. Grimm S S R R R I S ?
Nicotiana tabacum cv. Gold Dollar R S R R R R 1 R
Glycine max cv. Yelredo R S R R R 1 I R

2 See references 4, 17, and 23. S = susceptible (wilt symptoms), R = resistant (no wilt symptoms), and I = intermediate (some plants susceptible).
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designations should be revisited. Because
races 1, 2, and 6 are not distinguishable by
their pathogenicity on cotton, but only on
secondary host plants, they should be
combined into a single group (the name
race A has been proposed [7]). In any case,
the differential reactions on noncotton
hosts have no relevance to cotton. A set of
differentials among Gossypium cultivars
should be standardized despite the fact the
genotypes of races 1, 2, and 6 can be dis-
tinguished by one or more of the genetic
analyses outlined above.

Host Range

Although it is widely accepted that wilt-
inducing strains of F. oxysporum infect
root epidermal and cortical cells of many
plants without causing disease, some
strains of F. oxysporum f. sp. vasinfectum
cause measurable wilt in diverse hosts
(3,4,6,96). Armstrong and Armstrong (4)

noted wilt of field-grown soybean cv. Yel-
redo and flue-cured tobacco cv. Gold Dol-
lar by some isolates of F. oxysporum f. sp.
vasinfectum. In greenhouse pathogenicity
tests, some strains caused wilt of alfalfa,
burley tobacco, chili pepper (Capsicum
sp.), Chinese lantern (Physalis alkekengi
L.), cowpea (Vigna unguiculata (L.)
Walp.), green gram (Vigna radiate (L.)
Wilczek), hollyhock (Alcea rosea L.),
lupine, and okra (4,37,95). Apparently, F.
oxysporum f. sp. vasinfectum has a much
wider host range than generally allowed in
the F. oxysporum—forma speciales system.
Plants known to harbor F. oxysporum f. sp.
vasinfectum without exhibiting any above-
ground symptoms include finger millet
(Eleusine coracana (L.) Gaertn.), pearl
millet (Pennisetum glaucum (L.) R. Br.),
snapdragons (Antirrhinum majus L.), sor-
ghum (Sorghum bicolor (L.) Moench), and
sweet potato (Ipomoea batatas (L.) Lam.),

1 ATCC 16612 (race 3)
5
100 CA-11 I
2
o |3 CA-3 =
ATCC 16421 (race 1)
65 ATCC 36198 (race 6)
Il
3 2 CA-10
61 36
L— ATCC 16611 (race 2)
3
83 31665 (race 8) _
- ]
81
CA-1 -
ATCC 16613 (race 4) =
1
63 v
CA-14
5 1 Aust-16 ~
99 Aust-19 | v
86
S F. oxysporum 1502
— 1 change

Fig. 6. Single most parsimonious tree generated from combined analysis of transla-
tional elongation factor, beta tubulin, and phosphate permase gene sequences of iso-
lates of Fusarium oxysporum f{. sp. vasinfectum representing all know biotypes (Cl =
0.9640, Rl = 0.9216). The outgroup is a saprophytic Fusarium oxysporum (isolate 1502).
Five lineages (I to V) of F. oxysporum f{. sp. vasinfectum races are identified by brack-
ets. Three independent origins of F. oxysporum f{. sp. vasinfectum are apparent: race 3,
the Australian biotypes, and all the rest. Numbers of changes are noted above
branches. Bootstrap frequencies from 1,000 replications are noted below branches.
See reference 54 for a complete description.
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among others (3,16). Several weed hosts in
the Malvaceae, Sterculiaceae, and Tili-
aceae were susceptible to infection follow-
ing artificial inoculation (110). Some pro-
duced symptoms, but many acted as
symptomless carriers. Clearly, F ox-
ysporum f. sp. vasinfectum is able to mul-
tiply on the roots of a number of crop and
weed species. Although the fungus occa-
sionally moves into the xylem of the non-
wilt-susceptible hosts, most of the invasion
is spatially limited to root cortical cells. In
a California study on populations of F
oxysporum f. sp. vasinfectum in soil, natu-
ral infections of F. oxysporum f. sp. vasin-
fectum occurred in the roots of barley
(Hordeum vulgare L.), cheeseweed (Malva
parviflora L.), and yellow nutsedge (Cype-
rus esculentus L.) (96). Based on popula-
tions of F. oxysporum f. sp. vasinfectum in
soil over a 5-year period, the pathogen
multiplied more rapidly on these secon-
dary hosts in some fields than on cotton. F.
oxysporum f. sp. vasinfectum apparently
invaded the root tissue of these secondary
hosts when they were in a senescent stage
of development. For example, the fungus
was readily recoverable from the dried
roots of barley crop residue. In another
study, the incidence of Fusarium wilt of
cotton in a field after an absence of cotton
for 12 years was still high (3). It was con-
cluded that crop rotation schemes must
take into account the ability of F ox-
ysporum f. sp. vasinfectum to persist and
multiply on other hosts, including a variety
of weeds. Furthermore, F. oxysporum f. sp.
vasinfectum can be isolated from stems of
resistant varieties of cotton without exter-
nal or internal symptoms (3,15).

Seed Transmission

The seedborne nature of Fusarium wilt
of cotton was first described by Elliott in
1923 (29), when he found that 6% of the
seed in one seed lot from severely wilted
plants carried internal infections (inside
the seed coat) of F. oxysporum f. sp. vasin-
fectum. To determine how long the fungus
remained viable within seed, he sampled
monthly from this seed lot. Within 3
months of the date of collecting the seed,
the fungus was recovered 39 times from
769 seeds (5%). From the fourth to the
seventh month, the fungus was recovered
only 7 times from 700 seeds (a reduction
from 6% in the first month to 0.5% in the
sixth and seventh months). However, low
survival in seed can still result in transmis-
sion to the field since well over 100,000
cotton seeds are typically planted per hec-
tare. In one study, only 5% of the plants
grown from artificially infested seed (80 to
100% infestation) yielded Fusarium wilt in
the first year, demonstrating that several
years might elapse after its introduction
before disease would become noticeable
(29).

Most infected seed originates from
plants that develop symptoms late in the
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season, because they are more likely to
survive to maturity than plants infected
before flowering (39). Infection levels in
seed from plants colonized late in the
growing season ranged from 2% in a resis-
tant cultivar to 21% in a susceptible culti-
var. Most of the infected seed came from
plants showing wilt symptoms at harvest,
although there was some infected seed
from symptomless plants of all the culti-
vars, including resistant cultivars. Some
plants were infected late and never showed
symptoms.

Apparently, F. oxysporum f. sp. vasin-
fectum usually enters through penetrations
of the seed coats in infested bolls rather
than systemically through vascular connec-
tions. Fallen flowers, bolls, and squares are
important in the production of spores of F.
oxysporum, which then initiate boll rots
(97). The ease of distribution of spores and
their ability to germinate and grow in bolls
and seed appear to be important in deter-
mining eventual seed infections. Contami-
nation of seed with trash, dust, or soil may
also be responsible for transporting the
pathogen long distances. The seedborne
nature of this pathogen is no doubt respon-
sible for the worldwide distribution of
some strains and is an important considera-
tion in the movement of seed from one
area to another.

Survival in Soil

Once a field is infested with F. ox-
ysporum f. sp. vasinfectum, the fungus
usually persists indefinitely (96,110). Sur-
vival of the fungus in soils not planted to
cotton for over 10 years has been docu-
mented (94). Because of this ability, it can
be classified as a true soil inhabitant (34).

Long-term survival of F. oxysporum f.
sp. vasinfectum in soil, like most formae
speciales of the fungus, is probably in the
form of chlamydospores in decaying plant
tissue (35,72). Chlamydospores are under
fungistasis and remain dormant in the soil
until fresh organic matter or exudates and
leachates from plant roots stimulate their
germination (63). The germinated chlamy-
dospores produce hyphae that eventually
form conidia and new chlamydospores if a
suitable host is not found. Organic matter
and exudates and leachates from roots
required to stimulate the germination of
chlamydospores and subsequent coloniza-
tion are not limited to cotton. The ability
of F. oxysporum f. sp. vasinfectum to colo-
nize the roots of plants other than cotton is
significant for its long-term survival since
hyphae, conidia, and chlamydospores may
be destroyed by soil microorganisms
(101). Regardless of the mode of survival,
the ability of the pathogen to survive in
soils for long periods has important conse-
quences on disease management.

Detection in Soil and Seed

Various techniques have been used to
detect the presence of F. oxysporum. Stan-

dard disinfestation methods and nonselec-
tive media are sufficient for isolating the
pathogen from plant material. Kappelman
(50) used water agar for isolating from
cotton stems in a survey of Fusarium wilt
in the United States, and Baird and Carling
(9) plated cotton residue on potato dex-
trose agar. Colonies on potato dextrose
agar are white and grow quickly (about 1
cm per day at 25°C). Various shades of
violet are produced in the agar. The use of
selective media such as peptone-PCNB
agar (Nash-Snyder medium) has greatly
improved the ability to detect F ox-
ysporum and other Fusarium spp. in soil
and plant debris (14,62,73,83,109). Hill-
ocks (39) used peptone-PCNB agar to
assess seed infection and relate isolation
frequency to cultivar resistance and plant
symptoms. By comparing colonies of F.
oxysporum f. sp. vasinfectum on this me-
dium to colonies from soil dilutions, Smith
and Snyder (96) were able to quantify
colony forming units of the fungus in cot-
ton fields. Other selective media include
modified Czapek-Dox medium for isolat-
ing Fusarium spp. from plants and residue
and Komada’s medium for isolating F
oxysporum from plant tissue or soil
(14,73,109). Colonies on these media have
a more typical appearance and pigmenta-
tion (relative to potato dextrose agar) than
they do on peptone-PCNB medium. Pep-
tone-PCNB medium has been used more
frequently in studies on F. oxysporum f. sp.
vasinfectum than these other selective media.

Immunological and DNA-based assays,
primarily based on PCR, have been devel-
oped for Fusarium spp. These have been
summarized by Nicholson (74) and are
primarily used for the detection and identi-
fication of Fusarium spp. in plant tissue.
Kumar et al. (61) produced a polyclonal
antibody useful in the detection of F. ox-
ysporum f. sp. vasinfectum in G. arbore-
tum and in soil suspensions transferred to
Richard’s medium. Moricca et al. (69)
developed primers from the ITS region of
F. oxysporum f. sp. vasinfectum to identify
the pathogen in cotton plants. The primers
did not amplify other fungi associated with
cotton.

Because the identity of F. oxysporum f.
sp. vasinfectum is based on its ability to
cause disease of cotton, pathogenicity
assays must be conducted for confirma-
tion. In the future, molecular techniques
and vegetative compatibility assays may
allow pathogenicity tests to be bypassed,
but these methods are not yet reliable for
identification of the pathogen, especially
given current limited knowledge of sapro-
phytic isolates of F. oxysporum associated
with cotton. In addition, independent ori-
gins of F. oxysporum f. sp. vasinfectum in
different areas of the world suggest closer
relationships to endemic populations of F.
oxysporum than to populations of F. ox-
ysporum f. sp. vasinfectum in other cotton
growing regions.

Interactions with Nematodes

Although Fusarium wilt alone is a seri-
ous disease of cotton, disease incidence
and severity is often greater in the presence
of nematodes. The interaction between
root-knot nematode (Meloidogyne incog-
nita (Kofoid & White) Chitwood) and
Fusarium wilt in cotton is one of the first
reports of an interaction between a nema-
tode and a fungus (8), and is now one of
the most recognized disease complexes in
the world. In addition to the root-knot
nematode, the reniform (Rotylenchulus
reniformis Linford & Oliveira) (46,70),
sting (Belonolaimus gracilis Steiner and B.
longicaudatus Rau) (21,42,67), lance
(Hoplolaimus seinhorsti Luc) (78), and
lesion (Pratylenchus brachyurus (Godfrey)
Filipjev & Schuurmans-Stekhoven) (65)
nematodes have been implicated in increas-
ing the severity of Fusarium wilt of cotton.

The involvement of nematodes in Fusa-
rium wilt was originally demonstrated by a
reduction in the incidence of wilt associ-
ated with soil fumigation to control nema-
todes. The application of carbon disulfide
for control of root-knot and meadow
nematodes reduced wilt in North Carolina
cotton fields (103), and the application of
ethylene dibromide reduced wilt in Geor-
gia (91). Wilt was reduced in California
through the application of various fumi-
gants (43,47).

Subsequently, the role of nematodes in
the development of wilt in cotton was veri-
fied through studies using sterilized soil
amended with one or both of the patho-
gens. The classic treatments in these stud-
ies included amending the soil with (i)
nothing, (ii) Fusarium alone, (iii) nema-
tode alone, or (iv) both pathogens. Using
this approach, Martin et al. (64) demon-
strated the involvement of root-knot nema-
todes in increasing wilt in both resistant
and susceptible cotton cultivars, but spe-
cies of Trichodorus, Tylenchorhynchus,
and Heliocotylenchus did not increase wilt.
Reniform nematodes increased wilt in
wilt-susceptible cultivars, but not in wilt-
resistant cultivars (46). Similarly, lesion
nematodes  (Pratylenchus  brachyurus)
increased wilt in the wilt-susceptible culti-
var DPL Smoothleaf, but not in the wilt-
resistant cultivar Auburn 56 (65). The fail-
ure to increase wilt in the resistant cultivar,
however, may have been related to low
populations of the nematode. Soil amended
with both F. oxysporum f. sp. vasinfectum
and sting nematodes resulted in increased
wilt in cotton cultivars that were resistant
and susceptible to Fusarium wilt (42).

Starr et al. (98) and DeVay et al. (26)
demonstrated that the nature of the interac-
tion between M. incognita and the wilt
pathogen is influenced by the population
levels of the pathogens. In addition to
pathogen populations, other factors, in-
cluding environment, sequence of inocula-
tion, and host resistance to both pathogens,
influence the nature of the interaction (63).
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Although Atkinson (8) observed that
wilt was more severe in the presence of the
nematodes over 100 years ago, the exact
nature of the interaction is still not clearly
understood. One hypothesis is that the
nematode vectors fungal propagules to the
root and inoculates plants during feeding.
This idea does not seem plausible, how-
ever, because the stylet of the nematode is
too small for the spores to enter. The
nematode may passively carry the spores
on its cuticle, but this has not been docu-
mented (63).

Entry points for the fungus created by
nematode feeding was another hypothesis
regarding the role of nematodes in the
disease complex. Minton and Minton (67)
observed that seedling emergence was not
reduced in soils simultaneously infested
with F oxysporum f. sp. vasinfectum and
Meloidogyne incognita or Belonolaimus
longicaudatus, but wilt of older seedlings
was severe when the wilt pathogen and
either nematode were present in the soil.
They concluded that F. oxysporum f. sp.
vasinfectum was a weak pathogen that
needed injury caused by nematode feeding
before the fungus could induce wilt. Wilt
was increased in plants inoculated with F
oxysporum f. sp. vasinfectum and sting
nematodes at the same time, but wilt was
not increased when inoculation with the
fungus was delayed by 2 weeks, which
suggested the interaction may be mechani-
cal in nature (65). Although the incidence
of wilt of both wilt-susceptible and wilt-
resistant cotton cultivars was increased by
sting nematodes, Holdeman and Graham
(42) concluded that the relationship was
likely more complex than simply providing
an entry for the fungus since not all nema-
todes increased wilt (64).

Subsequent studies provided additional
data to support the idea that the interaction
was more complex than merely providing
entry for the fungus. Wilt was more severe
in plants inoculated with M. incognita 2 to
4 weeks prior to inoculation with the fun-
gus (77). If wounding were the most sig-
nificant factor in the interaction, then wilt
would be expected to be more severe at the
time the nematodes began feeding. It was
also shown that mechanical injury to cot-
ton and other crops increased severity of
Fusarium wilt less than M. incognita injury
(63). In stem layering studies, the factors
responsible for predisposing plants to
Fusarium infection were translocatable
(106). Based on anatomical studies, F.
oxysporum f. sp. vasinfectum colonization
of wounds caused by M. incognita feeding
was not increased (76). Katsantonis et al.
(53) demonstrated that M. incognita in-
creased Fusarium wilt symptoms even
when F. oxysporum f. sp. vasinfectum was
inoculated into the stems of cotton, physi-
cally separating the two pathogens. These
studies suggested that the enhancement of
susceptibility to F. oxysporum f. sp. vasin-
fectum due to nematodes was most likely
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related to biochemical and physiological
changes induced by nematode parasitism.
Although the exact nature of the effect of
nematodes on Fusarium wilt has not been
clearly determined (63), the mechanism for
each interaction may be unique for each
parasitic nematode involved in the disease
complex (77).

Disease Management

Management of Fusarium wilt in cotton
is difficult. Although host resistance is
available, there are no immune cultivars.
Chemical management is limited and ex-
pensive, and crop rotation is not effective
because of the ability of F. oxysporum f.
Sp. vasinfectum to survive in soil for long
periods. Since wilt is often associated with
the root-knot nematode, resistance, chemi-
cal, and rotation practices directed at man-
agement of the nematode have sometimes
proven effective in reducing the incidence
and severity of Fusarium wilt.

Host resistance. The use of host resis-
tance to manage Fusarium wilt has been
moderately successful. Although there are
no wilt-immune cultivars, commercial
cultivars with moderate to high levels of
wilt resistance have been developed. In the
United States, the first wilt-resistant culti-
vars were produced by mass selection of
plants growing in heavily infested fields
(92). Upland cotton cultivars with in-
creased resistance to wilt were subse-
quently produced, but their yield and fiber
quality were lower than the then available
wilt-susceptible cultivars (28). Kappelman
(49) evaluated breeding stock and cultivars
from 1969 to 1978 and determined that
progress had been made in combining
desirable agronomic properties with wilt
resistance. The most significant improve-
ments to wilt resistance occurred after
1975. Shepherd and Kappelman (88)
evaluated 18 cultivars and breeding lines
for wilt resistance in 1986, and noted that
lines developed after 1965 had higher re-
sistance than cultivars developed prior to
1965, although none had high levels of
resistance. Sicot F1, a cultivar with signifi-
cantly improved resistance to strains of F
oxysporum f. sp. vasinfectum in Australia,
was released in 2004 (79).

Hillocks reported that wilt resistance is
more complete in Egyptian (G. bar-
badense) cottons than in Upland (G. hirsu-
tum) cottons (40). Smith and Dick (93)
concluded that resistance in Upland cotton
was controlled by a major dominant gene
with minor modifying genes, and resis-
tance in Egyptian cotton was controlled by
two dominant genes. Kappelman (48)
showed that resistance in Upland cotton
was quantitatively inherited and controlled
by several major genes with minor modify-
ing genes. Similar results have been re-
ported in Australia (79). Breeding for re-
sistance to F. oxysporum f. sp. vasinfectum
has been successful in managing the dis-
ease in Egypt, Tanzania, and China (40).

Because nematodes can increase the in-
cidence of Fusarium wilt in cultivars that
are both resistant and susceptible to the
disease (40,63), planting cotton cultivars
with resistance to the nematode is often a
sound management practice. High levels of
resistance to M. incognita reduced wilt
severity more effectively than tolerance to
wilt or moderate resistance to the nema-
tode (43,86). Unfortunately, only moderate
resistance to the root-knot nematode is
available and in only a limited number of
commercial cultivars.

Progress in the development of cotton
cultivars that combine high levels of nema-
tode resistance with agronomically favor-
able traits has been disappointing. Starr
and Smith (99) evaluated cultivars from
the last 40 years and determined that wilt
resistance had improved, but nematode
resistance was less than adequate. Only
three commercial cultivars, Stoneville LA
887, Paymaster 1560, and Acala NemX,
had acceptable levels of resistance to the
root-knot nematode (18,58,81). Stoneville
LA 887 and Paymaster 1560 were devel-
oped in Louisiana and were well adapted
to growing conditions in the mid-south.
Unfortunately, seed of neither of these
cultivars is available for production. Acala
NemX was developed in California but is
not adapted to the mid-south and south-
eastern U.S. production areas.

The development of cultivars with resis-
tance to both Fusarium wilt and root-knot
nematode has been difficult. Smith (90)
determined that lines often selected for
wilt resistance in the Coastal Plain soils in
the United States also had nematode resis-
tance, but lines developed on Delta soils of
Mississippi and Louisiana did not display
nematode resistance. This discrepancy was
due to the fact that Coastal Plain soils were
heavily infested with the root-knot nema-
tode, but the Delta soils were not. Since
nematode resistance was variable among
wilt resistant cultivars, it was concluded
that the selection for nematode resistance
was coincidental. Shepherd (85) suggested
that wilt resistance could be developed by
breeding for high levels of nematode resis-
tance. Later, he acknowledged that resis-
tance to wilt could be accomplished inde-
pendently from the nematode, but stated
that this approach might only provide
moderate field resistance (87). In contrast,
Hillocks (40) advised that breeding for wilt
resistance could make a significant impact
on disease control even though nematodes
increased wilt severity of both resistant
and susceptible cultivars.

It has been suggested that the indirect
selection for nematode resistance could be
based on wilt symptoms (51), but Starr and
Veech (100) cautioned that indirect selec-
tion for nematode resistance might be in-
adequate in some cultivars because the
interaction between the root-knot nema-
tode and wilt may be cultivar specific.
Because resistance also may be specific to



different populations of F. oxysporum f. sp.
vasinfectum, all cultivars and breeding
lines ultimately should be evaluated for
resistance to each biotype. In areas where
nematodes are not associated with Fusa-
rium wilt, the development of resistance
may be the only effective long-term man-
agement strategy.

Chemical management. Chemical op-
tions to manage Fusarium wilt are limited.
Seed treatments that eliminate F. ox-
ysporum f. sp. vasinfectum from seed have
been reported from China, India (40), and
Australia (1). These treatments will likely
be ineffective in fields already infested
with the pathogen, but may be important in
limiting the spread of the pathogen on seed
to new areas.

Fusarium wilt can be controlled with
soil fumigation with methyl bromide (40),
but fumigation is expensive and not eco-
nomical for a crop like cotton which is
planted over large areas. Although fumiga-
tion to manage nematodes does reduce
Fusarium wilt (43,47,91), there are cur-
rently only two fumigants labeled for use
in cotton, 1,3-dichloropropene and metam-
sodium. Fumigation has generally been
regarded as too expensive to provide an
economic return, but recent data indicate
that fumigation with 1,3-dichloropropene
to reduce infection of M. incognita can
provide an economic return in some situa-
tions (108).

The ability of aldicarb, a contact
nematicide applied in the furrow at plant-
ing, to reduce nematode populations and
root galling has been widely demonstrated
(59), but information on its effect on Fusa-
rium wilt is limited. The effect of aldicarb
(Temik 15G) on severity of the disease
complex in eight cotton cultivars with
different levels of resistance to the disease
complex was tested in 1994 and 1995 (19).
Across all cultivars, the application of
aldicarb reduced root galling and stem
discoloration. These differences resulted in
increased seed cotton yield and lint per-
centage.

Cultural practices. Crop rotation is of-
ten recommended to reduce the incidence
of Fusarium wilt, but the ability of the
fungus to survive in the soil for long peri-
ods in the absence of cotton limits the
effectiveness of rotations (96,110). The
number of cultivated plants that support
populations of F oxysporum f. sp. vasin-
fectum limits options for rotation, and
weed hosts reduce the effectiveness of
fallowing. Furthermore, long rotations are
not economically feasible for most cotton
growers.

Because of the ability of the nematode
to increase the incidence of wilt
(63,64,98), rotations designed to reduce
nematode populations may be successful
in disease management. Root-knot nema-
tode—resistant soybeans, grain sorghum,
and peanuts are good rotation crops for
managing soil populations of this nema-

tode (55). Although most grasses and leg-
umes used as winter cover crops are sus-
ceptible to root-knot nematodes, they are
grown during periods of low soil tempera-
tures and thus do not allow reproduction of
the nematode. Because many weeds are
hosts for the root-knot nematode (22,24),
fallowing is not effective unless weeds are
controlled.

Tillage has an impact on both fungal and
nematode pathogens in the soil (66,102).
The influence of tillage on Fusarium wilt
of cotton has not been thoroughly re-
searched, but it is expected that tillage will
have little effect on F oxysporum f. sp.
vasinfectum because of its ability to sur-
vive in the soil for extended periods as
chlamydospores. It is possible that conser-
vation tillage practices may reduce the
dissemination of the pathogen, which may
reduce the incidence of disease, but this
has not been thoroughly investigated. In
Australia, the impact of retaining cotton
residues on the surface rather than incorpo-
rating them immediately after harvest re-
duced wilt-induced seedling mortality by
31% (2). It was hypothesized that the ex-
posure to sunlight and repeated wetting
and drying cycles may have affected sur-
vival of F. oxysporum f. sp. vasinfectum.

Tillage operations impact both biotic
and abiotic factors that may affect nema-
tode mortality, but it may also affect the
spread of nematode inoculum (66). In Ar-
kansas, the impact of reduced tillage on the
disease complex was compared with con-
ventional tillage following a winter fallow
or two winter cover crops, hairy vetch and
common vetch (20). Incidence of Fusarium
wilt was not affected by tillage or winter
cover crop. The severity of root-knot
nematode damage in a subsequent cotton
crop was not affected by winter cover crop,
but was higher with reduced tillage. Al-
though wilt was not increased in this study,
the increase in the severity of root galling
by the nematode associated with reduced
tillage could lead to an increase in Fusa-
rium wilt in some situations because of the
ability of the root-knot nematode to in-
crease Fusarium wilt (63,64,98).

Soil solarization effectively reduced the
survival of F. oxysporum f. sp. vasinfectum
in the soil and incidence of wilt. The sur-
vival of F oxysporum f. sp. vasinfectum
buried in the soil was reduced by 97.5, 58,
and 0% with two layers of polyethylene
film, a single layer of film, and an uncov-
ered control, respectively (11). The combi-
nation of metam-sodium and solarization
was more effective in destroying both F
oxysporum f. sp. vasinfectum and nema-
todes than was solarization or metam-
sodium alone (10). Incidence of Fusarium
wilt and populations of F. oxysporum f. sp.
vasinfectum and the root-knot nematode
were reduced for 2 years following solari-
zation (25). Although solarization appears
to be effective in controlling wilt, it is
often not economically feasible for large-

scale cotton production. Also, treated
fields are out of production for much of 1
year during the solarization treatment.

Summer flooding successfully reduced
the incidence of Fusarium wilt in Australia
(2). The ability of producers to flood land
and leave it idle for a year is prohibitive,
but the practice has merit and may be prac-
tical in some instances.

Most management studies have been
based on reports from the United States
and presumably with race 1. It is assumed
that management with other races will be
similar, but the role of other races of F.
oxysporum f. sp. vasinfectum in relation to
most of the management approaches needs
to be investigated. For example, isolates of
race 4 from California were more virulent
on Pima cottons and were not associated
with the root-knot nematode (54). These
observations will have an impact on rota-
tion strategies and the ability to reduce wilt
losses by managing the nematode.

Management of the Fusarium wilt/root-
knot nematode complex remains difficult.
Resistance is the simplest and most effec-
tive management strategy, but until culti-
vars with higher levels of resistance to
both pathogens are available, crop rotation
and the application of nematicides are
possible alternatives. These methods are
usually more effective in managing the
root-knot nematode than controlling the
wilt pathogen.

Potential for Long-Range
Dissemination and Impact

F. oxysporum f. sp. vasinfectum is trans-
ported in seed, plant residue, and soil.
Even with the widespread movement of
seed, races of the pathogen are somewhat
geographically restricted, suggesting that
the pathogen either is not easily dissemi-
nated by this mechanism or has difficulty
in becoming established. However, the
distinct distribution of some races may be
based on the specific type of cotton grown
in an area, thus influencing the movement
of plant material or establishment of the
pathogen. Recent work in California by
Kim et al. (54) suggests there may be
greater variability of the pathogen in the
United States than previously appreciated.
The dissemination of the pathogen in the
United States is difficult to determine be-
cause the pathogen was widespread when
it was first recognized as the casual agent
of Fusarium wilt (8). Moreover, symptoms
of Fusarium wilt are often associated with
nematode damage. Thus, this interaction
influences perceptions of the distribution
of F. oxysporum f. sp. vasinfectum, which
may be much greater than realized. In the
absence of nematodes, much higher popu-
lations of F. oxysporum f. sp. vasinfectum
were required for the development of
symptoms (32).

Dispersal of the pathogen by water is
probably important for field-to-field and
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farm-to-farm spread. In Israel, dispersal of
the pathogen by water in furrow irrigation
systems was much greater (130 m) than
dispersal of the pathogen by movement of
soil during cultivation (4 to 8 m) (36).
However, movement of the pathogen in
soil on equipment, vehicles, or field work-
ers is probably important for local spread
and possibly over greater areas where cus-
tom field operations occur. Movement of
cotton to the gin and disposal of gin trash
also may play a role in pathogen dispersal
(45).

Dissemination over long distances is
most likely due to the movement of seed.
For example, race 1 was probably intro-
duced into Tanzania from the Americas,
possibly in cottonseed imported for crush-
ing (28). Infected seed hulls that remained
after expressing oil also have the potential

for spread of F. oxysporum f. sp. vasinfec-
tum (107). Hillocks and Kibani (41) sug-
gested infested seed used for planting
played a large role for the distribution of
the pathogen within Tanzania. However,
the ability of the pathogen to survive in
seed drops precipitously after a few
months (29,57). In addition, the nearly
universal use of fungicides on seed in
some areas, e.g., the United States, for the
control of seedborne and soilborne patho-
gens may reduce the risk of planting seed
as a source of F. oxysporum f. sp. vasinfec-
tum (1).

Cottonseed is also used as feed in the
dairy industry. In recent years, large ship-
ments of methyl bromide—fumigated cot-
tonseed have been exported from Australia
into the United States (54). In replicated
trials, F. oxysporum was never isolated
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Fig. 7. A, “Come Clean Go Clean” policy implemented in Australia to slow the move-
ment of Fusarium oxysporum f. sp. vasinfectum among fields and cotton production
areas. B, Boots, vehicles, and farm equipment are disinfected when leaving a farm
where Fusarium wilt of cotton has been identified.

700 Plant Disease /Vol. 90 No. 6

from fumigated seed (even from gins in
areas of Australia known to have fields
heavily infested with the pathogen), but
other Fusarium spp. were detected at low
levels. When fed to dairy cows, only 2% of
cottonseed remained intact, and isolation
of Fusarium spp. was decreased fourfold
in intact seed in fresh manure and was
never isolated from dried manure (68).

The spread of Fusarium wilt in Australia
is probably the best documented example
of dissemination of F. oxysporum f. sp.
vasinfectum. Systematic disease surveys of
cotton in Australia have been conducted
since the industry was rejuvenated in the
1960s with the construction of a number of
reservoirs in New South Wales and Queen-
sland and the relocation of two California
cotton growers to Wee Waa, New South
Wales (71). Fusarium wilt was first discov-
ered in fields in Darling Downs in 1993
(56), and the distribution of the disease
since that time has been closely monitored.
Soon after its discovery, the disease was
identified in a separate river system some
200 km southwest of the initial site of
detection. Distinct populations, based on
DNA fingerprints and VCGs, were identi-
fied as the Darling Downs (VCGOI1111)
and Boggabilla (VCGO01112) biotypes. The
pathogen now has been detected in other
production areas in Australia, but other
areas have remained free of the pathogen.
VCGO1111 is the predominant biotype
while VCGO1112 is confined to a few
fields mainly in the Boggabilla area. The
movement of the pathogen within and
between fields, especially those down-
stream, has been documented. New infes-
tations have been associated with floods
that moved infested soil to new sites or
new farms. In addition, the pathogen was
apparently introduced into some new areas
by the movement of farm equipment or
vehicles. Cotton is frequently produced in
rotation with wheat, and contract harvest
operations often move from north to south
in Australia. An extensive educational
program and a “Come Clean Go Clean”
policy of disinfesting shoes, equipment,
and vehicles moving between farms and
production areas were instituted soon after
the disease was identified (Fig. 7A and B).
These efforts played a major role in slow-
ing the dissemination of the pathogen
within Australia. Because seed production
in Australia was outside of the initial in-
fested areas, seed transmission probably
did not play a significant role in movement
of the pathogen. The seed industry in Aus-
tralia has implemented strict voluntary
regulations on seed production in relation
to farms and areas infested with the patho-
gen.

Invasive species with mechanisms for
widespread dispersal and active secondary
cycles are often mentioned as threats to
crop production, e.g., the recent introduc-
tion of soybean rust pathogen into the
United States (84). However, some soil-
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borne pathogens also have great potential
as invasive species because of their ability
to survive for long periods in the absence
of the primary host. F. oxysporum f. sp.
vasinfectum, for example, survives long-
term both as chlamydospores and on
symptomless hosts. In addition, soilborne
pathogens can be difficult or impossible to
eradicate from the soil environment. Ex-
amples of the spread of important new or
introduced soilborne pathogens include
Phytophthora ramorum in the United
States (80) and F. oxysporum f. sp. vasin-
fectum in cotton-growing regions of Aus-
tralia. The recent documentation of new
virulent biotypes of F. oxysporum f. sp.
vasinfectum in Australia has raised con-
cerns about the introduction of these bio-
types into other areas of the world. This
concern is warranted because of the extent
of damage observed on Australian cotton
crops even in the absence of nematodes
(2). If introduced into other areas, damage
would not be limited to fields with soil
textures favorable for nematode survival
and damage. In addition, Australian bio-
types caused damage over a pH range of
4 to 8.5 (105), indicating that the fungus
could survive in many soil types. Once
the pathogen is introduced into a new
area, there is little likelihood of eradicat-
ing it, and management of the disease is
difficult.

Future Research

Concern over the introduction and dis-
semination of new biotypes of F. ox-
ysporum f. sp. vasinfectum has greatly
increased since the new populations in
Australia were characterized. There has
been limited research on characterization
of populations of the pathogen in the
United States. In 1983, Kappelman (50)
found that race 2 was more widespread
than previously assumed. The recent report
of races 3, 4, and 8 in California empha-
sizes the need for more research on the
population structure in the United States
(54). This is critically important since race
4 is currently causing considerable damage
on Pima cotton in California in the absence
of the nematode. To characterize popula-
tions of F. oxysporum f. sp. vasinfectum, a
set of cotton differentials needs to be es-
tablished by screening a large number of
cotton cultivars to a worldwide collection
of F. oxysporum f. sp. vasinfectum. This
also would help establish the breadth of
resistance genes in cotton. Furthermore,
the conditions for pathogenicity tests
(temperature range, light intensity, inocu-
lum concentrations, and assessment crite-
ria) should be standardized. In addition,
studies on characterizing populations
should include molecular techniques and
VCG assays, all of which should be stan-
dardized using specific protocols. It is also
anticipated that some DNA-based methods
will be developed for the detection of the
pathogen in seed and soil.

Because resistance in cotton cultivars to
E oxysporum f. sp. vasinfectum offers the
promise of sustained and robust control of
Fusarium wilt, breeding efforts should
continue. Differences in the susceptibility
of cotton genotypes to Fusarium wilt have
been demonstrated in many active screen-
ing programs throughout the world. How-
ever, a high level of resistance has not been
found to all biotypes of the pathogen. No
doubt the incorporation of resistance will
need to continue as new strains of the
pathogen emerge. The Australian situation
is but the latest example of the occurrence
of new pathogenic biotypes.

Finally, there is a need to examine the
importance of sub-symptomatic parasitism
by FE oxysporum f. sp. vasinfectum. In
many cases, the pathogen colonizes cotton
plants without inducing foliar symptoms.
Although some vascular discoloration may
be present, interacting factors such as plant
vigor, climatic conditions, interactions
with other soilborne micro-organisms, etc.,
allow the host to tolerate colonization to
some degree. Studies that attempt to quan-
tify yield losses, if any, due to sub-
symptomatic infections are lacking since
appropriate controls are difficult to obtain.
Damage by nematodes further confounds
the determination of yield losses to Fusa-
rium wilt in many cases.

Fusarium wilt has long been a problem
in cotton and will continue to be an impor-
tant disease. The recent emergence of the
disease in Australia from an apparent in-
digenous population of F oxysporum has
raised this disease to one of great research
interest and importance.
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