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Consecutive, single-crop cultivation continues to be practiced worldwide as a matter of necessity. The monoculture of
cotton now practiced in Israel results in annual outbreaks of leaf blight epidemics. Pathogenic isolates of the causal agent,
Alternaria macrospora, were field collected for 6 years and inoculated onto cotton plants under controlled envirenmental
conditions. We were able to demonstrate that the aggressiveness (virulence and fitness) of the pathogenic isolates increased
over the years. The modified aggressiveness was manifested as follows: (i) an increase in the number of lesions per leaf],
(i} an increase in the size of the lesions; (iii) a decrease in the time required for symptom expression; (iv) an increase in
the viability of the pathogen spores after exposure to a normally lethal temperature; and (V) a decrease in the wetting period
required for symptom expression. We conclude that agricultural monoculture can accelerate evolution in the aggressiveness
of this plant leaf pathogen.
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La pratique de la monoculture répétée continue de prévaloir partout au monde et apparait comme une nécessité. La
monoculture du cotton telle que pratiquée en Israél, entraine annuellement des épidémies de brilure foliaire. A partir de ces
cultures et au cours d’une péricde de 6 ans, les auteurs ont isolé des souches de ["agent responsable, 1"Alternaria macrospora,
et les ont inoculées sur des plants de cotton en conditions environnementales contrdlées. s ont pu démontrer que 1'aggressi-
vité (virulence et ajustement) des isolats pathogeénes, augmente avec les années. La medification de |’aggressivité se manifeste
par : (i) une augmentation du nombre de lésions par feuille; (ii) une augmentation de la dimension des 1ésions; (ii{) une dimi-
nution du temps nécessaire pour ’expression des symptdmes; (iv) une augmentation de la viabilité des spores du pathogéne
aprés exposition & une température normalement léthaie; et (v) une diminution de la période humide pour l'expression des
symptdme. Les auteurs concluent que la pratique agricole en monoculture répétée peut accélérer 1'évolution de 1’aggressivité

de ce phytopathogeéne foliaire.

Mots clés @ brilure foliaire du cotion, Alternaria, aggressivité, virulence, ajustement.

Introduction

Leaf blight is a destructive leaf disease of cotton plants.
Management of this disease is a worldwide concern, except in
the United States where it causes minimal damage (8, 17).

At present, Alternaria macrospora is considered the main
cansal agent of leaf bilight in high quality Pima cotton
(Gossypium barbadense L.) (8, 21) but not in Acala cotton
{Gossypium hirsutum L.) (30). Cotyledons are the most sus-
ceptible plant organs (5). Although presumably dispersed
primarily by wind, the seed-borne pathogen can be transferred
locally by a variety of biotic vectors and abiotic vehicles
{4, 6, 9). Recently, Alternaria alternara was proposed as an
additional pathogenic agent of Alternaria leaf blight disease in
cotton (11, 13). It has also been proposed that leaf blight of
cotton is essentially a disease composite of two pathogens,
A. macrospora and A. alternata (8, 12).

Variabtlity in the aggressiveness of pathogenic agents is a
fundamental concept in the plant pathology of either fungal or
bacterial causal agents (1, 7). Increased aggressiveness of a
fungal pathogen can be defined as the ability to induce disease
symptoms that are more severe than the originally reported
symptoms. These more aggressive strains replace the original
strains and ultimately dominate the susceptible host. The term
virulence and fitness is synonymous with aggressiveness.
Aggressiveness can be determined by a number of factors such
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as host susceptibility (32), nutritional status of the pathogen
prior to plant infection (2, 24), and environmental factors such
as relative humidity (20) and temperature (18). It has been
observed that aggressiveness of certain fungal species can
increase when these strains are repeatedly isolated and inocu-
lated onto new plants (19).

it has been speculated that monoculture of a susceptibie crop
increases disease occurrence over time (29), leading eventu-
ally to more severe crop damage. It has also been established
that in soil-borne fungal pathogens, disease occurrence increases
after several replantings of susceptible host plants in the same
soi! (26). This phenomenon is commonly associated with a
buildup of pathogenic populations in the soil rather than with
an increase in the aggressiveness of the pathogenic strains
themselves (28).

The objective of this study was to evaluate quantitative data
gathered over successive years to determine whether cotton
monoculture selects for isolates of A. macrospora that are
more aggressive to a standard cultivar and more fit to survive
and rapidly establish infection under the environmental condi-
tions of the region.

Materials and methods

Organisms, sampling, and growth conditions

Alternaria macrospora Zim (ATCC 62363; isolated by Y. Bashan
in 1982 from fietds in Bet-Shean Valley, northeastern Isracly served
as the control strain for all the experiments. In addition, 83 local iso-
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Fia. 1. Analysis of disease severity (expressed as disease index) of

cotton leaf blight disease caused by 84 isolates of A. macrespora sampled

from infected plants between 1982 and 1987 and inoculated simultanecusly onto cotton plants in a contzolled environment. (A) Mean disease
index of each isolate. Bars represent standard error, and arrow locates the reference strain ATCC 62363, (B) One-way analysis of variance
(aNovA) of (A). Points preceded by a different letter differ significantly at P <0.05. Broken lines were added for clarity. (C) One-way ANova
of the mean of disease indices of all the isolates of a certain year. Stars preceded by a different letter differ significantly at P <0.05.

-D) Linear regression analysis of data representing all the replicates,
-ient (#) followed by an asterisk is significant at P <0.01.

lates of this fungus were isolated from leaf-blight infected plants dur-
ing the years 1982 — 1987 and used as inoculum. Samples of diseased
cotton leaves were collected from fields in the Bet-Shean Valley (4,
11, 12, 13), which had a summer monocultivation of cotion for over
30 years, primarily of G. barbadense cv. Pima §-5 during the years
1982~ 1987. The climatological features of this vailey were described
elsewhere (11).

All samples were field collected during the second annual cutbreak
of cotton leaf blight from July to September (11). Diseased leaves
were randomly collected from the central part of the plants (20 cm
below the upper canopy). The leaves were placed in smail polyethy-
lene sealed bags and immediately transferred to the laboratory. The
leaves were lyophilized to dryness as this is known to preserve the

the mean of each isolate, and the means of each year. Regression coeffi-

virulence of pathogenic bacteria (10) as well as the viability and
pathogenicity of pathogenie fungi (3, 14} for prolonged periods.

Cotton piants (G. barbadense cv. Pima $-5) were used as host
plants. Plants were grown in the greenhouse in a controlled environ-
ment (25 + 2°C, 60% relative humidity, and natural illumination) in
5-L pots containing a mixture of peat — vermiculite — volcanic dust
(E:1:1, v/v/v) and fertilized with half-strength Hoagland's nutrient
solution once a week. '

Isolation, inoculation, and disease severity

The pathogen was recovered from all samples of dry leaves during
I week (12, 16, 27), and spore formation in the developing colonies
was induced (4). All isolates were cultured for approximately the:
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Fic. 2. Analysis of mean lesion diameter of cotton leaf blight disease caused by 84 isolates of A. macrospora, sampled from infected plants
between 1982 and 1987 and inoculated simultaneously onto cotton plants in a controlled enviroament. {A) Presentation of the mean lesion -
diameter caused by each isolate. Bars represent standard error and arrow locates the reference strain ATCC 62363, (B) One-way analysis of
variance (aNova) of (A). Points preceded by & different letter differ significantly at P <0.05. Broken lines were added for clarity. {C) One-way
aNova of the mean lesion diameter caused by all the isolates of a certain year. Stars preceded by a different letter differ significantly at

P =0.05. (D) Linear regression analysis of data representing all the re

coefficient (r) followed by an asterisk is significant at P <0.01.

same length of time, After recovery from the dry leaves, the patho-
gens were maintained on Czapek medium (16). After 1 —2 months
they were transferred to a fresh medium by cutting a small piece of
culure from the edge of the colony using a cork borer S mm in
diameter. None of the isolates were transferred more than three times
during the experimental period. Leaves infected by an isolate fater
designated as ATCC 62363 were stored as described for the other iso-
lates. Identification of colonies as 4. macrospora was determined
according to spore morphology (25, 31). The pathogen was cultivated

and spores were harvested and prepared for inoculation (4). Cotton

plants with three to five true leaves were inoculated with A. macro-
spora at a rate of 1.2 X 107 spores/mL deionized water until runoff
{12}. Control plants were treated identically with dead y-irradiated
spores (25 kGy) or with sterile water. Disease development after
inoculation with each isolate was assessed 5 days after inoculation by
a disease index employing a scale as follows: 0, no symptoms;
1, 1-3 lesions/leaf; 2, 4—10 lesions/leaf; 3, .11 —20 lesions/leaf;

4, 2130 lesions/leaf; and 5, more than 30 lesions/leaf, indicating

heavy infection (4, 13).

plicates, the mean of each isolate, and the means of each year. Regression

Lesion diameter

The diameter of each lesion on the second and third oldest leaf of
each plant was measured 5—6 days after inoculation (17). Data from
the two leaves were combined, and the mean lesion dizmeter of cach
plant was used in the statistical analysis.

Time required for appearance of symptoms

After inoculation, the plants were incubated in humid chambers (4.
12). After 16 h in the dark and a further 8 h under humid chamber
conditions in an illuminated greenhouse, all the plants were trans-
ferred to normal greenhouse conditions (described abowe) and
inspected daily for the appearance of symptoms. Infectivity was |
scored as positive when at least ore of the five replicates of each iso-
late showed a disease severity of 2.0 (4).

Spore montality

Spore mortality analysis in vitro was done by harvesting sporcs
from 5-day-old cultures-of A. macrespora. They were suspended in
0.06 M potyssium phosphate buffer supplemented with 0,15 M NaCl
(PBS) to a final concentration of 10° spores/mL (by hemacytometer)
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Fi6. 3. Analysis of the time required for appearance of visible symptoms of coton leaf blight disease caused by 30 isolates of
A, macrospora sampled from infected plants between 1982 and 1987 and inoculated simultanecusly onto cotton plants in a controlled environ-
ment. (A) Time required for symptom formation of each isolate. Bars represent standard error and arrow locates the reference strain
ATCC 62363. (B) One-way analysis of variance (aNova) of (A). Points preceded by a different letter differ significantly at P <0.05. Broken
lines were added for clarity. (C) One-way ANova of the time required for symptom formation of all the isolates of a certain year. Stars preceded
by a different letter differ significantly at P =0.05. (D) Linear regression analysis of data representing all the replicates, the mean of each
isolate, and the means of each year. Regression coefficient (r) followed by an asterisk is significant at P <0.01.

in microtubes. The microtubes were sealed with aluminum foil and
incubated at 45 4 1°C for 6 h (18). Then the microtubes were gently
stirred using a vortex stirrer, and 0. 1-mL aliquots were spread with
a glass red on solid growth medium (16, 27) in 18-cm diametér Petri
dishes. The dishes were incubated at 25 + 2°C for 4 days, spore for-
mation was induced (4), and the resulting 4. macrospora colonies
were counted. For controls, spores were incubated at 25 + 2°C
(optimal temperature for A. macrospora development) (17, 18). Via-

bility of spores was calculated by dividing the numbes of developed -

colonies by the original spore concentration X 100,

Wetness periods required by A. macrospora o induce visible symp-
‘toms of disease ' .
After inoculation, the plants int the limmid chambers were incubate;

in the dark. At intervals, the humid chdmber conditions were stopped

UMBER OF
N OLATES

FiG. 4. Hours of wetting perieds required for different isolates of
A. macrospora to induce visibie disease symptoms. ATCC 62363 is
a reference strain,
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P, 5. Analysis of 4. smacrospora spore mortality after 6 h exposure to 45°C in 30 isolates of A. macrospora sampled from infected plants
between 1982 and 1987, (A) Mean spore mortality of each isolate. Bars represent standard error and arrow locates the reference strain
ATCC 62363, (B) One-way analysis of variance (aNOvA) of (A). Points preceded by a different letter differ significantly at P =0.05. Broken
lines were added for clarity. (C) aNova one-way of spore mortality of all the isolates of a certain year. Stars preceded by a different letter
differ significantly at P <0.03. (D) Linear regression analysis of data representing all the replicates, the mean of exch isolate, and the means
of each year. Regression coefficient (r) followed by an asterisk is significant at P <0.04.

for a portion of the plants by drying the leaf surface with a hair drier

operated at minimal heat and low air speed. Scoring of the symptoms
was as described above.

Experimental design and sratistical unalysis

Experiments were carried out in a completely randomized design
with three replicates per treatment and two pots per replicate, Each
experiment was conducted twice. Data from the tweo experiments
were combined (six replicates) and analyzed together using one-way
aNova (P =0.05) or linear regressicn analysis (P <0.01).

Results and discussion

In Israel where the monoculture of cotton incurs large
investments for pest management, we observed an increase in
the disease severity (expressed as the disease index of the
plants plus the size of the developing lesions) of 84 isolates of
A. macrospora sampled between 1982 and 1987. Although
disease severity varied greatly betwecn the isolates, the trend
of increased disease severity was statistically significant when
the discus~'index was assessed (Fig. 1). A similar trend was
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observed when the lesion diameter caused by these isolates
was analyzed (Fig. 2). Disease severity induced by a control
strain. 4. macrospora ATCC 62363, was similar to the aver-
ace of the 1982 isolates.
“Daily monitoring of the first symptoms to appear after arti-
. ficial inoculation with 30 aggressive isolates (5 collected from
each year) revealed that less time was required for symptom
appearance by isolates from 1987 than by those from 1982 (a
decrease from 6 days to 3—4 days on average). The variation
between the isolates was large, but the reduction in the time
required for symptom formation was statistically significant
(Fig. 3)- The time required for symptom formation by A. macro-
spora ATCC 62363 was similar to the average of 1982 isolates
(6 days). The wetting period required for symptom induction

also decreased. Isolates from 1987 required 12— 18 h of wet-
ting to induce symptoms while 1982 isolates (as well as the.

ATCC 62363) required about 24 h (Fig. 4).

For A. macrospora isolates, spore viability after 6 h
exposure to a lethal temperature of 45°C (18) increased over
the years. Isolates from 1987 were significantly more resistant
to the heat treatment than those from 1982 (Fig. 5). Spores
kept at an optimal growth temperature (25 + 2°C) maintained
high viability (30~ 100% of all spores that produced colonies),
regardless of the year of origin. .

Cotton monoculture of G. barbadense in Bet-Shean Valley
has been susceptible to 4. macrospora infection for many
years. This pathogen was first isolated in Israel in 1958 (15),
though related infection was considered minor until the late
1970s when severe epidemics focused attention. The isolates
cvaluated in this study were obtained from consecutive seasons
having severe epidemics that were inefficiently controlled by
chemical means (Y. Zacks and S. Biton, unpublished data).
This disease appears sporadicaily, i.e., some years produce
heavy epidemics while other years do not, as in the case of
1991 when its appearance was negligible (R. Or unpublished
data). This variability is probably dependent on envircnmental
conditions that have yet to be identified. This pathogen is fre-
quently isolated from hot-temperature regions worldwide (22).

While it is well established that leaf diseases are greatly
affected by environmental conditions {23), the evidence in
these experiments was gathered by measuring common plant
pathological parameters under identically controlled environ-
ments. Thus, the possibility of a contribution by environmen-
tal factors to the increased aggressiveness of the strains was
eliminated. By isolating the infection process from the
environmental factors, we demonstrated that more aggressive
strains of the pathogen evolved with time and that these new
strains dominated the pathogen field populations in later years,
15 evidenced by random isolation. of more aggressive strains
every year. The abundance and permanence of monocultured
cotton host plants over the years probably favors an acceler-
ated evolution of the pathagen that would not occur under crop
rotation conditions.

This study cannot overrule the possibility that during the
long storage of lyophilized leaves, surviving fungal propa-
gules may not be representative of the original population and
that our results may have been influenced by the different
lengths of time that the isolates were in storage. However,
lyophilization of other pathogenic fungi does not appear to
affect pathogenicity, even after extended periods of 25—34
years after lyophilization (7, 14). Furthermore, lyophitization
is one of the most favored methods of culture collection used
by scientific institutions.

The genetics_df—host—pamogen interaction for cotton leaf
blight is unknown (8). However, from the variety of patho-
genic factors that have been assessed and shown to have
changed, it is assumed that sefection in the field population of
the pathogen is in more than one gene.

The phenomenon of increased aggressiveness of pathogenic
agents over timg under monoculture conditions was detected
in one of the least studied plant diseases (8). It is essential to
further explore whether this is a general phenomenon in
phytopathology or a special case of leaf blight in cotton.

In summary, a common agricultural practice, the monocui-
ture of cotton, increased the aggressiveness of one of its most
common leaf diseases and should be regarded as indirect man-
made interference in the evolution of this plant pathogen.
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