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ABSTRACT

Water relations in cotton plants infected with

Phymatotrichum omnivorum were studied to determine the

mechanism of wilt development. Relationships between leaf

water and osmotic potentials, relative water contents, and

diffusive resistances of leaves from diseased and water-

stressed healthy plants were similar, indicating that wilt-

ing was not due to changes in leaf osmotic regulation.

Rates of recovery from wilting, measured as increases in

relative water content with time in both diseased and water-

stressed healthy plants were identical. There was no sig-

nificant difference in root dry weight of healthy and

diseased plants, indicating that wilting is not a conse-

quence of reduced root area. Resistance to water flow in

roots and lower stems increased significantly over those of

healthy plants as upper leaves of diseased plants began to

wilt. However, resistance to water flow in petioles of

diseased plants was unchanged. These results show that

wilting in cotton plants is probably the consequence of

increased resistance to water flow in roots. Results of a

preliminary study indicate that a high-molecular-weight

substance produced by the fungus in culture may cause

blockage of xylem elements in roots and lower stems and

contribute to the increased resistance to water flow.
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INTRODUCTION

Phymatotrichum omnivorum is a soil-borne fungus that

causes root rot in more than two thousand species of dicoty-

ledonous plants in the southwestern United States and

Mexico. Phymatotrichum root rot is the most destructive

disease of cotton in Arizona and affects thousands of acres

each year. Losses result not only from premature death of

cotton plants but also from reduction of fiber and quality

of lint (19).

The disease occurs in cotton plants from late dune

through September. Initial symptoms of the disease in cot-

ton include wilting of upper leaves, rotting of lower tap

roots, and root xylem discoloration, When upper leaves

first become flaccid and develop visible wilt, root decay is

limited to the lower tap roots and secondary roots appear

healthy. Root decay progresses rapidly, and within 2 to 3

days after development of the initial symptoms, plants wilt

permanently and die. Rapid wilting at high temperatures is

also a symptom of Phymatotrichum infection of other host

plants (19).

Pathogen-induced wilting has been attributed to

reduced water uptake by plants due to decreased root area or

destruction of cortical tissue, to increased resistance to

water flow through xylem elements, or to changes in leaf

1
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cell permeability resulting from a dysfunction in osmotic

regulation (1, 6, 8, 16, 23). In root diseases such as

those caused by Phytophthora and Pythium species the secon-

dary roots may be destroyed while the tap roots remain

functional. In these cases, wilting or reduced growth may

result from reduced absorptive surface area of the roots

(4). Increased resistance to water flow has also been

described as a major cause of wilting in several plant

diseases (7, 8, 21, 22), but factors contributing to in-

creased resistance may vary. Wilting in safflower infected

with Phytophthora cryptogea has been attributed solely to

increased root resistance (8). In vascular wilt diseases

such as Verticillium and Fusarium wilts, the fungus enters

the vascular system and mycelium and spores are found in

stems and leaf petioles. However, in Verticillium wilt

occlusion of xylem elements by mycelium or spores of the

fungus is not extensive enough to cause wilting, and prod-

ucts of the pathogen or of the host-pathogen interactions

are considered responsible for wilting of the host plant

(22). These products may be highly viscous polysaccharides

that plug xylem elements or may be phenols, released during

cell death, that are oxidized and cause browning of vascular

tissues (22). In Dutch elm disease, caused by Ceratocystis 

ulmi, Val Alfen and Turner (24) and Strobel et al. (20) have

shown that a high-molecular-weight glycopeptide, produced in

culture, causes increased resistance to water flow in stems



3

and petioles and contributes to wilting of elm seedlings.

However, the glycopeptide is not host specific and causes

wilt in many host species.

Wilting that results from changes in leaf cell per-

meability has been described in a disease caused by Fusi-

coccum amygdali in peach and almond (11). Fusicoccin, a

low-molecular-weight toxin produced by the fungus in culture

and in infected nodes, causes dysfunction of osmotic regula-

tion in leaf cells. The toxin interferes with regulation of

guard cells causing stomata to remain open. Watkins (28)

implicated a toxin in the death of cortical root cells of

cotton seedlings infected with Phymatotrichum omnivorum  in

advance of hyphae. However, the putative toxin was not

isolated.

The objective of this study was to determine the

mechanism of wilting in Phymatotrichum-infected cotton

plants. Studies were done to determine if wilting in

infected plants is due to reduction of water movement in

plants or to alterations in leaf cell permeability.



MATERIALS AND METHODS

Biological Materials 

Cotton Plants

For controlled-environment studies, cotton plants

(Gossypium hirsutum L., var. Delta Pine) were grown in auto-

claved field soil in 15-cm-diameter pots in growth chambers

at-30 C and 14 hr of fluorescent and incandescent light

daily (225 IIE.m-2 .sec-1 ). Plants were fertilized at emer-

gence with Osmocote 14-14-14 (Sierra Chemical Co., Milpitas,

CA 95035) and watered as needed with distilled water with an

automatic drip system. In field studies, 2- to 3-month-old

cotton plants (var. Delta Pine) grown in fields in Marana,

Arizona, were used.

Inoculations

Inoculum preparation and inoculation of plants were

done according to the method of Perez (15) with modifica-

tion. Cultures of P. omnivorum, isolated from diseased cot-

ton plants, were maintained on potato dextrose agar (PDA) at

28 C. About 15 g of sorghum seed that had been soaked in

water overnight were put in 10-cm petri dishes and auto-

claved for 2 hr on each of two consecutive days. Sterile

sorghum seeds were inoculated with three to five agar plugs

from 10-day-old PDA cultures and incubated at 28 C until

4
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seeds were fully colonized. The colonized seed was then cut

into 1-cm blocks. Blocks were incubated for an additional 3

days to allow mycelial coverage of cut surfaces. For plant

inoculation, a test tube (1.5 cm diameter) was inserted into

the soil about 2 cm from the base of 1-wk-old cotton plants.

Plants were inoculated 1 to 2 wk later with two or three

colonized sorghum seed blocks placed in holes formed after

removing the test tubes. Equal amounts of sterile sorghum

seed were used for control plants.

Root Weights 

Two-week-old cotton plants, grown in growth cham-

bers, were grouped into 10 pairs with plants in each pair of

equal size. In each pair, one plant was inoculated with P.

omnivorum according to the procedure described earlier.

When inoculated plants began to wilt, root balls of the

plants were submerged in water and soil gently washed away.

Roots were then excised from the plants at the soil level,

dried at 65 C for 48 hr, and weighed. Results were analyzed

statistically using Student's t test for matched pairs.
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Leaf Water Relations 

Leaf Diffusive Resistance

Studies were done on pairs of plants, one infected

and one healthy, of approximately the same size, grown in

growth chambers. 	 Wilting was induced in healthy plants by

withholding water. Leaf diffusive resistances were measured

on the abaxial leaf surfaces of the topmost, fully expanded

leaves at various stages of wilt development, 3 to 4 hr

after plants were illuminated, using a LI-COR Diffusive Re-

sistance Meter, model LI 60 (LI-COR, Inc., Lincoln, NB)

(Fig. 1). Sampling and calibration were carried out accord-

ing to the procedures described by Kanemasu, Thurtell, and

Tanner (9). The porometer chamber was clamped over the leaf

for no more than 1 min. Diffusive resistances of leaves

with closed stomata were determined by taking diffusive

resistance measurements. of leaves in the dark.	 The

porcmeter was calibrated before each use because relative

humidity, which influences calibration in the growth

chambers, was variable.

Total Water Potential

Total leaf water potential was determined with a

pressure bomb (PMS Instrument Co., Corvallis, OR), following

diffusive resistance measurements. A pressure bomb (Fig. 2)

was used for all total water potential measurements because



Fig. 1. LI-COR Diffusive Resistance Meter used
to measure diffusive resistance of cotton leaves

Fig. 2. Pressure bomb used to measure total
leaf water potential and water flow through petioles

7
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Osmotic Potential

Osmotic potential of leaves was measured with ther-

mocouple psychrometers (Fig. 3a) (JRD Merrill Specialty Co.,

Logan, UT), using the freeze-thaw method as described by

Brown and Van Haveren (3). Discs (1-cm in diameter) were

cut from leaves of healthy and diseased plants at different

stages of wilting. Ten to 12 discs were frozen in liquid

nitrogen either immediately after measurement of total leaf

water potential with the pressure bomb or after bringing

discs to turgidity by floating on water. Discs brought to

turgidity before freezing were used to compare osmotic

potentials of the tissue at different relative water

contents at turgid cell volumes (5,6).	 Discs frozen

immediately after water potential measurements (without

bringing them to turgidity) were used to compare total water

potential to osmotic potential.

Leaf discs were frozen in aluminum foil packets then

stored at -10 C prior to osmotic potential measurements.

Liquid nitrogen was evaporated from samples at -10 C to

avoid cracking frozen leaf tissue due to rapid increases in

temperature following removal of the samples from liquid

nitrogen. Tissue was thawed slowly before being placed in

the thermocouple psychrometer chambers. Chambers were com-

pletely filled with leaf tissue to obtain consistent read-

ings. The temperature of the chambers was kept above that

of tissue samples to avoid condensation on the chamber
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completely filled with leaf tissue to obtain consistent

readings. The temperature of the chambers was kept above

that of tissue samples to avoid condensation on the chamber

walls. The thermocouple psychrometers were thoroughly

cleaned between each used by rinsing in distilled water and

spraying with LPS cleaner (Electro Contact Cleaner, Holt

Lloyd Corp., Los Angeles, CA). Screen cages and thermo-

couple psychrometers were dried by first removing water

using a stream of filtered air, then leaving them at 35 C

overnight. During the equilibration of leaf tissue inside

the chamber, the thermocouple psychrometer chambers were

placed in a water bath at 25 ± 0.01 C. Vapor pressure

equilibrium was established within 2 hr, judged by observing

changes in microvoltmeter readings every 30 min for 8 hr.

The standard equilibrium time for samples was chosen as the

least amount of time needed to reach a plateau in the

readings.

One meter of wire connecting the thermocouple psv-

chrometers to a microvoltmeter (Keithley 155 Null Detector

Microvoltmeter, Keithley Instruments, Cleveland, Ohio 44139)

was also submerged in the water bath to prevent errors in

microvoltmeter readings due to temperature gradients in the

wires. A switch box (Merrill Specialty Co., Ogden, UT) was

used to connect up to 12 wires to a cooling circuit (Figs.

3a and 3b). Osmotic potential values were determined by
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cooling thermocouples for 15 sec followed by reading micro-

volt values at a plateau.

Each thermocouple psychrometer was individually

calibrated. Calibrations were done between -2 and -50 bars,

using 0.05, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, and 1.0 molal

solutions of NaCl. A piece of Whatman #1 filter paper

fitted against the wall inside the chamber was saturated

with a NaC1 solution, using a syringe to avoid accumulation

of free solution in the chamber. All calibrations were made

at 25 C in the water bath. The average of at least three

microvolt readings of each raclai solution of NaC1 in each

thermocouple psychrometer was used to convert microvolt

readings to bars. Conversions were based on standard water

potential values of NaC1 solutions according to Robinson and

Stokes (17). Thermocouple psychrometers were calibrated

periodically to ensure accuracy of measurements. Variations

occurred only when the psychrometers were not properly

cleaned and dried. No correction was made for contribution

of apoplastic water to osmotic potential measurements (10).

Relative Water Content

Leaf discs were used to measure relative water con-

tent (RWC). Three discs from leaves of healthy and diseased

plants at different stages of wilting were put into sealed

vials. For fresh weight (FW) determinations, discs were

weighed in tared vials to avoid errors due to water loss.
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Discs were floated, adaxial surfaces down, for 4 hr at 23 C

in the dark to obtain turgid weights (TW), then dried at

60 C for 48 hr to obtain dry weights (DW). The percent RWC

was determined as ((Fw - DW)/(TW - Dw)) x 100. Turgid

weights were taken after 4 hr of floating on water, because

increases in weight after 4 hr were very small and were

probably due to metabolic processes.

Recovery from Wilting

The ability of leaf tissue from both infected and

water-stressed healthy plants to recover from wilting was

determined by measuring RWC of leaf discs after floating on

water. Fresh weights of five discs from each of three

leaves from diseased and water-stressed healthy plants were

recorded at zero time. Discs were then floated on sterile

distilled water at 23 C in the dark. At timed intervals,

discs were gently blotted dry and reweighed. Turgid weight

of leaf discs was determined after 4 hr. Discs were dried

at 60 C for 48 hr to determine the dry weight.

Resistance to Water Flow

Measurement of Water Flow

The rate of water flow through roots, lower stems,

and petioles was measured in field-grown healthy and dis-

eased plants at initial stages of wilting, using a pressure

chamber (Fig. 4) modeled after that described by Nees and



Fig. 4. Pressure chamber used for measurement
of water flow through roots and lower stems
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Weatherley (12). Field-grown infected plants, with the top-

most leaves showing incipient wilt, were collected at

Marana, Arizona. Control plants were collected outside

diseased areas but from within the same field. Care was

taken to keep the tap roots intact.

Stems were cut at the sixth leaf node, and the

entire root system placed in degassed water in the chamber.

Flow rates of water from the cut ends of stems were measured

under 1 bar pressure as milliliters per second over a 30-min

period, after an initial adjustment time of 10 min. Stems

were then cut at the soil level, and rates of water flow

through the lower stem segments were measured in the same

manner. Rates of water flow through roots were calculated

by subtracting the flow rates of lower stems with roots

attached from the flow rates of lower stem segments alone.

Rates of water flow through petioles were measured in a

pressure bomb under 2 bars pressure for 15 min after a 5-min

adjustment time.

Calculations of Resistance

Resistance to water flow (R) is equal to AVF in

which Alp represents the difference in total water potential

of water in the reservoir inside the chamber and the water

collected at the end of the stem, and F represents the water

flux. In this study, Alp was considered equal to the chamber

pressure because differences in osmotic potentials between
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water in the reservoir and water pushed through the roots,

stems, or petioles were too small to be significant. Flux

was calculated as (rate of water flow)/(leaf area) (8).

Leaf areas were measured from excised leaves or from leaf

tracings cut from paper with an automatic area meter (type

AAM 5, Hayashi Denko Co., Ltd., Tokyo, Japan). Resistance

values for healthy and diseased plants were statistically

analyzed using Student's t test.

Wilt-inducing Factor

Bioassays

Xylem sap from Phymatotrichum-infected cotton plants

and cell-free extracts from liquid culture of P. omnivorum

were used to determine if a fungal product moving into the

xylem was the cause of darkening of xylem elements and of

increased resistance to water flow in Phymatotrichum-

infected cotton plants. Presence of a wilt-inducing factor

(WIF) was determined using bioassays based on the ability of

test solutions to wilt cotton seedlings. Cotton plants

(Gossypium hirsutum L., var. Delta Pine) were grown in auto-

claved sand and vermiculite (1:1 mixture) in a growth

chamber at 28 C. Seven- to 10-day-old seedlings were cut at

the soil level. Cut ends were placed in sterile distilled

water for at least 2 hr prior to transferring to test solu-

tions to identify and discard plants that wilted from cut-

ting. The cut ends of the stems of seedlings were then put
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into 5 ml of a test solution consisting of different dilu-

tions of crude or partially purified cell-free extracts or

of tracheal . fluid from healthy and infected plants. Assays

were run at 23 C in the light. Results were recorded within

18 hr using a wilt index ranging from zero (no wilting) to 5

(completely wilted). 	 Detached cotton leaves, 3-wk-old

cotton seedlings and seedlings of other hosts (alfalfa,

okra, tomato, and sunflower), and nonhosts (wheat and

barley) were also used.

Xylem Sap Collection

Xylem sap was collected from healthy and

Phymatotrichum-infected cotton plants according to the

method of Schnathorst (18). Plants were grown in autoclaved

field soil in 15-cm-diameter pots in controlled-temperature

benches that maintained soil at 28 C (13). Seventy-five

percent of 1-mon-old plants were inoculated with P. omni-

vorum as described previously. Three to 4 wk after inocu-

lation, stems were cut diagonally about 5 cm above the soil

line with a razor blade. Autoclaved glass tubing, 10 cm

long, fitted with 4 cm of latex tubing at one end and

plugged with cotton at the other, was placed on stems after

the bark was peeled away. Sap that moved into the tubing

was collected in 24 hr with a sterile hypodermic syringe.

Sap was filter sterilized shortly after collection and

either used in bioassays immediately or frozen until used.
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Plants that had become infected were identified by the pres-

ence of xylem discoloration in the stem. Xylem sap at 1:1

and 1;2 dilutions was used in bioassays with cotton seed-

lings.

Production and Purification of
WIF in vitro

The standard liquid culture medium used for produc-

ing WIF was a modified #70 medium (2), consisting of 0.074%

MgSO 4 •H 20, 0.016% KH 2PO 4 , 0.049% K 2HPO 4 , 0.015% KC1, 0.12%

NH
4
NO

3' 
0.0011% ZnS04' 0.0009% Fe 2 (SO 4 ) 3' 0.0008% MnS04' 

and

1.0% glucose at pH 6.75. Two-liter flasks containing 150 ml

of the autoclaved medium were inoculated with six discs cut

with a #6 cork borer from 10-day-old potato dextrose agar

(PDA) cultures of an isolate of P. omnivorum (the same iso-

late used to inoculate plants for water relations studies).

Inoculated medium was incubated 10 days at 28 C.

To determine the effect of carbon source on the pro-

duction of a WIF, the following substances were used as

carbon sources:	 arginine 0.03 M with 1.0% glucose;

asparagine 0.01 M with 1.0% glucose; 1.0% fructose; 1.0%

sucrose; 1.0% soluble starch;	 0.5%, 1.0%, 2.0%, 4.0%

glucose; and 1.0% inulin. The effects of pH, temperature,

and concentration of carbon dioxide on the production of the

WIF were also determined. The pH of the standard medium was

adjusted to 6.2, 6.8, or 7.2 using 0.01 M phosphate buffer.

Cultures in standard medium were incubated at 26, 29, or



18

35 C. The effect of CO2 concentration over the liquid cul-

tures was determined by flowing air or 2% CO 2 through a

large jar containing six 125-ml cotton-plugged flasks

containing 20 ml medium. Three of the flasks were

inoculated with one disc of P. omnivorum from a FDA culture

and were incubated for 10 days. Another set of cultures was

incubated for 4, 7, 11, or 14 days. To determine the

dilution end point, the cell-free extract was diluted from 2

to 80 times. All trials were repeated at least once, with

at least three replications in each trial. Control

solutions in all trials consisted of sterilized,

noninoculated medium.

A cell-free extract from inoculated, 10-day-old

standard medium was dialyzed for 24 hr against 0.06 M

phosphate buffer followed by filter sterilization or auto-

claving. The WIF was partially purified by adding three

volumes of cold acetone (-20 C) to one volume cell-free

extract and concentrated tenfold by flash evaporation at

45 C under reduced pressure. The supernatant was discarded

following centrifugation at 7700 2 for 25 min. The pellet

was resuspended in water and brought to the original volume.

The suspension was centrifuged again at 7700 2 for 25 min

and the supernatant filtered through a 0.45 pm filter.

Further purification was achieved using column chromotog-

raphy. Bio-Gel P-60 was used in three trials (column 1.5 cm

by 22.5 cm, flow rate 24 to 36 ml/hr), Sephadex G-100 in
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three trials (column 1.5 cm by 28 cm, flow rate 12 to 14.5

ml/hr), Bio-Gel P-200 in six trials (column 1.5 cm by 27 cm,

flow rate 12 ml/hr), and Bio-Gel P-300 in one trial (Column

1.5 cm by 30 cm, flow rate 12 ml/hr). All column materials

were obtained from Bio-Rad Laboratories, Richmond, CA.

Columns were eluted with 0.01 M phosphate buffer, pH 7.0.

Two- or 3-ml fractions were collected after determining the

void volume with blue dextran. Wilt-inducing activity of

all fractions was tested using cotton and barley seedlings.



RESULTS

Inoculations 

Infected plants began to wilt 5 to 10 days after

inoculation. The percent infection of inoculated plants

ranged from 0 to 85 in different trials in the growth cham-

bers and in the controlled temperature benches. The

reason(s) for the observed variations in disease incidence

among trials is not known. The fungus was reisolated from

decayed root tissue of diseased plants but could not be iso-

lated from discolored xylem in advance of decayed cortical

tissue.

Root Weights 

There were no statistically significant differences

in dry weights of 10 matched pairs of plants (one diseased

and one healthy) using Student's t test for matched pairs.

Leaf Water Relations 

Alterations in leaf diffusive resistance in response

to changes in total leaf water potential were similar in

healthy and diseased plants (Fig. 5). The relations between

total leaf water potential and osmotic potential (Fig. 6)

and between total leaf water potential and percent relative

water content (Fig. 7) were also similar in healthy and

diseased plants. Because osmotic potentials vary with cell

20
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volumes (5,6), the relationship between percent relative

water content and osmotic potential was determined using

osmotic potentials of turgid leaf discs. Osmotic potentials

of leaves from both healthy and diseased plants did not

change appreciably with changes in percent RWC (Table 1).

Leaf tissue from water-stressed healthy and diseased plants

regained turgor at essentially the same rate (Fig. 8).

Table 1. Relation of percent relative water content (% RWC)
and leaf osmotic potential ( 0) at turgid cell volumes of
leaves from healthy and diseased plants. -- Each value
represents the average of five measurements taken from five
leaves.

Plant	 Leaf condition	 % RWC	 tlio (bars)

Healthy	 Wilted	 83.2 ± 3.5	 -10.8 ± 2.3

Nonwilted	 88.8 ± 2.7	 -10.8 ± 2.1

Diseased	 Wilted	 77.2 ± 4.1	 - 9.6 ± 1.0

Nonwilted	 89.8 ± 1.3	 -10.6 ± 1.3

Resistance to Water Flow

Resistance to water flow in diseased plants, com-

pared to that of healthy plants, increased significantly at

early stages of wilting (Table 2). Resistances in roots and

lower stems of diseased plants were variable, ranging from

40 times to infinite (no measurable flow rate at 1 bar pres-

sure) the resistance values of healthy plants. The
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Table 2. Resistance to water flow in petioles, lower stems,
and roots of field-grown healthy and diseased plants

Resistance (bars-sec.cm -1 x 10 5 ) a

Plant	 Petiole	 Lower Stem	 Root

Healthy

Mean

0.30
.40
.36
.30
.33

.42

.31

.54

.43

.35 

0.35 ± .08

0.48
.45
.59
.42
.43

.36

.50

.42

.38

.45 

0.45 ± .06

5.4
4.1
3.4
2.5
2.5

2.2
1.7
1.4
1.4
1.3 

2.6 ± 1.2

Diseased 0.51
.23
.41
.38
.42

.38

.25

.25

.28

.37

26.0
1.0

37.0
7.7
.43

5.5
1.6

13.0
16.0

.63

1300
450
260
232
170

155
108
107
84
83

Mean
	

0.34 ± .07	 10.8 ± 11.7
	

294 ± 351b

a. Significant differences using Student's t test in
resistance values of healthy and disease plants .N77ére found
in roots at P = .0025 and in lower stems at P = .01; no
significant afference was found in petioles. -

b. Calculation of the mean value of root resistance in
diseased plants does not include infinite resistance (no
measurable water flow through roots at 1 bar pressure) found
in 23% of the plants tested; therefore, the average resis-
tance value in diseased roots is actually much higher than
indicated here.
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increases in root resistance were statistically significant

at the 0.25% level and in lower stem resistances at the 1.0%

level. Resistances to water flow in petioles of diseased

and healthy plants were not significantly different.

Wilt-inducing Factor

Xylem Sap

In bioasays of the xylem sap from cotton plants, sap

from diseased plants at 1:1 and 1:2 dilutions wilted cotton

seedlings, whereas sap from healthy plants did not (Table

3) .

Cell-free Extract

Results cf the wilt-inducing activity of the cell-

free extracts from inoculated media containing different

carbon sources are shown in Table 4. The medium containing

1.0% glucose was the most active in bioassays and was

therefore used as a standard medium throughout the studies.

Soluble starch and inulin in noninoculated medium wilted

plants at dilutions of 20:1. Wilt-inducing activity of the

cell-free preparation was not destroyed by autoclaving.

Wilt-inducing activity of cell-free preparations

from culture media at pH 6.2 and 6.8 were similar in cotton

seedlings (Table 5), whereas that from medium at pH 7.2 was

reduced, as was growth of the fungus.	 The fungus grew best

in the standard medium at 29C, but there were no differences
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Table 3. Wilt-inducing activity of xylem sap, 1:2 dilution,

from healthy and Phymatotrichum-infected cotton plants a

1:2 Sap Dilution

Wilt Indexb 11)

Sap of Healthy Plants
	

0	 -4.3 ± .3

Sap of Diseased Plants
	

4	 -9.4 ± .2

a. Mean values for three plants in each of two trials.

b. Wilt index ranging from zero (no wilt) to 5 (com-
pletely wilted).

c. Total water potential of seedlings after 18 hr in
the light measured in a pressure bomb.
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Table 4. Effect of carbon source on in vitro production of

a wilt-inducing factor produced by Phymatotrichum omnivoruma

Cotton Wheat

Carbon	 Inoculated
Source	 Medium

Non-
inoculated
Medium

Non-
Inoculated	 inoculated
Medium	 Medium

1% glucose	 3 0
0.03 M
arginTne

1% glucose	 3 0 - -
0.01 M
asparagine

1% fructose	 1 0 1 0

1% sucrose	 3 0 1 0

1% soluble	 4
starch

4 3 4

0.5% glucose	 4 0 - -

1% glucose	 4 0 0 0

2% glucose	 3 0 - -

4% glucose	 3 0 - -

1% inulin	 4 4 - -

a.	 Wilt-inducing activity of the culture extract was
determined by the cotton and wheat seedling bioassay using a
wilt index ranging from zero (no wilt) to 5 (completely
wilted) after 18 hr in the light at 23 C; results represent
two trials with at least three replications in each trial.
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in wilt-inducing activity of cell-free preparations from

cultures maintained at 26, 29, or 35 C (Table 5). Cell-free

preparations from cultures grown under 2% CO2 exhibited

higher wilt-inducing activity than those grown under air

(Table 5). Although the cell-free preparations had some

wilt-inducing activity after 4 days of incubation, the

greatest activity was detected in cultures incubated for 11

days (Table 5). The dilution end point of cell-free prepa-

rations was up to 80 times.

Wheat seedlings did not wilt when the cut ends of

their stems were placed in the cell-free preparations (Table

3). Wilting was not induced when cut ends of petioles of

cotton leaves of stems of 3-wk-old cotton seedlings and of

stems of alfalfa, okra, tomato, and sunflower seedlings,

even though leaves of cotton seedlings became epinastic.

Partially Purified Preparation

Cotton seedlings wilted at dilutions of up to 80:1

in bioassays using the partially purified preparation,

whereas there was no wilting in seedlings in control medium

treated in the same manner. The partially purified prepara-

tion eluted from Bio-Gel P-60 and Bio-Gel P-200 columns near

the void volume and from the Bio-Gel P-300 column after the

void volume. Cotton seedlings, but not barley seedlings,

wilted in bioassays of the eluted fractions. No wilt-
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inducing activity was detected in the fractions eluted from

the Sephadex G-100 column.



DISCUSSION

Results of this study suggest that increased resis-

tance to water flow in roots may be the major cause of

wilting in cotton plants infected with P. omnivorum. Root

resistances, which increased significantly at early stages

of wilting, may cause significant reduction in water flow

and rapid wilting of plants in the field where transpiration

rates are very high. Resistance to water flow also in-

creased in lower stems of infected plants, but the increases

were not large enouah to contribute appreciably to wilting.

Resistance to water flow in petioles was not altered in

diseased plants. Moreover, wilted leaves from both healthy

and diseased plants cut at the basal end of the petiole and

put into water regained turgor rapidly.

Patterns of changes in leaf diffusive resistance as

a function of leaf water potential were similar in water-

stressed healthy and diseased plants suggesting that

disease-induced wilting may not be due to altered transpir-

ation rates brought about by changes in stomatal behavior.

Wilting in diseased plants is also not due to altered leaf

cell permeability caused by a toxin or by cell wall degrad-

ing enzymes implicated in other wilt diseases (30). There

were no significant differences in osmotic potential as a

function of total water potential or relative water content

33
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in leaves from water-stressed healthy and Phymatotrichum-

infected cotton plants at the onset of wilting.

Factors contributing to the observed increases in

resistance to water flow in roots and stems of Phymato-

trichum-infected cotton plants are not known. Increased

resistance to water flow in other host-parasite systems has

been attributed to plugging of xylem elements by fungal

structures (27), by high-molecular-weight substances pro-

duced by the pathogen directly (23,24,25), or as a result of

enzymatic degradation of host-cell walls (16). Fungal

structures were not observed in xylem elements of roots in

advance of cortical decay or of stems in Phymatotrichum-

infected cotton plants. However, xylem elements in roots

and lower stems of infected plants were discolored and

seemed to be occluded with unknown materials. Although it

is tempting to correlate resistance to water flow in roots

and lower stems of infected plants with xylem discoloration

and occlusion, no direct correlation was found between the

amount of xylem discoloration and increased resistance to

water flow. Scanning electron micrographs of longitudinal

sections of infected roots with discolored xylem elements

indicated that xylem elements were occluded, but further

investigations of the physical nature of blockage are

necessary.

The magnitudes of resistances were also variable

among roots and lower stems of infected plants sampled. The
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increased resistance could be due partially to disruption of

water movement across the cortex and not solely to the

occlusion of xylem elements in upper, noninjured portions of

the roots. Death of cortical cells may result in reduction

of water flow from the soil—root interface to the pericycle.

The water potential gradient of water moving within the

plant (14,29) is disrupted, and wilting of upper leaves

would result when transpiration rates are high.

The darkening and occlusion of xylem elements in

roots and stems may be the result of the accumulation of

products of enzymatic breakdown of cell walls of root cells

as the lower tap root is decayed. These putative high-

molecular-weight substances produced during cortical decay

may enter xylem elements and move upward in roots and stems

causing reduction in water flow and onset of wilting. Pre-

liminary results of in-vitro studies showed the presence of

a wilt-inducing factor (WIF) in culture filtrates of the

fungus capable of causing wilt in cotton seedlings. A par-

tially purified WIF eluted from a Bio-Gel P-200 column

(exclusion limit 200,000 daltons) near void volume and from

a Bio-Gel P-300 column (exclusion limit 400,000 daltons)

after the void volume, indicating that the factor is a high-

molecular-weight substance. Results also showed that the

WIF, which was active in cotton seedling bioassays, does not

wilt seedlings of certain monocots such as wheat and
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barley. Wilt-inducing activity was also demonstrated in

xylem sap collected from diseased plants.

Bioassays using excised seedlings such as those used

in these studies can be misleading. Many extracellular

fungal products are potentially capable of wilting seedlings

or cuttings by occluding open xylem elements at the cut ends

(31). However, in these studies, wilting could also be

induced in seedlings with intact roots by cell-free extract

preparations. Excised plants were used because surface

sterilization of roots was not necessary. Wilting of

excised plants placed in partially purified cell-free

extracts from fungi and bacteria has generally been attrib-

uted to the occlusion of xylem elements by high-molecular-

weight substances in the extracts. However, in some cases,

the observed wilting might have been due to changes in leaf

cell permeability brought about by low-molecular-weight

toxins (26). Results of these studies on Phymatotrichum-

infected cotton plants, however, indicate that wilting is

due to increased resistance to water flow in roots and lower

stems and not to toxin-mediated changes in leaf water

relations. The possible involvement of a high-molecular-

weight substance in wilting of Phymatotrichum-infected

cotton plants is substantiated by the presence of a wilt-

inducing factor in xylem sap from infected plants and in

culture extracts. There is, however, no evidence that these

wilt-inducing factors are the same substance.
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These studies do show that resistance to water flow

increases substantially in roots and lower stems of

Phymatotrichum-infected cotton plants. Because there is no

difference in leaf water relations of plants subjected to

fungus-induced and artificially induced wilting, xylem

blockage probably contributes substantially to reduction of

water flow through the plant. Decay of cortical tissue of

the lower tap roots may also contribute to wilting by reduc-

ing the rate of water uptake. Reduced water uptake and

transport, particularly when combined with high transpira-

tion rates, would therefore result in wilting of upper

leaves during early stages of infection.
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