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ABSTRACT
To investigate pathways of invasion of cottonseed
by Aspergillus flavus, Link, four experiments were conducted
in the Phoenix, Arizona area during the 1977 and 1978
growing seasons.

Bolls of four varieties, namely Deltapine

16 and 61, Naked Mutant, and Rhyne Hard Seed, were inocu
lated with the fungus.

Seeds of these varieties were

histologically processed and microscopically examined
primarily to determine the timing, point(s) of entry, and
the pathway by which A. flavus enters the seed.

The

secondary objectives were (a) determine the differences
between the four varieties in points of penetration by the
fungus, (b) determine if sclerotia could be found in
naturally infected seeds, and (c) determine whether the
fungus penetrates lint.
Forty-eight hours after inoculation of selected
bolls, fungal growth was observed on the seed surface.
Fungal penetration and growth within the seed occurred 144
hrs after inoculation of bolls in the greenhouse, whereas,
only 120 hrs were required for the field plants.

The fungus

was observed to invade the cottonseed through the chalazal
end 30.1%, of micropylor opening 17.9%, seedcoat 10.7%, and
through a combination of points 41t3% of the observations.
It is evident that the chalazal pathway is probably the most
xiii

xiv

important single route of infection, and that the fungus is
capable of destroying the embryonic tissue.
The invasion rate of the fungus A. flavus into the
seed differed among the varieties.

Rates were: Rhynes Hard

Seed (18.7%), Naked Mutant (21.8%), Deltapine 16 (31.0%),
and Deltapine 61 (35.0%).

Of these varieties, Rhynes Hard

Seed possessed the best organized chalazal end.

Naked

Mutant seed appear more resistant than expected; however,
this may be due to the fungus first appearing on the fiber
and then entering in the seedcoat.

Naked Mutant has a

smooth seed surface.
Using Bright Greenish Yellow fluorescence (BGY),
seed were examined for presence of sclerotia within
naturally (field) infected seed.

BGY plus partially naked

seeds were cut, one-half of each seed was cultured on 2%
water agar media and the other half was refrigerated.

The

cultured halves were incubated at 30 and 35°C for 10 days
and microscopically examined every 48 hrs.

Large numbers of

sclerotia-like bodies (SLB) were formed in both the
cultured fluorescent and naked seeds.

At 30°C, the number

of SLB was greater and formation time was more rapid than at
35°C.

No sclerotia or growth of the fungus were observed in

the refrigerated duplicates.

The SLB were initiated 2 days

after incubation and observed either on the seed surface or
between the seed coat and the embryo.

In only a few cases

were SLB observed within the embryo itself.

Tissue around

XV

the SLB appeared to be collapsed.

SLB or its initials were

never observed within cotton fiber during this study.
BGY fluorescing fibers from various sources were
stained and microscopically examined for the presence of
A. flavus and to the extent it penetrated the lint.
Mycelium, conidiophores, and conidia heads of A. flavus were
observed on or in these fibers.

Fungal mycelium often wound

around the fiber surface, growing in the secondary or
primary wall and/or in the lumen.

The perpendicular growing

conidiophore of A. flavus were attached to the fiber
surface by a foot-cell like structure.

A giant cell-like

was observed either outside or inside the fiber.

The

scanning electron microscope was not so useful in defining
the A. flavus behavior in penetrating fibers; however, the
transmission electron microscope may prove to be of value.

INTRODUCTION
Cotton boll rots are world-wide in distribution and
in certain warm, humid areas they become limiting factors
in production (41).

Boll rot is a major problem in the

production of cotton, Gossypium sp., in the United States
(38).

Estimates of the losses are made annually in the

United States by the Cotton Disease Council and published
in the Plant Disease Reporter.

These reports indicate boll

rots to be one of the two most serious causes of loss in
cotton in this country.

Losses occur through reduced lint

quality and uniformity and by seed contamination for
planting purposes (18).

Fungal infection of cotton fiber

before harvest is of practical importance not only because
of deterioration and discoloration of the fiber itself, but
also because several of the fungi that attack the fiber may
also infect and in some cases rot the seed or the entire
boll, may produce free fatty acid in the oil, and may cause
other undesirable chemical changes (51).
Aspergillus flavus Link, one of the boll-rotting
fungi of cotton, and is particularly common in the western
U. S. cotton growing regions (14, 39).
both fiber and seed decay.

The fungus induces

Fiber infection, known as yellow

spot disease, is of significance to the spinning industry
(31); whereas seed decay is important to food and feed
1
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processors because infected seeds are a source of aflatoxins.
Marsh et al. (31) found infected fibers to fluoresce
greenish-yellow in ultraviolet light when infection occurs
prior to initial drying of bolls, but the fluorescent sub
stance is absent from fibers that become infected after
initial drying.

Bright greenish-yellow fluorescence (BGY)

as described by Marsh et al. (36) results from an inter
action between kojic acid, produced by the fungus, and
peroxidase, which is active in cotton fiber prior to initial
drying.

Data from Ashworth and McMeans (3), and Marsh et

al. (36) suggested a relation between the fluorescence in
the fiber and aflatoxin in the seeds.
Aflatoxins are metabolites of A. flavus which may be
elaborated in seeds infected by this fungus (34).

Aflatoxin

was first discovered as a result of an outbreak of "Turkey
X" disease in England.

During the 1960's numerous turkeys

in England, ducklings in Africa, and trout in the United
States were afflicted with previously unknown disease
symptoms; however, by 1961, the symptoms were found to be
related to aflatoxin produced by the fungus A. flavus.

The

cause of the symptoms in England and Africa was traced to
peanut meal from Brazil (24).

The cause of the symptoms in

the United States was attributed to cottonseed meal con
taminated with aflatoxin, in the ration of hatchery trout
(26) .
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Aflatoxins have been found worldwide, and occur on
oats, wheat, corn, soybean, grain sorghums, hay, peanuts,
cottonseed meal, peas, and rice (40).

The commonly occur

ring aflatoxins in these feedstuffs are known as

, B2, G^,

and G2 with the names being derived from the color.

Afla

toxin has been shown to be carcinogenic in several animals,
and mutagenic in animals and plants (24, 57).

Symptoms due

to aflatoxin contamination of feed has been observed in
cattle, sheep, swine, poultry, and certain wildlife (24).
There have been no reported deleterious effects of aflatoxin
on humans.

While it has not been shown that aflatoxin

affects man, the preponderance of evidence on animals, in
cluding monkeys, strongly indicates aflatoxin may well
affect man, and precautions should be considered (17).

The

U. S. Food and Drug Administration has issued an aflatoxin
"guideline" level of 20 ^g/kg (20 ppb) for feed stuffs and
peanut butter and 0.5 ng/kg for milk as being safe for human
use.
The primary objectives of this study were to deter
mine (a) the timing, (b) point(s) of entry, and (c) pathway
by which A. flavus enters cottonseed.

Secondary objectives

were to (a) determine if sclerotia could be found in
naturally infected seed and how they are formed; (b) deter
mine if the variety Deltapine 16, Deltapine 61, Naked
Mutant, or Rhynes Hard Seed differ in points of penetration

4

by the fungus; and (c) determine if the fungus penetrates
lint.

LITERATURE REVIEW
Geographical Distribution and Environmental
Factors Which Affect the A. flavus
Boll Rot Disease
Distribution of the disease in the U. S. was
originally estimated by Marsh and Taylor in 1958 (39).

The

disease is generally confined to regions of the country
having high relative humidity and temperature.

These areas

include southern California (the Imperial Valley), south
western Arizona (those growing regions with elevation of
1800 feet or less), and southwestern Texas (4).

These

areas, although commonly thought to be arid, may be very
humid (4).

Recently, it has been determined that aflatoxin

contamination of cottonseed soon may no longer be a problem
in southwest Texas due to a major shift in cotton production
practices which include the early termination of the crop
and major reduction in the pink bollworm infestation levels.
They also indicate that mid-summer precipitation may have a
major impact on aflatoxin contamination of seed produced in
bolls opening in August.

The fact that the occurrence of

BGY spots in cotton fiber has remained so nearly constant
in geographical distribution seems to support the idea of a
single causal agent for the observed fluorescence (37).

No

satisfactory explanation has been proposed for the geo
graphical localization of A. flavus boll rot in the U. S.,
5
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although high field temperature and the thermophilic nature
of the fungus may well be involved (49, 50).
Ashworth, McMeans, and Brown (4, 5) have emphasized
that high humidity which influences slow boll opening is
therefore a very important factor favoring A. flavus boll
rot.

High humidity at harvest frequently occurs in many

rain belt locations, but apparently has seldom, if ever,
led to much A. flavus boll rot, probably due to the absence
of high temperatures (34).

Marsh et al. (34) reported that

high temperatures in the field seems to be a requirement for
high incidence of A. flavus boll rot.

They added that other

factors undoubtedly may favor high incidence when high
temperatures are present, but these factors do not appear
to lead to high incidence in the absence of high tempera
tures.

Marsh et al. further indicated that high temper

atures favor the disease through a competitive advantage
given to A. flavus over other boll rotting fungi.

Gardner

et al. (23) reported a high incidence of A. flavus infection
of cottonseed at Safford, Arizona, but no BGY or aflatoxin
were present although toxicogenic strains were isolated.
They suggested that cooler daily maximum temperatures co
incident with boll opening were the principal factors
limiting aflatoxin accumulation in this region of Arizona.

7

Insect Role
Evidence for a relationship between the pink boll
worm (PBW) and A. flavus boll rot was provided by Lukefahr
and Martin (30).

They introduced different numbers of

larvae into cages surrounding cotton plants.

Fiber samples

taken from these plants and examined indicated that the
numbers of BGY spots in the fiber increased markedly with
increasing numbers of larvae.

Ashworth et al. (7) sub

sequently reported that the exit hole made through the
carpel wall by emerging PBW larvae favored A. flavus boll
rot by allowing easy entry of the spores, either directly or
when carried by other insects feeding in the exit holes, and
suggested an association between distribution and prevalence
of the insect with increased prevalence of disease in
Imperial Valley, California.

Simpson, Marsh, and Ramey (52)

indicated that the PBW can increase the severity of the
disease, but is not responsible for introducing it into
previously unaffected areas.

They doubt that spreading of

the PBW in the future into new areas would necessarily be
followed by appearance of A. flavus boll rot into the same
areas,

since PBW infestations have long been common in

cotton in areas where little or no A. flavus boll rot has
been found.

As evidence, the PBW has been known since the

1920's around El Paso, Texas, and yet A. flavus boll rot
has not been detected there.

At the same time, A. flavus
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boll rot was present in the Imperial Valley when the area
was known to be free from PBW.
Russell, Watson, and Ryan (45) reported that in a
3-year study aflatoxin accumulation in Deltapine 16 cotton
seed produced in Yuma, Arizona, was significantly influenced
by the timing of irrigation terminations and by level of PBW
infestations.

They stated that ."There is evidence that

maintaining seasonal PBW infestation level below 5% may, at
times, prevent the amount of aflatoxin contamination of seed
from exceeding the 20 ng/kg guideline" (45, p. 712).

They

also indicated that internal injury to locules by insects,
such as PBW, slow the rate of opening and often prevent the
boll from opening completely and the locules from fully
fluffing.

High moisture levels surrounding bolls also

contribute to a slower boll opening rate.

The combined

effect of both conditions is to prevent locule fluffing and
drying, which tends to maintain higher levels of moisture in
seeds for prolonged periods of time.

This delay in drying

probably increases the opportunity for seed invasion and
subsequent aflatoxin elaboration by A. flavus (45).
Insects play a major role in disseminating and
facilitating boll penetration by A. flavus.

Lygus (Lygus

hesperus Knight) and stink bug (Chlorachroa sayi Stal.) have
been implicated in A. flavus propagule dissemination (53).
Stephenson and Russell (53) suspected an association between
insects which frequent and feed upon developing bolls and A.

flavus after they isolated the fungus more frequently from
bracts of square than from foliage.

They strongly suggested

that insects play an important role in dissemination of A.
flavus and are responsible for the localization of inoculum
on bracts of squares.

Ashworth et al. (7) reported that A.

flavus was associated with three species of beetles
(Nitidulidae) but transmission of the fungus to PBW damaged
bolls by these beetles was discounted since the level of
infection with beetles present did not exceed the level
obtained in the absence of beetles.
Boll and Seed Penetration by A. flavus
A..flavus is a soil, air, and insect borne fungus
which sporulates profusely on dead or dying organic matter
(2, 6).

The fungus is a weak pathogen that affects only un-

dried fiber during periods when high relative humidity and
high temperature exist under cotton foliage (22).

The

fungus penetrates maturing bolls either through separating
sutures of cracking bolls or through boll injuries, such as
the PBW exit hole (5, 7, 45).

Once the fungus has entered

the boll it attacks the lint and penetrates the seed where
it colonizes the seed meat and if conditions are ideal
produces aflatoxins (5, 6).
Little research information is available about how
the fungus penetrates the seed, and invades the endosperm
and embryonic tissues.

Discovery of this pathway of

entrance may provide information about seed chemistry or
physical structures which could prevent penetration.
Christiansen and Justus (19) concluded that a heritable
impermeable seedcoat characteristic (hard seed) could
materially reduce the loss of cottonseed quality under un
favorable high moisture conditions in the field or in
storage.

They reported that hard seed have a massive, well

organized, chalazal cap which adheres strongly to the
palisade layer of the seedcoat as the maturing seed dries.
In the center of the chalazal cap is a plug of wax and
pectin which is readily dissipated by hydrocarbon solvent
soaks, or hot water (27 to 29°C).

Presumably, the chalazal

plug dissolves at a slow rate under natural conditions of
repeated wetting and which no doubt is mediated by bacterial
or fungal action or both.

The testing of varieties with

morphological features, such as okra leaf, frego bract, and
lack of nectaries seem in order.

Glandless Egyptian variety

(Bahtim 110) has been developed by Bishr and Abdel-Bary (13)
which has an acceptable level of fiber and yarn quality and
is free from gossypol.

The further study of how the variety

prevents fungal invasion may provide a point upon which to
select seed possessing these properties.
Indirect information that A. flavus may enter seed
through the chalazal opening was developed by Marsh et al.
(35).

They sterilized fuzzy cottonseeds in chloric gas,

then placed them in water agar, inoculated by spore

suspension of the fungus, and incubated for 7 days at 30°C.
The seeds were dried, acid delinted, surface-sterilized in
chlorine gas, placed without further inoculation onto water
agar, and incubated for 2 days.

The fungus regularly grew

again from the chalazal ends of the seeds.

Halloin (25)

reported that fungi (Rhizopus arrhizus, Aspergillus niger,
and A. flavus) appeared to invade mainly through the
chalazal end which is also the main site of water imbibi
tion.

He added that when cottonseed embryos were bisected

latitudinally and plated on water agar, chalazal halves
were infected more than twice as often as micropyl halves.
He stated that "mycelia usually grew abundantly between the
seed coats and the nucelli, but many embryos appeared un
damaged, so the nucellus might function as either a physical
or a chemical barrier to invasion of the embryo by fungi"
(25, p. 1230).

His findings with cottonseed, together with

similar findings with pea, squash, and peanut by others (15,
33), indicate that invasion of embryonic tissues by
Aspergillus spp. does not necessarily follow invasion of
seed coats, and is not essential for deterioration.

Halloin

then concluded that diffusible fungal toxins and enzymes,
or autolytic host enzyme may also be involved in deteriora
tion of cottonseed by Aspergilli.
Stephenson, Russell, and Ryan's (54) histological
study has revealed A. flavus mycelium in the inner
integument and embryonic tissue of infected and in the

desiccated outer integument of infested cottonseed.

Light

microscopy observation of sectioned BGY A. flavus infected
cottonseed revealed that the fungus invaded the inner
epidermis of the inner integument, but in A. flavus
infested seed, the fungus appeared to be restricted to the
outer epidermis of the outer integument by the columnar
outer epidermis of the inner integument.

They concluded

that A. flavus invasion of embryonic tissue could occur
either through the parenchyma of the chalazal end or through
the seed coat prior to lignification of the outer epidermis
of the inner integument.

This conclusion has been viewed

in light of their finding and the Baranov and Maltzev (9)
study of the structure and development of the cotton plant.
Baranov and Maltzev reported that cells of the outer
epidermis of the inner integument stretch and are
transformed into the columnar tissue of the seed coat.

In

addition these cells are heavily lignified 25 to 35 days
after fertilization.

Although the outer epidermis of the

inner integuments is lacking at the chalazal end, a thick
wedge of parenchyma protects this area.
Cotton bolls (G. hirsutism), 6 to 7 weeks of age and
apparently healthy in appearance have been reported to be
internally infected with various species of bacteria and
fungi, giving the impression of systemic infection and
invasion through nectaries and boll apex (3, 8).

These

workers concluded that microbial entry into the boll in the
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absence of direct penetration was by way of the peduncle,
boll apex, nectaries, splits in the boll suture (especially
of imperfectly formed bolls), by insect punctures, and other
injuries.

Ashworth and Hine (2) disagreed with some of

these conclusions, and experimentally showed that immature
bolls are closed systems that are waterproof and sterile
unless the integrity of either the carpel wall or placentae
is destroyed, barring direct penetration by local or
systemic invaders.

The structural integrity of the immature

boll must be a prime factor in the incidence of a disease
when 75 or more species of microorganisms reported to attack
bolls.

Ashworth and Hine suggested, a basis for grouping

boll pathogens according to their parasitic potential with
the anatomy of the boll being an important consideration for
groupings.

The structural integrity of the boll is un

important to a group of pathogens typified by Glomerella
gossypii, Xanthomonas malvacearum, and Diplodia gossypina,
for they invade directly uninjured carpel tissue.

A second

group of microorganisms, including Erwinia herbicola and
Nematospora spp., are introduced into locules on the
mouthparts of sucking insects.

The structural integrity of

the boll must be lost before a third group of microorganisms
can attack locules.

Pathogens of the third group include

the A. flavus group of fungi, which are unable to infect
either thrifty or senescent carpel tissue (10).

Pathogens

in this latter group require a mechanical opening as an

avenue of entry to locules in order to invade lint.

This

type of opening typically occurs either at fruit maturity
or by insect larvae when they tunnel through walls of
carpels.

Wiles (56) reported that many fungi which were

unable to penetrate the pericarp directly could be isolated
from the locks of uninjured bolls.

He suggested that

invasion may have progressed through natural openings
such as badly fitting valves, glands, etc.
Fiber Penetration by A. flavus
A. flavus has been reported to cause a characteris
tic bright greenish yellow fluorescence (BGY) in the living
infected fiber in connection with a boll rot (21).

DeGruy

and Carra (21) used a descriptive term "Cateye" to refer
to these spots.

They examined the cateye cottons by using

optical and transmission electron microscopes (TEM) which
revealed (a) an unusual cross sectional shape, (b) the
presence of fungal spores and hyphae, and (c) severe damage
to the fiber walls, but they did not indicate whether or not
the fungus penetrated and grew within the fiber lumen.

Basu

and Ghose (10) grouped A. flavus in a non-lumen infecting
species group for jute fibers.

Simpson and Marsh (48)

indicated that A. flavus was unable to penetrate the
secondary walls of cotton fibers due to its weak ability to
decompose cellulose; however, microscopical examination by
Marsh et al. (31) revealed the BGY spots were heavily

infected by fungal mycelium and the fiber was visibly
damaged.

These infected fibers exhibited abnormally high

swelling in alkali, an indication of damage to the outer
fiber wall.

Marsh and Simpson (32) also reported that the

A. flavus spore heads were present on the fiber, on the
outer surfaces of the bolls, and on the pedicels or boll
stalks.
Processors claim that cloth made from cotton with
A. flavus type fluorescent spots does not dye uniformly
and represents a loss to them (30).

The effect of 26

microorganisms on cotton fiber properties has been studied
by Waked (55).

Where samples of lint cotton were

sterilized with propylene oxide and inoculated with A.
flavus spores, strength and elongation were significantly
reduced.

Similar reduction in fiber strength due to A.

flavus infection has been reported by Marsh et al. (31) and
Simbwa-Bunnya and Boyle (47).

MATERIALS AND METHODS
Four experiments were conducted during the 1977 and
1978 season in the Plant Pathology greenhouse at the Mesa
Experiment Station, the Cotton Research Center, Phoenix, AZ,
and in a commercial field (stub field) in south Phoenix, AZ.
Seed varieties and their sources, number of inoculated bolls,
and dates for boll inoculation for the four experiments are
shown in Table 1.
Preparation of A. flavus Culture
A dry mixture of A. flavus propagules was provided
by Dr. Thomas E. Russell of The University of Arizona and
prepared by his co-workers as follows: approximately 1000
A. flavus isolates were obtained from cottonseed, plant
parts, soil, and insects following isolation on Butron
isolation medium and cultured on Czapek solution agar.
Dried spores, mycelia, and sclerotia were combined into one
isolation mixture and used for inoculation.
The same procedures were used in all four experi
ments unless otherwise mentioned.
Inoculation
Flowers were tagged and bolls (25 to 40 days after
anthesis) were selected from the lower most third of cotton
plants and one hole was made in a single locule with a
16
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Table 1.

Seed varieties and sources, number of inoculated
bolls, and inoculation dates for the four experi
ments.

#

Name and
Location

Seed
Varieties

Seed
Source

Greenhouse
Mesa Expt.
Station, AZ

Deltapine 16

Dr. Taylor
U of A

Inoc.
Bolls

Inoc.
Date

30

6/10/78

30

6/10/78

(1)

Naked Mutant

Dr. Waddle
U of Ark.
(2)

Cotton Research
Center
Phoenix, AZ

Deltapine 16

Same as in

30

8/21/78

30

8/21/78

(1)

Naked Mutant

Same as in
(2)

Rhyne Hard
Seed

Texas A & M
University

30

8/21/78

Cotton Research
Center
Phoenix, AZ

Deltapine 16

Same as in

100

8/3/78

Commercial
Field
Phoenix, AZ

Deltapine 61

100

7/18/78

(1)

Deltapine
Company
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Dremel drill with a small pointed bit in order to simulate
pink bollworm exit holes.

A sterile needle immersed in A.

flavus propagules was forced into each hole, after which
the inoculated bolls were tagged.

Bolls in the greenhouse

experiment were covered with plastic bags to maintain high
humidity around bolls to favor fungal growth.

The inoculated

bolls in all experiments were removed after 48, 72, 96, 120,
and 144 hrs in all experiments plus 168 and 196 hrs for the
Cotton Research Center experiment.

The tagged bolls were

examined under a dissecting microscope to select locules
with visible A. flavus structures.
Sample Preparation
Locules were placed in a 50 ml beaker containing
10 ml concentrated sulfuric acid (I^SO^) and stirred with a
clean glass rod for 2"0 min to rapidly delint the seed.
The delinted seeds were rinsed in running tap water for 20
min and left to dry between two layers of paper towels for
10 min.
Histology
The histological procedures used in this study for
cottonseed was a modified method of Sass (46); Berlyn and
Miksche (12); Johansen (29); Herr (28); and Brooks, Anderson,
and Bradley (16).
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Killing and Fixing
The dried seeds were placed in Herr's FPA50 solu
tions ETOH 50% : Formaldyhid:Propionic acid 90:5:5,
respectively overnight.

Additional experiments indicated

that 2 to 3 hrs under vacuum was adequate for this step.
The fixed seeds were then cut longitudinally and cleaned
from any foreign materials.
Dehydration
Seed halves were dehydrated in solutions composed
of graded concentrations of ethanol in tertiary butyl
alcohol (TBA) starting with 50% ethanol and finally in pure
TBA (Appendix A).
Infiltration
The dehydrated seeds were placed on the top of
partially solidified paraffin, covered with a mixture of
equal parts of TBA and petroleum #15 or TBA and mineral oil.
The vials were placed in an oven (calibrated to 56 to 58°C)
for one hour with timing commencing after the seeds sank to
the bottom of the vial.

The last mixture was poured off,

replaced twice with pure melted paraffin for 3 hrs and then
replaced with freshly melted paraffin for 30 min prior to
embedding.
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Embedding
Seed halves were arranged in a clean dry tray for
longitudinal sectioning to which freshly melted paraffin was
added.

Sometimes it was necessary to orient or manipulate

the objects with needles or forceps.

Trays were then

allowed to harden for 1 to 2 min and placed in the
refrigerator freezer or in ice water for 10 to 15 min for
rapid cooling of the paraffin.

Rapid cooling helps reduce

crystal formation in the paraffin.

Trays were stored in a

refrigerator prior to microtoming.
Microtoming
A Spencer "820" Rotary Microtome was used for
sectioning the paraffin blocks.

The knife blade angle was

set at 6 to 8° from vertical so that only the edge touched
the block.

Section thickness was set at 15 to 20 |x.

The

cottonseed coat was too hard to section using the standard
technique (27).

A cotton swab dipped in Elmers Glue-All or

all purpose white glue was wiped over the surface of the
paraffin block before each section was cut.

The glue was

for softening the extremely hard cottonseed coat.

Sometimes

it was necessary to mix the glue with equal parts of tap
water to prevent the glue from drying and this made
sectioning easier.

An old microtome knife with an un-

sharpened edge or a sectioning razor was used, as recom
mended by Brooks et al. (16) for sectioning hard objects.
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Clean slides'were smeared with 1 to 2 drops of Haupt's
Gelatin fixative (27) and dried at room temperature (27°C)
for 5 to 10 min.

The dried slides were flooded with fresh

4% formalin solution prepared daily.

The sections were

placed on the slide, warmed on a warming plate, adjusted to
110-115°F (43-46°C) until the paraffin section smoothed out
and was free of wrinkles requiring a minimum of 8 hrs or
overnight.
Staining
The dried slides were dipped in xylene for 5 min to
remove paraffin, followed by boiling water for 10 min to
remove the glue used to soften the hard cottonseed coat
during sectioning.

Washing out of the glue was necessary to

prevent its interference with the staining process.

Three

different stains were modified and used throughout this
study.

These are Safranin and fast green stain (46),

Bismark brown Martius yellow-fast green stain (54)
(Appendix B), and modified Johansen's Quadruple stain
(16) (Appendix C).

Stained slides were then mounted in

Canada Balsam, cleaned by scrapping off the excess balsam
with a razor blade and/or wiped with a clean cloth dipped
in xylene.
Sclerotial Formation
To determine whether or not sclerotia are found in
naturally infected seed, seed samples were obtained,

examined with the aid of Chromato-vue Ultraviolet (365 nm)
lamp for Bright-Greenish Yellow fluorescence (BGY).
hundred seeds exhibiting BGY were selected.

Five

A like number

was selected which were partially bald seeds (part of the
linter fibers removed during the gin operation) as described
by Cuculla, Lee, and Pons (20).

Twenty seeds from each

were halved, viewed under a dissecting microscope for
sclerotia present and photomicrographs were made.
Fifty fluorescent seeds and a like number of bald
seeds were cut in half.

Half of each seed was plated on a

separate petri dish containing 2% water agar media and the
matching halves of the seed were placed in a refrigerator.
The cultured seed halves were incubated at 30 and 35°C for
10 days and microscopically examined every 48 hrs to see
whether or not sclerotia could be seen in the seed.
Ten fluorescent and ten bald seed obtained from a
gin were cut in half with a razor blade to be used for
scanning electron microscopical examination.

All specimens

were fixed in 3% glutaraldehyde (V/V) in 0.1 M phosphate
buffer pH 7.0 overnight.

Dehydration was carried out in a

graded ethanol (ETOH) series starting with 25% ETOH (V/V)
increasing in 15% increments up to 85%, 95% ETOH and three
changes of 100% ETOH.

The specimens were left for a minimum

of 2 hrs in each solution.

Following ethanolic dehydration,

the specimens were dried to the critical point.

Silver

paint was used to attach the specimens to the stubs.
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Approximately 900 il gold/palladium was vacuum evaporated
onto the specimens prior to observation.
Fiber Penetration
BGY fluorescent fibers from various sources were
examined for the presence of A. flavus and penetration of
the lint.

Sartory's Orseillin B. B. stain (1) was applied

to some of the fibers for 5 min on a microscope slide to
show the presence of the fungus.

Another technique, which

was found helpful, was to plate out wisps of the BGY
fluorescent fibers on the surface of a water agar medium,
incubate at 35°C for 2 to 3 days and stained with a modified
method of Basu and Ghose technique (49).

In this modified

method, some of the incubated BGY fluorescent fibers were
stained with Sartory's Orseillin B. B. stain, steamed for
10 sec on a glass slide, and the excess solution was then
blotted off.

The slide was warmed in lactophenol to

remove as much stain as possible and then mounted in a drop
of fresh lactophenol.
To determine whether or not A. flavus will grow
within the cotton fiber lumen, artificially inoculated
fibers were used.

Cotton fiber of the variety Deltapine 16

(DP 16) was obtained from the Cotton Fiber Laboratory, of
The University of Arizona, Tucson, Arizona and checked under
a compound microscope for any microbial growth.

After

verification, wisps of such fibers were plated on the
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surface of water agar media in petri dishes, dusted using
dried conidia of A. flavus and incubated for 2 to 3 days at
35°C.

The techniques of Marsh and Simpson (32) and Basu

and Ghose (10) were used.

Marsh and Simpson's technique was

used to determine how A. flavus grows on cotton fibers and
its ability to penetrate the lumen through the primary and
secondary walls.

An artificially inoculated fiber was

mounted in 18% sodium hydroxide (NaOH), this medium with
drawn from under the cover slip with a piece of filter paper
touched at the side of the preparation and then Sartory's
Orseillin B. B. stain was added.

The Basu and Ghose

technique was used to examine the ability of A. flavus to
penetrate cotton fibers through the lumen.

Two sets of

fiber (previously checked for microbial growth) were used
to observe whether the segmentation of a fiber would affect
the behavior of A. flavus differently in its growth and
penetration into a fiber or its parts.

One fiber set was

cut into lengths of about 0.5 cm, while the other set was
used with its normal length.

The two fiber sets were plated

on separate petri dishes containing 2% water agar media,
dusted with a dried conidia of A. flavus, and incubated for
2 to 3 days at 35°C.

The fibers were microscopically

examined, and some of these fibers were selected for
photographing.
Naturally infected fibers obtained from a gin and
artificially inoculated fibers of DP-16 obtained from our

laboratory for TEM examining were treated as described
above for cottonseed.

RESULTS
Timing of Seed Penetration and
Infection by A. flavus
In all experiments, a certain number of bolls were
inoculated and two seeds located near the hole drilled into
the boll were externally examined with a dissecting micro
scope for A. flavus growth.

All these seeds were acid

delinted, histologically processed and sections made of them
were examined with a compound microscope for A. flavus
penetration and infection within these seeds.
In the greenhouse experiment (Table 2), A. flavus
was observed on the surface of 65% of the examined seeds;
meanwhile, A. flavus was detected in only 10% of the
examined seeds.

The fungus was visible on the seed surface

within 48 hrs, while a minimum of 144 hrs was required
before the fungal penetration could be observed in seeds.
In the Cotton Research Center experiment, of August
1977 (Table 3), A. flavus was observed on the surface of
76.5% of the examined seeds, while A. flavus was detected in
36.4% of the examined seeds.

The fungus was able to

colonize and grow on the seed surface within 48 hrs, while
a minimum of 120 hrs after boll inoculation was required
for the fungal penetration into the seeds.
26
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Table 2.

Number of inoculated bolls, seeds examined, and
seeds with external and internal growth of A.
flavus from 48 to 144 hrs after boll inoculation
in the Plant Pathology greenhouse June 1978, Mesa
Experiment Station, AZ.

Post
inoculation
time
hrs

Inoculated
bolls3

Seeds
examined3

Seeds with
external
growth13

Seeds with
internal
growth0

#

#

#

48

12

24

10

0

72

12

24

13

0

96

12

24

15

0

120

12

24

19

0

144

12

24

20

12

60

120

77

12

65

10

Total

#

j

Per Cent
aDP

16 and Naked Mutant varieties were equally
represented.
Examined with a dissecting scope.
£

Examined with a compound microscope.

Based on total number of seeds examined.
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Table 3.

Number of inoculated bolls, seeds examined, seeds
with external and internal growth of A. flavus
from 48 to 168 hrs after boll inoculation at the
Cotton Research Center, August 1977, Phoenix, AZ

Post
inoculation
time

Inoculated
bollsa

Seeds
examined

Seeds with
external
growth

Seeds with
internal
growth0

hrs

#

48

15

9

4

0

72

15

15

10

0

96

15

24

18

0

120

15

24

19

9

144

15

30

23

20

168

15

30

27

19

90

132

101

48

Total

#

#

#

Per Centd

76.5

36.4

DP 16, Naked Mutant, and Rhynes hard seed varieties
are equally represented.
With a dissecting scope.
cWith

a compound microscope.

Based on the total number of seeds examined.
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In the Cotton Research Center study of August 1978
(Table 4), A. flavus was observed on the surface of 82.5%
of the examined seeds, while A. flavus was detected in 33%
of the examined seeds.

Time for the fungal colonization and

internal growth in this experiment was the same as for the
1977 Cotton Center Research experiment.
In the stub field experiment of August 1978 (Table
5), A. flavus was observed on the surface of 80.5% of the
examined seeds, while A. flavus was detected in 35% of the
examined seeds.

Time for the fungal colonization and

internal growth in the experiment was the same as for both
the Cotton Center Research experiments of 1977 and 1978.
Points of Cottonseed Invasion by A. flavus
Initially, fluorescent and bald seeds were acid
delinted and incubated on 2% water agar media for 24 to 48
hrs at 35°C.

Indirect information observed from such

experiments are shown in Fig. 1.

The fungus regularly grew

back out of the chalazal ends and the micropylar opening
within 24 hr.

When samples of these seeds were cut longi

tudinally and examined under a dissecting scope, a heavy
growth of A. flavus was observed between the seedcoat and the
embryo.

When these samples were incubated again for 2 to

3 more days and were re-examined, A. flavus completely
covered the seed surface.

Additionally, A. niger was

observed in 10 to 20% of the seeds and sclerotia-like
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Table 4.

Number of inoculated bolls, seeds examined, and
seed with external and internal growth of A.
flavus from 48 to 192 hrs after bolls inoculated
at the Cotton Research Center experiment,
August 1978, Phoenix, AZ

Post
inoculation
time

Inoculated
bollsa

Seeds
examined

Seeds with
external
growth

Seeds with
internal
growth0

hrs

#

#

#

48

15

30

17

0

72

15

30

21

0

96

15

30

25

0

120

15

30

24

10

144

15

30

29

15

168

10

20

19

18

192

15

30

30

23

100

200

165

66

Total

82.5

Per Cent
aBolls

of DP 16 variety.

Examined with a dissecting scope.
°Examined with a compound microscope.
j

Based on total number of seeds examined.

#

33.0
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Table 5.

Number of inoculated bolls, seeds examined, seeds
with external and internal growth of A. flavus
from 48 to 192 hrs after bolls inoculated in the
stub field, July 1978, Phoenix, AZ.

Post
inoculation
time

Inoculated
bolls

Seeds
examined3

Seeds with
external
growth

Seeds with
internal
growth0

hrs

#

#

#

48

15

30

20

0

72

15

30

19

0

96

15

30

23

0

120

15

30

25

10

144

15

30

27

18

168

10

20

18

26

192

15

30

29

26

100

200

161

70

Total
Per Cent

80.5

aBolls

of DP 61 variety.

Examined with a dissecting scope.
Examined with a compound microscope.
Based on total number of seeds examined.

#

35.0
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Fig. 1.

A. flavus growing from incubated fluorescent seed.
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structures were also observed in some of the seed examined
(10 to 20%).
In all experiments, A. flavus was observed on the
seedcotton surface collected 48 to 192 hrs after boll
inoculation.

Following acid delinting and histological

processing the fungus was not observed within these seeds
until.120 and 144 hrs after boll inoculation in the green
house and the other experiments, respectively.

Points of

invasion by the fungus 120 hrs and more after boll inocula
tion are shown in Table 6.

Two approaches were used to

determine points of cottonseed invasion: (a) where the
mycelium first appeared, and/or (b) where the most mycelium
accumulated.

These data are shown in Table 6.

Interpretation of the data in Table 6 indicates that
chalazal ends and more than one penetration point (Fig. 2)
represent 71.4% by which the fungus penetrated.

The fungus

was mostly observed to invade seeds through the micropylar
opening in the Cotton Research Center experiment of 1977
(Fig. 3) and through the chalazal ends (Fig. 4) in the other
experiments.

The seed coat appeared (Fig. 5) to have the

least favorable route by which the fungus penetrated (10.7%).
The fungus was observed within the seed coat layers (Figs.
6, 7) and in some cases causing a distortion of these layers
(Fig. 8).

Once the embryonic tissue was infected, the

fungus can grow and in some cases penetrate the glands
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Table 6.

Points of cottonseed invasion by A. flavus in the
four experiments during 1977 and 1978.
Seeds invaded by A. flavus through

Experiments

Seeds
examined

Chalazal
ends

Micropylar
opening

Seed
coat

More than
one pene
tration
point

Greenhouse

12a

3

2

2

5

CRC (1978)

66b

22

9

7

28

CRC (1977)

48C

9

12

5

22

Stub field

70d

25

12

7

26

59

35

21

81

30.1

17.9

10.7

41.3

196

Total
Per Cente
£

DP 16 and Naked Mutant varieties are equally
represented.
bDP

16.

Q

DP 16, Naked Mutant, and Rhynes Hard Seed varieties
are equally represented.
dDP

6

61 seed.

Based on total number of seeds examined.
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Fig. 2.

Cross section of DP 16 seed shows A. flavus in the
chalazal end, within seedcoat, and between the
seedcoat and the embryo.

Fig. 3.

Cross section of DP 16 seed shows A. flavus
sclerotia in the micropylar ends.
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Fig. 4.

Cross section of Naked Mutant Seed shows A. flavus
colonizing the chalazal ends.

Fig. 5.

Cross section of DP 16 seed shows A. flavus heads
and mycelium invasion through the seedcoat.
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Fig. 6.

Cross section of Naked Mutant Seed shows A. flavus
heads within the seedcoat layer
•
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Fig. 7.

Cross section through healthy seedcoat layers of
Rhynes Hard Seed.

Fig. 8.

A. flavus mycelium, heads, and sclerotia growing
within the seedcoat layers (eg) of Naked Mutant
Seed and causing a distortion of these layers
(e2/ e3, and e4).
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(Fig. 9).

Walls of the invaded glands appeared darker

than the walls of normal seed (Fig. 10).
Varietal Response to Boll Inoculation
by A. flavus
The invasion rate of the fungus was lower in Rhynes
Hard Seeds (18.7%) than DP 16 (31.0%), DP 61 (35.0%), and
Naked Mutant (21.8%) (Table 7).

Most of the Rhynes Hard

Seeds have well organized chalazal ends (Fig. 11) when
compared with the chalazal ends of the other varieties
(Fig. 12).
Naked Mutant seed appeared to be more resistant to
the fungus than DP 16 and DP 61 varieties.

This resistance

may be due to the almost total absence of fuzz on the Naked
Mutant seed.

An attempt has been made to test this

hypothesis, but without satisfactory results.

Five seeds

of each variety were acid delinted, cultured on 2% water
agar media, inoculated with A. flavus, and incubated for
2 to 3 days at 35°C.

A. flavus growth appeared the same

on the three tested varieties.

A like number of the three

varieties were treated as before but without acid delinting.
In this case, A. flavus growth was less on Naked Mutant
than the other two varieties.
variable.

Results were, however,
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Cross section through a healthy intact gland of
DP 61 seed variety — The embryonic tissues around
the gland also appeared intact.
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Fig. 10.

Cross section through an infected gland of DP 16
seed variety with A. flavus — The gland wall
appeared dark and the embryonic tissues around
the gland is collapsed.

Table 7.

Varietal response to boll inoculation by A. flavus.

Inoculated
bolls

Seeds
examined

Seeds with
external
growth

Seeds with
internal
growth

#

#

#

%a

DP 16

160

310

275

88.7

96

31.0

DP 61

100

200

161

80.5

70

35.0

Naked Mutant

60

110

78

70.9

24

21.8

Rhynes Hard Seed

30

32

21

65.6

6

18.7

350

752

535

Variety

Total
Per cent

71.1

#

%a

196
26.1

aPercentage of seeds with external and internal growth is based on the
seeds examined.

Based on total number of seeds examined.
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Fig. 11.

A well organized chalazal end of Rhynes Hard Seed.
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Fig. 12.

A. flavus mycelium and sclerotia colonizing the
poorly organized chalazal end of DP 16 seed —
The chalazal tissues also appear to be
collapsed.

Sclerotial Formation on Fiber and
within Cottonseed
Slides, made of the processed seeds for the
histological study, were over examined for the presence of
sclerotia, and these data are shown in Table 8.

In the

greenhouse experiments, no sclerotia were formed up to 144
hrs after boll inoculation, but when samples of these seeds
were cultured on 2% water agar media at 35°C for more
2 to 6 days, sclerotia-like bodies formed.

than

These sclerotia-

like bodies were observed either on the seed surface (Fig.
13) or between the seedcoat and the embryo (Fig. 14).

In

the Cotton Center Research experiments of 1977 and 1978,
sclerotia were formed 168 and more hrs after boll inocula
tion.

These sclerotia-like bodies were larger and more

numerous in the Cotton Research Center experiment than the
greenhouse experiment.

In addition, these sclerotia-like

bodies of the Cotton Research Center experiments formed
more toward the chalazal ends than the micropylar opening,
pushed their way to the embryo, and caused some distortion
to the latter (Fig. 15).

In the stub field experiment,

sclerotia-like bodies were observed within the embryo
itself (Fig. 16).

Tissues around the formed sclerotia-like

bodies appeared to be collapsed.
Sclerotia-like bodies were formed in the cultured
fluorescent and bald seeds (Table 9).

Twice as many of

cultured seed containing sclerotia-like bodies in the
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Table 8.

Sclerotial formation within cottonseed in the four
experiments during 1977 and 1978

Seeds with sclerotia-like bodies in expts at
Post-inoc
time
(hrs)

Greenhouse

48-144
168

Cotton
Research
Center
1978

Cotton
Research
Center
1977

Stub Field

0

0

0

10

9

9

8

7

8

18

16

Seed examined
examined
140

200

192-more
Total

Per cent

5.7

9

132

200

6.8

8

Seeds were cultured on 2% water agar media and
incubated at 35°C.
Not examined.
cPer

cent of seed contain sclerotia based on the
total examined seed.

Fig. 13.

Sclerotium-like body of A. flavus on the surface
of DP 16 seed in the greenhouse experiment.

Sclerotia initials of A. flavus between the
seedcoat and embryo of DP 16 seed in the green
house experiment.
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Fig. 15.

Sclerotia-like bodies of A. flavus in and below
the chalazal end and between the seedcoat layer
(e^) and the embryo of DP 16 seed in the Cotton
Research Center experiment, 1977.
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Fig. 16.

Sclerotia-like bodies of A. flavus within the
embryonic tissue of DP 61 seed in the stub field
experiment — Embryonic tissue around the
sclerotia appeared to be collapsed.
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Table 9.

Sclerotia formation within the incubated
fluorescent and bald halves of seeds for 10 days
at 8, 30, and 35°C.
# of seed halves with
sclerotia-like bodies

Post incubation
time (days)

Seeds
cultured
#

2

Fluorescent
seeds incubated
at

Bald seeds
incubated at

8°C

30°C

35°C

8°C

30?C

35°C

20

0

0

0

0

0

0

4

20

0

3

0

0

1

0

6

20

0

2

1

0

2

1

8

20

0

4

2

0

2

2

10

20

0

2

3

0

1

0

100a

0

11

6

0

6

3

0

44

24

0

24

12

Total
Per cent*3

clFifty seeds from each the fluorescent and bald
seeds.

T_

Based on the 50 seeds examined.
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fluorescent (Fig. 17) than in the bald seeds (Fig. 18).

At

30°C, number of sclerotia-like bodies were more numerous
and formation time was earlier than at 35°C incubation for
both fluorescent and bald cultured seeds.

No sclerotia-

like bodies, sclerotia initials, or even any growth type of
the fungus were observed in the matching halves of
fluorescent and bald seed which had been placed in the
refrigerator (8°C).
Sclerotial or sclerotia initials were never observed
within cotton fiber during this study.

Accidentally,

sclerotia were observed on the surface of two cotton locks.
One of them is of DP 16 variety and was present more than
one month after bolls inoculation in the greenhouse experi
ment.

The second lock found in our laboratory had pathogen

from an unknown source and was identified (Fig. 19).
Sclerotia samples of the last lock were cultured on 2% water
agar media at 35°C for 4 to 5 days, and thereafter, A.
flavus was observed growing from them.
Scanning electron micrographs of fluorescent and
bald seeds, obtained from a gin, are presented in Figs. 20
to 26.

Sclerotia-like bodies were concentrated in the

chalazal ends, micropylar side, and between the seedcoat
and the embryo (Fig. 20).

High magnification of one of

these sclerotia revealed interwoven hyphal strands on their
surface (Figs. 21, 22) with an emerging or scattering
conidia, during the preparation process (Fig, 11)_,

A cross
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Fig. 17.

Sclerotia of A. flavus inside the fluorescent
seed in large numbers and size than the bald
seeds of Fig. 18.
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Fig. 18.

Sclerotia of A. flavus inside the bald seed in
small size and numbers than the fluorescent seed
of Fig. 17.
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Fig. 19.

Sclerotia-like bodies of A. flavus on the surface
of a cotton lock.
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Fig. 20.

Fluorescent seed shows sclerotia-like bodies of
A. flavus in the chalazal end, micropylar
opening, and between the seedcoat and the embryo
— The fungal conidiophore and heads also appeared
toward the micropylar opening.
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Fig. 21.

A close-up of Fig. 20 shows one of A. flavus
sclerotia with its interwoven hyphal strands.

Fig. 22.

Close-up of Fig. 21 shows more details of the
sclerotial hyphal strands surrounding the
sclerotial surface.
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Fig. 23.

A portion of Fig. 22 shows the emerging or
scattering conidia on the sclerotial surface —
One of the echinulated hyphal strands also
appeared.

Fig. 24.

Cross section through one of the sclerotia of
Fig. 20 shows the honeycomb-like interior
organization with some scattered conidia.

Fig. 25.

Echinulated conidiophore and head of A. flavus
emerging from one of the sclerotia-like bodies
of Fig. 20.

64

VBf"
K^SIPI^'I'

"v

pBEj
£•">

PM

§Um-m*
"/",'

Fig. 26.

Sclerotial initiation of A. flavus with thick
conidiophores-like structure.
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section through one of these sclerotia showed a honeycomblike interior organization with some scattered conidia (Fig.
24).

Cohidiaphores and heads frequently were observed to

emerge from these sclerotia-like bodies and appeared toward
the micropylar side (Figs. 20, 25).

Sclerotia initiation

with thick conidiophores-like structure are shown in Fig. 26.
Association of A. flavus with Lint
Microscopical examination of the BGY fluorescent
fibers obtained from the stub field and gin samples (10
slides of each) revealed abundant mycelium, conidiophores,
and conidia heads of A. flavus on or in them (Fig. 27).
Fungal mycelium often were wound around the fiber surface
(Fig. 28), growing in the secondary or primary wall and/or
in the lumen (Figs. 29, 30).

Conidiophores usually grew

perpendicular to the fiber surface (Fig. 31), however not
in all cases (Fig. 32).

Fungal spores were commonly

observed in the secondary and primary walls, and inside the
fiber lumen (Fig. 33).
To determine whether A. flavus would penetrate and
grow in or on fiber cell walls and their lumen, 20 samples
of the DP 16 variety which were inoculated in our laboratory
were stained and microscopically examined.

The perpendicu

lar growing conidiophore of A. flavus was attached to the
fiber surface by a foot-cell like structure (Fig. 34) in
five out of the 20 examined samples.

The conidiophore of

Fig. 27.

A. flavus mycelium, conidiophores, heads, and
conidia growing on and/or in the BGY fluorescent
cotton fibers of the stub field experiment,
Phoenix, AZ.

Fig. 28.

A. flavus mycelium wound around, and growing in
and/or on the primary and secondary cell wall of
the BGY fluorescent cotton fibers.
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^lavus mycelium and conidia in the lumen of the
BGY fluorescent cotton fiber.

'

Fig. 30.

The same as in Fig. 29 with A. flavus hyphae-like
structure emerging from inside ward and causing
breakdown of the fiber cell walls.
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Fig. 31.

A. flavus conidiophore growing perpendicular to
the surface of BGY fluorescent cotton fiber.

Fig. 32.

A. flavus conidiophore growing in nonperpendicular manner to the surface of BGY
fluorescent cotton fiber.

Fig. 33.

A. flavus conidia and mycelium inside the BGY
fluorescent cotton fiber.

Fig. 34.

Perpendicular conidiophore of A. flavus attached
to DP 16 cotton fiber by a foot-cell like
structure.
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A. flavus was attached to the fiber surface by an aerial
mycelium, and the latter appeared to be growing inside the
fiber (Fig. 35) in two out of the 20 samples examined.

A

giant cell-like was observed either outside (Fig. 36) or
inside (Fig. 37) the fiber in three and two samples,
respectively.

In both cases, one or more conidiophore

(Fig. 38) with conidia were observed growing out of the
giant cell-like.

Clear connection between the aerial and

inside fungal structure was observed in two cases and
seemed to be associated with previous breakdown of the cell
wall (Fig. 39).

When Basu and Ghose techniques (10) were

used to determine how the segmentation in cotton fiber
would affect the ability of A. flavus to penetrate through
the lumen, no differences were observed between the fibers
with normal length (30 mm) and those of 5 mm.
Scanning electron micrographs of naturally
infected fibers obtained from a gin and the laboratory
inoculated fibers of DP 16 variety are shown in Figs. 40 to
46.

A. flavus head with sterigmata bearing echinulated

conidia and conidiophore is shown in Fig. 40.

The

laboratory inoculated fibers in Fig. 41 appeared to be
colonized with A. flavus.

Fungal mycelium wrapping around

the fiber surface and numbers of conidia appeared inside
one of these fibers.

High magnification micrographs of the

same fiber (Fig. 42) revealed cracks in the cell wall and
the fungus appeared to grow for a long distance on the fiber

Fig. 35.

The conidiophore of A. flavus attached to the DP
16 cotton fiber by an aerial mycelium, and the
latter appear to be growing inside the fiber.

Fig. 36.

The conidiophore of A. flavus attached to the DP
16 cotton fiber by a giant cell-like structure,
and the latter appear to be growing outside the
fiber surface.

Fig. 37.

The same as in Fig. 36 but with the giant cell
like structure formed inside the fiber.

Fig. 38.

The same as in Fig. 37 but with two conidiophores
emerging from giant cell-like structure.
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Fig. 39.

A clear connection between the aerial and inside
fungal structure of A. flavus in DP 16 cotton
fiber which seemed to be associated with breakdown
of the cell walls.
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Fig. 40.

•••

Scanning electron micrograph of an echinulated
conidiophore of A. flavus — The conidiophore
swelling at the tip to form the vesicle, and the
latter bearing sterigma. Conidia also appeared
to arise and form from the apex of these sterigma.
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Pig. 41.

Scanning electron micrograph shows A. flavus
mycelium colonies in the laboratory inoculated
fiber of DP 16 — The fungal mycelium also
appears to wrap around and to grow on the fiber
surface.
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Fig. 42.

Close-up of a fiber of Fig. 41 shows the conidia
germinated and growing on the fiber surface —
Cracks also appeared on the fiber surface.
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Fig. 43.

Scanning electron micrograph shows A. flavus
conidiophores growing perpendicular to the surface
of naturally infected fibers with numbers of
conidia scattering on the fiber surface.

Fig. 44.

Close-up of Fig. 43 shows conidia chain inside
the fiber — An area along the fiber appeared to
be destroyed by the growing organism(s).
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Fig. 45.

A. flavus conidiophore attached to the cotton
fiber.
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Fig. 46.

A. flavus conidiophore attached to the surface of
naturally infected cotton fiber — Fungal hyphae
grow along the fiber surface and connecting the
conidiophore.

surface.

One of the naturally infected fibers (Fig. 43)

with conidia-like structure within the fiber, conidiophore
and head emerged and grew perpendicular to the fiber
surface.

An area along the same fiber appeared to be

destroyed by the growing organism (Fig. 44).

Two types

of A. flavus attachment to the cotton fiber are shown in
Figs. 45 and 46.

DISCUSSION

Timing of Seed Penetration and
Infection by A. flavus
A. flavus growth was observed on the seed surface from
artificially inoculated bolls as early as 48 hr following
inoculation in all four experiments.

Fungal penetration

and growth within these seeds was not observed prior to
a 144 and 120 hr past inoculation time in the greenhouse
and the other experiments, respectively.

The sulfuric acid

delinting step may have destroyed any mycelium that was
present at the 48 and more hrs after inoculation times, and
this may also indicate that fungal growth at these times
is primarily on the seed surface.

A minimum of 144 and 120

hrs after inoculation in the greenhouse and the other
experiments, respectively, were required for the fungus to
penetrate and grow within the seedcoat.

Fungal growths

were evident in 28.6% of the seed after 192 hrs after boll
inoculation.
Points of Cottonseed Invasion by A. flavus
It appears from the histological study that A.
flavus first attacks fibers and fuzz and uses them as a
vehicle to reach the seed surface.

The fungus can penetrate

and grow within the chalazal end of the seed, the micropylar
86
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opening, and even the seedcoat.

The fungus can then attack,

and in some cases destroy the embryonic tissue.

It was

quite evident that the chalazal end represented the easiest
route by which A. flavus can penetrate the seed.

This is in

agreement with Halloin (2 5) and Stephenson et al, (.54).

The

latter authors indicated that A. flavus invasion of
embryonic tissue could occur through the parenchyma of the
chalazal end or through the seedcoat prior to lignification
of the outer epidermis of the inner integument.

In addition,

Baranov and Maltzev (9) reported that the columnar tissue of
the seedcoat are heavily lignified 25 to 35 days after
fertilization, although the outer epidermis of the inner
integuments is lacking at the chalazal end a thick wedge of
parenchyma protects this area.

It was also quite evident

that the seedcoat presented the greatest obstacle for the
fungus to penetrate the seed (Table 6).

This apparent

difficulty in seedcoat penetration may not be due to the
seedcoat itself but may be due to the weak ability of A.
flavus to penetrate the seedcoat directly (23), unless some
types of wounds or cracks are present on the seedcoat
surface.

A. flavus, and probably other fungi, can apparently

penetrate the seed by more than one penetration point (Fig.
2).

This was quite evident from the highest value in

Table 6 of A. flavus invasion through more than one penetra
tion point.

Varietal Response to Boll Inoculation
by A. flavus
It was evident from this study that the Rhynes Hard
Seed is more resistant to A. flavus penetration than the
other varieties tested (Table 7).

The finding in this

research is in agreement with that of Christiansen and
Justus (19).

They reported that hard seed has a massive,

well organized chalazal cap which adheres strongly to the
palisade layer of the seedcoat as the maturing seed dries.
Then, they added that, in the center of the chalazal cap is
a plug of wax and pectin which dissolves at a slow rate
under natural conditions of repeating wetting, no doubt
mediated by bacterial or fungal action or both.
Sclerotia Formation on Fibers and
within Cottonseed
It is evident from this study that sclerotia or
sclerotia initiations are formed in and/or on cottonseed
and in some cases on fibers.

Not all A. flavus strains are

capable of producing sclerotia (42).

Sclerotia formation

requires certain conditions of carbon-nitrogen balance,
temperature, and no doubt others.

This may be the reason

why sclerotia or its initiation was not observed frequently
in this study.

In addition, the A. flavus inoculum used in

this study, as mentioned in the Materials and Methods
section, was composed of approximately 1000 A. flavus
isolates obtained from different sources and combined in

one isolate.

This combined inoculum yielded 50% sclerotia

producing strain and 50% non sclerotia producing strain.
Rudolph (44) reported that sclerotia of Aspergilli in
general were formed best at temperatures that were optimal
or below optimal for mycelia growth.

He further stated that

sclerotia of two out of three A. flavus strains were favored
by lower temperatures (25 to 30°C) than those supporting
optimum vegetative growth (34°C).

The temperature and/or

other conditions may be responsible for the absence of
sclerotia in the fluorescent and bald seeds, but when
samples of these seeds were incubated at 30 to 35°C for
1 to 10 days, sclerotia or their initiation were formed.
Benjamin (11, p. 679) described the ascocarp of
Emericell sp. (the perfect stage of A. flavus) as follows:
"The asocarp seems to originate from a loosely looped coil
of hyphae similar to those which give rise to the
conidiophores .... Sections of the older ascocarps wall
are composed of interwoven hyphal strands, more or less
compressed, of three to six layers at maturity."

Rudolph

(44) also reported that the mature sclerotium had two types
of tissues: a pigmented external rind made up of a layer
three or four cells thick with cells having very thick
walls, and the internal core made up of colorless, thick
walled cell.

Similar to the compressed layers of Benjamin

and the pigmented external rind of Rudolph is shown in

Figs. 47 and 48.

This may also be responsible for the dark

appearance of stain in the sclerotial wall.
Rudolph (44) reported that when conditions are
favorable for sclerotia formation within seeds, it is
apparently as a series of side branches from a hyphal
strand.

He was not able to follow the branching beyond

the early stages because of the rapidity of proliferation
of the branches as the sclerotium developed.

He added that

in the very young sclerotium, the hyphae were thicker and
had more and shorter cells than normal vegetative hyphae.
This rapid proliferation of the branches and/or the
histological process may be responsible for the collapse
of the embryonic tissues around the formed sclerotia
(Fig. 49).
Association of A. flavus with Lint
Results reported in this study indicated the
presence of A. flavus growing in and on the fiber and this
supports our hypothesis that the first step of the fungus
in penetrating cottonseed is growing and colonizing fibers
and fuzz of the seed.

This hypothesis seems in agreement

with that of Marsh et al. (31).

They indicated that "It

was considered as a possibility that the production of
fluorescence might in some way entail infection of the
seed" (31, p. 1015).

It was also noticed from this study

that the fluorescent fibers were easy to pull out by hand

91

Fig. 47.

Cross section through sclerotia-like bodies of A.
flavus shows the compressed layers described by
Benjamin (11).
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Fig. 48.

Cross section through sclerotia-like bodies of A.
flavus shows the pigmented external rind described
by Rudolph (44).
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Fig. 49.

Cross section through sclerotia-like bodies of A.
flavus growing inside a DP 61 seed — The embryonic
tissue around the growing sclerotia appeared to be
collapsed.
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from their seeds and a strength hand testing on these fibers
indicated they are weak.

The ability of A. flavus to cause

strength loss plus appearance of a fluorescence was estab
lished in experiments conducted by Marsh et al. (31) and
Waked (55).

Apparently, fluorescent spots in the fibers

are associated with serious difficulties in spinning and
dyeing which was reported by many workers (30, 32, 43).
Precise knowledge of mode of A. flavus penetration
will not be easily determined until laboratory techniques
are developed that cause less disturbance of fungal struc
ture in and/or on the fibers.

Connections were observed

through the cell wall between surface hyphal and lumen
hyphae (Fig. 39), but even in most such cases the direction
of penetration, i.e., whether from outside inward or vice
versa, remained uncertain.

Few instances were seen in

slides made of the artificially inoculated fibers in which
the A. flavus hyphae had penetrated only half way across
the wall from outside inward (Fig. 50).

Since the segmenta

tion in cotton fibers did not affect A. flavus penetration
into the lumen, we suggest that the fiber is normally
reached by penetration of the cell wall.

Similar observa

tion has been reported by Basu and Ghose (10) on jute
fibers.
The scanning electron microscope (SEM) was not very
helpful in defining the A. flavus behavior related to
penetration of cotton fiber; however, the transmission
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Fig. 50.

A. flavus hyphae penetrated only half way across
the wall of the laboratory inoculated fibers —
Fungal penetration appeared to take place from
outside inward (the fiber on the right).
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electron microscope may be useful.

It is evident from the

SEM photographs that A. flavus conidia first attached to
the fiber surface, germinated, wrapped around the fiber and
frequently wound for long distance within the secondary
and/or the primary cell wall (Figs. 41, 42).

From the cell

wall, the fungus can either penetrate the lumen and/or grow
back to the fiber surface on where the conidiophore and
heads may be formed (Fig. 43).

CONCLUSIONS

Based on the results of the experiments conducted,
and microscopic examinations made, the conclusions of this
study are:
1.

A. flavus mycelium can be found on seedcoat 48 hrs
following boll inoculation.

2.

A minimum of 120 hrs after boll inoculation is
required for the fungal penetration into the
cottonseed.

3.

The fungus penetrates the cottonseed through the
chalazal end, micropylar opening, seedcoat, and/or
through a combination of these points.

The fungus

was occasionally observed within the glands of
embryonic tissue.
4.

The invasion rate of the fungus into the cottonseed
varied among the varieties studied.

Rhynes Hard

Seed was found to be the most resistant followed
by Naked Mutant, DP 16, and DP 61.
5.

Sclerotia of A. flavus can be formed either on the
surface and/or within cottonseed when environmental
conditions are favorable.

6.

A. flavus can grow on the fiber surface, in the
secondary and primary wall, and/or in the lumen.
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Sclerotia of the fungus were never observed within
the fiber.

APPENDIX A

THE DEHYDRATION SCHEDULE (46)
1.

ETOH 50% for 2 hrs

2.

ETOH 70% overnight

3.

ETOH 85% for 1 hr

4.

ETOH 95% for 1 hr

5.

ETOH 100% for 1 hr

6.

Pure TBA rinse

7.

Pure TBA overnight

8.

Pure TBA rinse
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APPENDIX B

THE BISMARK BROWN-MARTIUS YELLOW AND
FAST GREEN STAIN
1

Xylene for 5 min

2

Dip in boiling water for 10 min .

3

Xylene for 5 min

4

Xylene and ETOH in equal parts for 5 min

5

Bismark brown Cl% dissolved in ETOH 70% for 15 min)

6

Wash in running tap water for 5 min

7

ETOH 70% and methyl cellusolve in equal parts"'" for
5 min

8

Martius yellow (1% dissolved in ETOH 70%) for 10 min

9

Wash in running tap water for 5 min

10

Repeat step #7^ for 5 min

11

Fast green (2% dissolved in ETOH 70%) for 5 min

12

Repeat step #9 for 5 min

13

Repeat step #7"*" for 5 min

14,

Mixture of equal parts of ETOH 70%
Methyl cellusolve and olive oil for 15 min

15,

Clean xylene

"'"Mixtures must be changed when colored.
100

APPENDIX C

THE MODIFIED JOHANSEN'S QUADRULE STAIN (2)
1.

Xylene for 5. min

2.

Dip in boiling water for 10 min

3.

ETOH 95% for 5 min

4.

ETOH 70% for 5 min

5.

Safranin 0 solution 6 hrs

6.

Rinse in running tap water for 5 min

7.

1% aqueous methyl violet 2B for 10 min

8.

Repeat step #6

9.

Rinse in a mixture of equal parts of ETOH 95%,
methyl cellusolve, and TBA"'" for 15 sec

10.

Fast green (1% dissolved in ETOH 95%) for 15 min

11.

Repeat Step #6

12.

Rinse in a mixture of equal parts of ETOH 95%, TBA,
. 1 for 30 sec
and 0.5% glacial, acetic acid

13.

Orange G (1% dissolved in a pure methyl cellusolve)
for 5 min

14.

Repeat step #6 for 10 min

15.

Rinse in a mixture of equal parts of clove oil,
methyl cellusolve, and ETOH 95for 30 sec

16.

Clean xylene until mounting
"^Mixtures must be changed when colored.
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