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ABSTRACT .

From light and electron microscope studies it was 
determined that microsclerotia of Verticillium albo-atrum 
contain thick- and thin-walled cells, which confirms 
observations by others. The former contained nuclei, lipid 
bodies, and mitochondria in an "organized" cytoplasm. The 
contents of the latter cells were either amorphous or 
included a few lipid bodies. Three types of hyphae were 
recognized: (1) cells contained a large number of lipid
bodies, mitochondria, and a small proportion of granular- 
appearing cytoplasm; (2) cells contained a few lipid bodies, 
a large number of mitochondria, and a large proportion of 
granular-appearing cytoplasm; (3) cells contained a few 
lipid bodies and the endoplasm appeared as a reticulum. The 
three types were found among the various growth-stages of 
X-20 The first type was characteristic of the thick-walled 
cells of microsclerotia and of cells close to microsclerotia

t.

in hyphae "bearing" microsclerotia. The third form was 
associated with germ tubes and young hyphae. Although all 
three types were noted in mycelia grown on potato dextrose 
agar and in Czapek's broth, the first two were particularly 
associated with agar-grown mycelia; the third type was most 
common in broth.

vi
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Hyphae of a nonmicrosclerotia-forming strain grown 

either in broth or on agar were similar in appearance to the 
second type of hyphae produced by the microsclerotia-forming 
isolate. However, cells of the nonformer appeared to 
contain more and larger mitochondria.

Hyphae of both isolates had septal pores similar in 
appearance to described simple pores. Associated with the 
pores was electron-dense material which, in some cases, 
appeared to be surrounded by a membrane.

A number of conidia were noted within vessels in the 
xylem of infected cotton plants. In many cases these 
appeared to be adhering to walls of the vessels. Others 
were noted in pit cavities. In one instance a germ tube was
noted on a torus.



INTRODUCTION AND REVIEW OF LITERATURE

According to Rudolph (34), Verticil!ium albo-r-atrum 
Reinke and Berth, was first isolated by Reinke and Berthold 
in 1879 from diseased potato plants. In describing and 
illustrating the fungus they termed its resting mycelium as 
a form of sclerotium. According to Presley (29), Klebahn 
isolated in 1913 a Verticillium species from dahlia (Dahlia 
sp ?), which he considered to be so different from V. albo- 
atrum that it was named Verticillium dahliae Kleb. The 
differences between these two species primarily lay in their 
ability to produce microsclerotia: V. dahliae produced
"true" microsclerotia, whereas V. albo-atrum produced only 
"dauermycelium" (dauermycelium is a German word referring to 
permanent or "resting" mycelium).

These reports have created confusion in the nomen
clature of Verticillium spp. As a consequence, investigators 
of Verticillium are divided into two groups: one considers
the different forms of Verticillium as different species 
(17, 18, 32, 37) that should be appropriately named; the 
second group feels that the different forms could be classi
fied as biotypes of Verticillium albo-atrum Reinke and Berth. 
(8, 29, 34).

Verticillium albo-atrum is in the order Moniliales 
of the Fungi Imperfecti. The fungus life-cycle includes
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the formation of hyphae, cohidia, resting mycelia, and 
microsclerotia; no sexual stage is known.

The vegetative hyphae are hyaline or lightly 
colored, conidiophores are hyaline or the basal cells may 
darken. Resting mycelia, chiamydospores, and microsclerotia 
are typically dark olive-brown to black. The septate, erect 
conidiophores may be unbranched. In such cases conidia are 
formed at the apex. The species designation, however, is 
based on verticillate branches. These may terminally bear 
conidia, or they may give rise to secondary verticillate 
branches (phialides) which bear conidia at their apices. A 
single conidium may be present or these may aggregate as a 
globular cluster (10). "

Smith, in his review of several Verticillium spp. 
(37), stated that the size and the shape of conidia vary 
according to the different Verticillium species and the 
different hosts. A conidium may appear as a septate cell or 
as a single celled spore. A large conidium, in some forms, 
germinates and produces a phialide which bears small conidia.

One or more nuclei may be present in a conidium.
Thus, Khoo, Stinson, and Waggoner (22) and Hastie (13) found 
that about 1% of the spores contain two or three nuclei. 
MacGarvie and Isaac (24) found conidia of five Verticillium 
species to be uninucleate but 1% of those from V. nubilum 
Pethybr. were binucleate. However, Caroselli (8) observed 
that 3% of the conidia from a microsclerotia-forming strain
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were bi- or trinucleate. On the other hand, Roth and Brandt 
(32) stated that nearly 15% of the total conidia contained 
more than one nucleus.
i Verticillium hyphae develop different resting
structures according to the biotypes and to nutrient con
ditions (29). The two main forms are "resting mycleia" and 
"microsclerotia." Berkeley, Madden, and Willison (6) 
described the resting.mycelia as "masses of dark, thick- 
walled hyphae with numerous cross walls." A "mono-hypha" 
with septate, swollen cells also can be considered as a 
"torulose hypha." Budding by the thick-walled cells of a 
"monohypha" results in the formation of a dark, tissue-like 
form— the "pseudo-sclerotia" (their term for Verticillium 
microsclerotia). Wilhelm (41) described a unique case of 
microsclerotia developing as a result of conidial anastomo
sis. In this instance large conidia formed germination 
tubes. After the anastomosis of these tubes, conidial walls 
become darker and thicker, resulting in a microsclerotium 
which remained upon the conidiophore.

The structural composition and the germination of 
microsclerotia have been the subject of several studies in 
recent years. Pyke (30) and Gordee and Porter (11) reported 
that microsclerotia are composed of two types of cells: 
thick-walled, melanized cells and thin-walled, hyaline 
cells. The thin-walled cells are fewer in number than the 
melanized cells. Pyke (30) demonstrated that
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microsclerotial germination (following heat and dessication) 
resulted from germ tubes produced by the thinner-walled 
cells. He concluded that this could not be attributed to 
conidia or hyphae adhering to a microsclerotium. Similar
supporting results were reported by Schreiber and Green (36). 
However, Schnathorst (35) noted three types of resting 
structures in microsclerotial isolates that, after having 
been dried at 15 C for a year, gave rise to new growth: 
clusters of "hyaline, microsclerotial cells," chains of 
"hyaline, chlamydospore-like cells," and "hyaline hyphae 
interwined in the micrbsclerotial mass." The melanized, 
thick-walled microsclerotia in no instance were observed to 
germinate. He suggested that some of the old, dark cells 
in the microsclerotia do not live, and the three forms are 
the main means of survival of the fungus.

Basu (5) could not find germinated microsclerotia, 
but Wilhelm (41) determined that microsclerotia of V. albo*- 
atrum in diseased tomato tissue germinated by becoming 
covered with conidial heads after the tissues were placed on 
or pushed into nonsterile soil. Isaac and MacGarvie (19) 
found that chlamydospores of V. nigrescens Pethybr., from 
Box's agar medium, germinated after incubating in the dark 
at 22.5 C for 12 hr. Likewise, the appropriate resting 
bodies of V. albo-atrum, V. dahliae, V. nubilum, and V. 
tricorpus Isaac, germinated after soaking in distilled water
at 22.5 C for 12 hr. According to Gottlieb's definition (12)
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"a spore is dormant when it does not germinate under the 
same nutritive and environmental influences which later 
allow the production of germ tubes," Thus, Isaac and 
MacGarvie (19) concluded that the resting bodies of 
Verticillium spp, need a certain treatment to break the 
dormancy. In later work, Isaac and MacGarvie (20) found 
that dark-walled, microsclerotial cells could germinate but 
at a lower percentage in comparison with the thin-walled 
cells. They suggested that the thick-walled cells have a 
function other than to germinate, and that this possibly is 
to serve for storage of nutrient materials.

Electron microscopy has contributed a great deal to 
the elucidation of the external and internal structures of 
the fungal cell. These researches have been primarily con
fined to the growth and development of fungal structures as 
the ultrastructural changes of Aspergillus oryzae Ahlb. 
conidia during germination (39), the ultrastructure of the 
fungal cell (14), and septal development in Ascomycetes and 
Basidiomycetes (27). However, little has been determined. 
concerning the fine structure of V. albo-atrum.

Nadakavukaren (28) reported that 12-week-old micro
sclerotial units of V, albo-atrum were composed of small, 
thin-walled cells and large, thick-walled cells. The latter 
cells contained such components as mitochondria, lipids, 
vacuoles, and inclusion bodies. However, the thin-walled 
cells either appeared empty or contained structures that
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resembled nuclei„ Nadakavukaren concluded that thick-walled 
cells protected the thin-walled cells and served as their 
source of food; only thin-walled cells germinated.

Thr present research was undertaken to obtain more 
information on the fine structure of Verticillium albo-atrum. 
Particular attention was given to possible differences 
existing between a microsclerotia-forming and a nonmicro- 
sclerotia-forming strain of the fungus growing either in 
liquid or on solid media. Some attention was also given to 
the appearance of conidia in inoculated cotton plants 
(Gossypium hirsutum L„ va, Deltapine Smooth Leaf).

■



MATERIALS AND METHODS ,

This study of Verticillium albo-atrum structures was 
conducted with the aid of dissecting and compound micro
scopes, and with a Philips EM-100 electron microscope.

Two cultures, X-2 (a microsclerotia-former isolated 
from cotton, from the collection of fungi in the Plant 
Pathology Department, The University of Arizona) and C18N 
(a microsclerotia-nonformer isolated from olive [Plea 
europaea L.] by Dr. S. Wilhelm, University of California, 
Berkeley), were used. The two strains were grown either on 
autoclave-sterilized Difco's potato dextrose agar (PDA) or 
in Difco's Czapek's (Cz) liquid media. The cultures on PDA 
were grown in darkness at 25 C, whereas the Cz cultures were 
grown in room-light at room-temperature (RT, about 25 C).

In some instances the agar surfaces in the PDA 
plates were covered with cellophane (4), previously 
sterilized by placing in fresh, 70% alcohol for several 
seconds and then rinsing in sterile distilled water con
taining Tween 80 (1:5000 dilution). The plates then were 
stored at RT for 24 hr., after which they were inoculated 
with spore suspensions from 2-week-old Verticillium cultures. 
After incubation for 2 weeks, samples were taken from 
these media for the study of hyphal and resting structure 
characteristics„

7
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Spores were generally obtained by rinsing the 
surfaces of 2-week-old cultures, growing on PDA slants, with 
approximately 2 ml of sterile distilled water. However, 
some Cz cultures were filtered through cheesecloth. Conidia 
then were precipitated by centrifugation (1000 g for 5 min).

For studies with the light microscope, nuclei were 
stained either with Schiff's reagent or with aceto-orcein 
(16). Lipids were detected with Sudan IV (21).

Specimens prepared for electron microscopy were 
fixed either by the double-fixation procedure (23) or in 
KMnO^ (40) and then embedded in plastic:

- At 
15 C

Double fixation
6% glutaraldehyde 
buffered with 0.01 M 
phosphate at pH 7.0 
for 1 hr

IWash in phosphate 
buffer 2 hr

i ‘ -2% aqueous OsO^ 24 hr
4'Wash in distilled 

water 5 min

Single fixation-
2% aqueous, fresh 
KMn04 1/2 hr

Wash in distilled 
water 5 min

Dehydrate
4successively for 20 min in each of: 

10,30,50,80,90,100% ethanol
4'Propylene oxide 30 min, twice
4'2:1 propylene oxide to plastic
4'1:2 propylene oxide to plastic
4'



9

4' aPlastic in capusles for
24 hr in a refrigerator

Overnight at 60 C-70 C

The plastic used was plastic mixture No„ 2 (25):
62 ml Epon 812 (Shell Chemical Company)„
100 ml Dodecenyl succinic anhydride (DDSA)„
81 ml Araldite 506 (CIBA Products, Fair Lawn, New 
Jersey).
5-7 ml Dibutyl phthalate.
4 ml 2,4,6-tridimethylaminonethylphenol (DMP-30), as an 
accelerator.

Sections were cut (using glass knives) on an MT.-2, 
Porter-Blum ultra-microtome, floated onto 10% acetone, and 
picked up on formvar-coated grids (LKB#3; LKB Instruments, 
Inc., 4840 Rugby Ave., Washington, D. C„ 20014). Double- 
fixed material, after being placed on the grids, was stained 
in 2% aqueous, uranyl acetate for 1 hr, then washed (5 min) 
in distilled water. Subsequently, the grids' were placed in 
Reynold's lead citrate (31) for 10-12 min, washed (for a few 
seconds) in distilled water, and then examined with the 
electron microscope. Materials fixed in KMnO^ were not

a. Beem plastic capsules (Beem, P. O. Box 32,
Jerome Ave. Station, Bronx, N. Y. 10468).
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otherwise treated after being'placed on grids. Photographs 
were taken with Kodak fine-grade, positive film.

For the study of the ultrastructure of V. albo-atrum 
in cotton plants, 2-week-old seedlings were inoculated by 
placing a drop of a spore suspension (8 x 10  ̂spores/ml) 
from isolate X-2 onto the taproot and then jabbing.a needle 
through the drop and into the root. Three weeks later 
healthy stems and those showing vascular discoloration were 
cut into 2 x 2 mm pieces, which were fixed, embedded, and 
sectioned by the above methods.



RESULTS

' ' Light Microscope Observations
The microsclerotia-forming X-2 strain, on PDA or in 

Cz media, produced hyphae with morphological characteristics 
that could be associated with the development of "resting 
hyphae" and/or microsclerotia- These included septation 
(Fig. la), increasing wall thickness (Fig lb), accumulation 
of lipid materials (Fig. 1c), budding (Fig. Id), and, 
finally, the "mature" microsclerotium (Fig. le)„

A single, microsclerotial cell, which contained 
lipids, had thick walls (Fig. If). Such a cell had a strong 
reaction to Sudan IV.' Hyphae consisting of swollen, thick- 
walled cells (appearing as "mycelial knots"), which con
tained lipid bodies, were observed among the microsclerotial 
structures (Fig. Ih).

Occasionally, X-2 hyphae exhibited different 
characteristics. Some cells contained masses of lipid 
bodies (Fig, 2a); other cells contained quite discrete, 
small, globular, lipid bodies (Fig. 2b). The latter hyphae 
were particularly noted in the X-2 isolate growing in Cz.
In other instances (mainly from mycelia growing on PDA), 
elongate hyphal cells developed melanized walls without 
undergoing prior septation (Fig. 2c).

11
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At times, hyphae growing on PDA developed terminal 

swollen cells (termed here as chlamydospores; Fig. 2d).
These cells were not melanized and occurred infrequently.

Cz cultures contained a large number of conidia 
(Fig.. 2f) , germinated spores (Fig. 2e) , and microsclerotia. 
Spores varied in shape and contained lipid bodies.

The nonmicrosclerotia-forming strain C18N, growing 
either on PDA or in Cz, was more consistent in its mor
phology. Cell walls frequently tended to bulge at different 
points (Figs. 2h, 2i), resulting in the formation of large, 
chlamydospore-like cells (Fig. 2g). Dark structures 
appeared within cells following treatments with aceto 
Carmine (Fig. 2g).

A comparison between microsclerotial cells from X-2 
and the chlamydospore-like cells from X-2 and C18N revealed 
that the latter two types of cells did not have the thick, 
melanized walls found in the microsclerotial cells.
Further, the lipid content in these enlarged cells was 
slight, giving only a weak reaction to Sudan IV.

Electron Microscopy Observations

X-2 Isolate
The microsclerotia of the X-2 strain were composed 

of melanized, thick-walled cells and nonpigmented, thin- 
walled cells (Fig. 3a). As found in Cz and on PDA, the 
thick-walled cells (Figs. 3a, 3b, 3c) had nuclei and a
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granular .cytoplasm which contained large numbers of lipid 
bodies, mitochondria, and various inclusion bodies.
Examples of the latter include the concentric appearing 
structure at the top of the cell in Fig. 3b and the dark, 
dense area around the nucleus in the upper cell in Fig. 3c. 
The cell wall was composed of two layers; these can best be 
seen above the dark, triangular area at the left end of the 
septum between the two cells in Fig. 3b.

The nucleus was surrounded by two membranes, along 
which pores occurred (Fig. 4a).' The chromosomes were seen 
as white spots (when material was fixed in KMnO^) within the 
nuclear matrix— i.e., the black background.

Lipid bodies sometimes appeared as if one had budded 
from another ("Bd" in Fig. 4b).

Thin-walled cells (Fig. 3a) appeared either to be 
empty or to have a few lipid bodies.

The contents of a cell in a hypha also "containing" 
a microsclerotium had an appearance similar to the contents 
of sclerotial cells (Figs. 2a, 4c). Such cells, with their 
numerous, frequently large lipid bodies and dense cytoplasmic 
areas, were found mainly in PDA-grown cultures.

Cultures of X-2 grown in Cz contained hyphal cells, 
the cytoplasm of which had a conspicuous reticular appearance 
(Figs. 5b, 5c, 5d). These cells generally had fewer lipidt 
bodies than were present either in the thick-walled micro- 
sclerotial cells or in hyphae "containing" microsclerotia.
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Occasionally, an individual lipid-body would be quite, large 
(Figs. 5b, 5c, 5d). (In these figures the lipid-bodies 
appear black because of double-fixation.) Seemingly, such 
large structures caused an enlargement of the cell because 
of pressure on the cell walls (Fig. 5b— particularly in the 
left corner and in the center of the picture). The numbers 
of the lipid bodies appeared to increase with culture age. 
Mitochondria and some other vesicles also can be seen (Fig. 
5a). The mycelial walls were not as thick as those of the 
thick-walled microsclerotial cells.

‘Although the cell walls seen in Figs. 5a and 5c are 
variably covered with "debrisclose inspection with a 
suitable hand-lens (particularly of the wall in the lower- 
left portion of Fig. 5c) suggests that these have a fibrous 
structure.

Granular cytoplasm with a large number of mito
chondria and a few scattered lipid bodies was found in 
hyphae grown on PDA (Fig. 5e)= The fine-structured charac
teristics of these hyphae were very similar to those of 
C18N, discussed in detail below.

Representative conidia from the X-2 isolate grown 
on PDA are presented in Figs. 6a and 6b. A conidium 
contained a large nucleus, mitochondria, lipid bodies, 
cytoplasm, and dark, dense cytoplasmic "spots." The cell 
walls were quite thick. Spore structures similar to these.
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but with large numbers of lipid bodies, were observed in 
cheesecloth-screened filtrates of X-2 grown in Cz„

In some cases, a single cell of X-2 (grown on PDA) 
with melanized, thick walls and lipid bodies showed a germ 
tube containing the cytoplasm reticulum (Fig. 6d )„ (As a 
result of poor sectioning only this picture is presented 
here.)

Swollen, pear-shaped bodies, located in the center 
of septa, were found in several sections of X-2 mycelia 
grown in Cz broth (Fig. 7a)» Similar structures also were 
observed in X-2 hyphae grown on PDA (Fig. 7b). Such hyphae 
had large cells which contained a large amount of cytoplasm 
and a large number of mitochondria. Apart from having a 
more pronounced simple pore, the septum in Fig. 7b appears 
quite similar to those seen in hyphae grown in Cz broth.

In several instances invaginations of the cyto
plasmic membrane were observed. These frequently occurred 
adjacent to a septum (Fig. 7d). It is difficult to define 
the structures associated with such invaginations, though 
they appeared as vesicles.

Cell walls appeared to be composed of two separate- 
layers, the outer layer of which appeared as a micro
fibrillar skeletal structure (Fig. 7e); the inner layer 
(Fig. 7f) appeared as a thin membrane parallel to the plasma 
lamella.
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Lipid bodies had a smooth, non-membranous outline. 

Concentric layers deposited along the edges of these 
structures (Fig. 7g) resulted from fixation with OsO^ (38).

C18N Isolate
In general the nonmicrosclerotia-forming. isolate, 

C18N, had characteristics different from X-2 when examined 
with the electron microscope (Fig. 8d ): hyphae were large
in cross section; the cytoplasm was granular rather than 
reticular in nature (Figs. 8a, 8b, 8c, . 8d ) , and nuclei were 
relatively large (Fig. 8b). Some structures contained 
storage material other than lipids (Fig. 8a), since their 
contents appeared "stained" after KMnO^ fixation, rather 
than blank.

The septal pore in this strain resembled the simple 
pore type seen in the X-2 isolate (Figs. 7a, 7b). Pores 
also contained plugs of electron dense material (compare 
Fig. 8c with Fig. 7b).

C18N hyphae contained a number of large mitochondria 
(Figs. 9c, 9d, 9e), which could be particularly elongate 
(Fig. 9c). As a consequence, a large portion of the cells 
were occupied by mitochondria (Fig. 9e). Mitochondrial 
membranes were of a two-layered form, where the inner layer 
was infolded to form cristae. The cristae appeared more or 
less parallel in longitudinal sections (Fig. 9c); in cross
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sections a mitochondrion frequently appeared tubular (Fig.
9e)....

The nature of the surfaces of cell walls of C18N 
could not be determined from any of the electron micro
graphs; however, the walls of a chlamydospore-like cell 
(Fig. 2g), were composed of two layers, with a more 
electron-dense medium between the two (Fig. 9f). As a 
whole, the walls in these cells appeared to have less 
electron-dense material than was present in the thick-walled 
cells of microsclerotia. Some cells were noted in which the 
peripheral portion of the cytoplasm appeared as a zone (Fig. 
9f).

The right cell in Fig. 9a, which appears to be in a 
late stage of division, was enlarged in Fig. 9b. Here, a 
cell plate appears to be forming.

Infected cotton sections contained large numbers of 
conidia within the xylem vessels (Figs. 10a, 10b). Some of 
these appeared to be stuck in the pit chamber between the 
pit borders (Fig. 10a). Others were noted adhering to 
borders (Fig. lOd) ; one had a germ tube on the torus between 
the two borders (Fig. 10c). Isolated conidia (Figs. 10a, 
10b) appeared quite similar to particularly those produced 
on PDA. In all cases the cell walls were about the same 
thickness and the cytoplasm appeared granular. Unfortu
nately, however, the preparations from cotton plants were 
not sufficiently clear to differentiate nuclei. The



granules surrounding the conidium in Fig. 10b could be 
preparation artifacts.



DISCUSSION

The appearance of most cell structures varied 
according to the fixative that was used. Potassium per
manganate gave good fixation of membranous structures, 
caused the contents of lipid bodies to appear as blank, 
white areas, and destroyed some of the interior structures 
of the cell. Osmium tetroxide poorly penetrated the fungal 
cells and, therefore, gave poor results in many cases.
Lipid bodies doubly fixed with osmium tetroxide and stained 
with uranyl acetate appeared as black areas (14).

From the light and electron microscopic observations, 
the microsclerotia-forming isolate, X-2, appeared to have 
several mycelial forms, whereas the nonmicrosclerotia-former, 
C18N, was more consistent in its mycelial characteristics.

The different mycelial types of the X-2 isolate can 
be summarized as:

1. Hyphal development leading towards microsclerotial 
formation; these hyphae contained a large number of 
lipid bodies, mitochondria, and a small amount of 
granular cytoplasm; such hyphae were found in PDA 
and in Cz.

2. Hyphae with a relatively large amount of granular- 
appearing cytoplasm and a large number of
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mitochondria but with only a few lipid bodies; these 
cells were found mainly in PDA cultures0 

30 Hyphae with a conspicuous endoplasmic reticula and 
scattered lipid bodies; these mainly occurred in 
Cz broth.

It seems as if each of these forms can be trans
formed into one of the others.

Before a microsclerotium can be formed a hypha must 
pass through a series of sequential steps, which include: 
septation, wall thickening, lipid accumulation, and cell 
"budding" (Figs, la, lb, 1c, Id, le)„ While the sequence 
can be modified, all steps seem necessary for the development 
of microsclerotia. In certain cases mycelial growth can be 
stopped at a particular, step in the sequence; then a hypha 
will stay in this form. The "mycleial knots" (Fig. lh) that 
were reported by Berkeley, Madden, and Willison (6) could be 
interpreted as resulting from a block in the budding step, 
without a corresponding blocking of lipid accumulation.
Other evidence for this interpretation is the non-septate 
hyphae containing large numbers of packed lipid bodies, as 
seen in light microscope (Fig. 2a) and electron microscope 
(Fig. 4c), and the long cell with melanized, thick walls but 
no lipid bodies (Fig. 2c).

The second type of hypha appeared enlarged and 
contained a relative large amount of granular cytoplasm, and
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a large number of mitochondria (Fig. 5e). Such hyphae seem 
to be closely associated with the development of chlamydo- 
spores.

The third hyphal type, with a fibrous-appearing endo 
plasm (possibly the endoplasmic reticulum as termed by 
Hawker [15]) and generally separated, globular, lipid bodies 
(Figs, 5a, 5b, 5c, 5d), was predominantly found in Cz 
cultures. Light microscope observation of cultures grown in 
Cz revealed a large number of hyphae from newly germinated 
conidia also contained few globular, lipid bodies (Figs. 2b, 
2e)„ On the other hand, while the very few germ tubes ob
served emerging from conidia in xylem vessels had few lipid 
bodies, the germ tubes did not have obvious endoplasmic 
reticula. All growth stages:(including those observed in 
xylem vessels) of the Verticil!ium isolates were fixed using 
OSO4. Unfortunately, samples comparable to those which 
turned out to have endoplasmic reticula were not fixed with 
KMnO^. Therefore, one could postulate that the fibrous 
appearance related to the fixation-staining procedures. 
However, granular-appearing cytoplasm was observed in all 
KMnO^-fixed material and, except as noted, in all mycelia 
treated with OsO^. This would suggest that fixatives per se 
were not contributors to the morphological differences.
Based on the endoplasmic dissimilarities betwee hyphae from 
conidia germinating in Cz and in vessels, one should con
sider the possibility that the "germination environment"
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has an influence on the form of endoplasmic structure 
occurring in germ tubes and "young" hyphae. In any event, 
the light microscope and electron microscope observations 
indicate that germinating conidia under some conditions 
produce the third hyphal type.

The C18N isolate was observed to have only one 
growth type which corresponded to the second mycelial form 
of the X-2 isolate. Because of the large number and size 
of mitochondria, such hyphae presumably carry on a high 
level of metabolic activity relating to the formation of 
storage materials.

The present study confirms the reports of others 
(11, 28, 30, 36) that a microsclerotium consists of two 
major types of cells: melanized, thick-walled cells and
thin-walled cells. The thick-walled cells contained lipid 
bodies, a nucleus, mitochondria, and cytoplasm (Figs. 2b, 
2c). The present observations thus are in general agreement 
with those of Nadakavukaren (28), except that he did not 
detect nuclei in the thick-walled cells. However, the thin- 
walled cells appeared empty or to contain only a few lipid 
bodies. Contrary to Hadakavukaren's observations (28), no 
nuclei were noted in the thin-walled cells observed in this 
study. It was difficult to distinguish sharply between 
these two cells in such cases as thin-walled cells with 
lipid bodies versus thicker-walled cells with a few lipid 
bodies (Fig. 3a). Similarly, thin-walled cells were not so
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obvious in Nadakavukaren1s illustration. It would seem, 
however, that the structure that he identified as probably 
being the nucleus (28, Fig. 2) is in actuality not the 
nucleus on the basis of our fixation reactions and the 
findings of others (1, Fig. 2; 3, Fig. 4). It therefore is 
possible that the reported observations (11, 30, 35) of 
germination of the thin-walled cells are in error.

The double-layered microsclerotial wall and the 
septum between the two microsclerotial cells (Fig. 3b), 
resemble Moore's type B pattern of septum formation (26; 
particularly not his Fig. lb). In this pattern the centri
petal invagination of the membrane is followed by the forma
tion of a new wall underneath and parallel to the invaginated 
plasma membrane. As the transverse wall matures there is 
centripetal splitting that occurs at the junction with the 
lateral wall. In Fig. 3b two cells are seen just before the 
probable centripetal splitting, involving the splitting of 
the outer cell wall at the septum between the cells.

Conidia of X-2 that were observed on PDA, in Cz 
cultures, and within xylem vessels were similar in size and 
appearance. They contained a large nucleus, lipid bodies, 
and a granular cytoplasm. However, the conidia from Cz 
cultures contained more lipid bodies than those grown on PDA.

Chlamydospore-like structures were found in small 
quantities in PDA cultures of X-2 but in large quantities in 
PDA and Cz cultures of C18N. Also, C18N formed these
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structures faster on PDA than in Cz. Such "chlamydospores" 
had a double-layered wall (Fig. 9f) which did not contain 
melanin. Occasionally, cells were noted (Fig. 9f) in which 
the outer portions of the cytoplasm appeared to be separated 
from inner areas. This effected, a zonation somewhat similar 
to that described in certain Rhizysus sp. (24). Hawker (14) 
implies that these and/or other endoplasmic zones relate to 
the presence of "continuous cortical membranes of uniform 
thickness." Unfortunately, the electron micrographs of the 
Verticillium preparations were not sharp enough to allow 
positive identification of such a membrane.

Two types of fungal septal pores have been reported: 
a simple, central pore in the septum diaphragm (associated 
with the Ascomycetes; 27) and an elongate, thick-walled pore, 
each opening of which is apparently enclosed by a double
membrane structure (parenthesome). This is the dolipore 
septum which is associated with the Basidiomycetes (7, 27).
In some cases, as in Pseudoplea gaeumannii (Muller)
Wehmeyer or Mollisia sp., a plug of electron dense material 
can be seen in the simple septal pore (26). The dolipore 
and the electron dense material in the simple septal pore 
are mechanisms which inhibit nuclear migration from one cell 
to another (26). Invaginations of the inner layers of the 
lateral cell walls, and formation of a pear-like form (when 
both sides meet in the middle) that "blows-out," form the 
simple-septal pore (26). The dolipore also is formed as the
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result of invaginations of the two lateral walls. However, 
in this case near the point of contact each invagination 
forms a "T-shaped" head> the channel between which is the 
pore. The parenthesome (or septal pore cape), which 
seemingly envelopes each pore exit, is formed from the outer 
septal membrane and is attached to the endoplasmic reticulum 
(26). The described septal pores evoke the questions: "what 
kind of septa are formed by the X-2 and C18N isolates?"is 
there any relation between the septa of the two isolates?"
The septal perforation of C18N (Fig. 8c) is a simple pore, 
blocked by electron dense material; the septa of X-2 appear 
to contain a somewhat different pore. The pear-shaped 
structure associated with the septa of X-2 grown in Cz (Fig. 
7a), and the presence of similar structures in various PDA 
cultures (Fig. 7b) suggest that the processes forming this 
pore are more comllex than those related to the formation of 
simple pores but less complicated than those associated with 
the formation of dolipores.

The vesicle seen in Fig. 7c can be interpreted as 
an invagination of the septal membrane or as a more oblique 
section of a septum in the region of a pore (Figs. 7a, 7b)—  
i.e., it can be seen on either side of the septum, but it 
is unequally divided between the two adjacent cells. The 
apparent integral relationship of the bounding membranes of 
some of these (Figs. 7c and 7d) with the cytoplasmic membrane 
suggests a possible relationship to lomasomes (15, 26).
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The microfibrillar nature of the wall (Fig, 7e) is 
similar to that demonstrated by Aronson and Preston (2) for 
the hyphae of Allomyces macrogynus Em. A cross section of 
this (Fig, 7f) is similar to the cross sectional appearance 
of Rhizopus homothallicus Hesseltine and Ellis (15),

The mitochondria of C18N (Fig, 9c) are large and 
elongate; those of X-2, as seen in the microsclerotia (Fig, 
3b), are smaller with an oval shape. Different developing 
stages of some fungi can have different mitochondrial forms 
(15)o Therefore, the possible significance of the different 
morphological mitochondrial forms of the two isolates is 
not known.

The nucleus (Fig, 4a) is a typical fungal nucleus 
(1, 14, 15) surrounded by what appears to.be a double 
membrane, which contains pores. Again, no nuclei could be 
detected in the thin-walled microsclerotial cells; in all of 
the other cells (including conidia) of V. albo-atrum that 
were observed, no more than one nucleus could be positively 
identified. Since hyphal tips were not recognized in the 
preparations, these observations confirm those reported (24) 
as a result of light microscope inspections of stained 
conidia, resting structures, and old hyphal cells.

The osmium-fixed lipid bodies (Fig. 7g) had a smooth, 
non-membranous outline (14), but in other instances (after 
KMnO^ fixation), they appeared as the contents of vacuoles 
having membranes (Figs. 3c, 9f), similar to those oil bodies
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reported by Bandoni, Bisalputra, and Bisalputra (3). Thus, 
the nature of the boundaries of these bodies is not clear. 

The conidia within the xylem (Figs, 10a, 10b, 10c, 
lOd) substantiate the proposal (9) that Verticillium can be 
dispersed within the cotton plant by means of conidial move
ment within the xylem vessels. Apparently exit from a 
vessel element primarily occurs by hyphal penetration 
through pit membranes.



APPENDIX

Explanations Regarding Figures
a. X-2-— Microsclerotia-forming isolate of Verticillium 

albo-atrum.
C18N— Nonmicrosclerotia-forming isolate of Verticillium 

albo-atrumo
bo Key to legend abbreviations:

K— KMnO^ fixation. Cz— Czapek's liquid media.
D— Double fixation., PDA— Potato dextrose agar.

c„ Key to abbreviations on pictures:
B— Border.
Bd— Budding.
C--Conidium.
CB— Concentric body.
CH— Chiamydospore-like.
CL— Crystalline lines.
CR— Chromosome.
F— Micro fibrillar structure. 
GC— Germinating conidium.
L— Lipid body.
M- -M i to cho nd r io n.
Mi— Micro s clerotium.
ML— Middle lamella.
N— Nucleus.

NM— Nuclear membrane.
NP— Nuclear pore.
OP— Outer cytoplasm.

P— Cytoplasm.
PC— Pit chamber.
PM— -Cytoplasmic membrane.
RM— -Reticulum matrix (endo

plasmic reticulum).
S-—Septum.

SM— Storage material.
TK— Thick-walled cell. 
Tn^Thin-walled cell.
VB— Vesicular body.
W— Wall.

il— inner layer.
m— middle layer, 

ol— outer layer.
XL——Xylem.

d. All magnifications are approximations.
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Fig. 1. Photomicrographs of various structural forms of the 
X-2 isolate of Verticillium- albo-atrum.

a--Septate, thin-walled hypha (PDA; x 2000).
b— Septate, thick-walled hypha (PDA; x 2000).
c— Accumulation of lipid bodies within a thick-walled hypha 

(PDA* x 2000).
d— Apparent initiation of a new cell by budding (Cz; x 2000).
e— A microsclerotium (Cz; x 1300).
f— Thick-walled microsclerotial cell with lipid bodies inside (PDA; x 5000).
g— A mycelial segment with a globular lipid body embedded 

within a net-like structure (PDA; x 4500).
h— "Mycelial Knots"— septate hypha with large numbers of

packed lipid bodies in swollen cells (Cz; x 3000).
(Hyphae were not fixed; materials for c, f,.h, were stained
with Sudan IV.)
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Fig. 1. Structural forms of the X-2 isolate



Fig. 2. Photomicrographs of various hyphal structures of 
the X-2 isolate (a,b,c,d,e ,f) and of the Cl8N 
isolate (g,h,i) of Verticillium albo-atrum.

X-2 a— Hyphae with a large number of lipid bodies (PDA;
x 2000) .

b— -Hypha from a germinating conidium, containing 
scattered, globular, lipid bodies. Note cell 
length (Cz; x 2000).

c— Elongate cell with thick, melanized walls (PDA; 
x 2000).

d— Hypha with an elongated, terminal chlamydospore-like 
cell (PDA; x 2000).

e— Germinated conidium (Cz; x 2000).
f— A group of conidia (Cz; x 2500).

C18N g— Enlarged cell at the tip of a hypha (PDA; x 5000).
h,i— Irregularly enlarged cells along a hypha (Cz; 

x 4000).
The hyphae in these pictures, with the exception of 

g, were not fixed. The chlamydospore-like structure was 
fixed and stained for nuclei (see text).
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Fig. 2 Structural forms of the X-2 and C18N isolates.



Fig, 3, Electron micrographs of microsclerotial structures 
of the X-2 isolate,

a— A thick-walled microsclerotial cell containing lipid 
bodies, and a thin-walled "empty" appearing 
microsclerotial cell. Another thick-walled cell 
is at the top but this has only a few lipid 
bodies (Cz; K; x 5000),

b— A microsclerotial cell with a double layered wall (best 
seen near W), nucleus, mitochondria, and lipid 
bodies (PDA; D; x 7000),

c— Microsclerotial cells with lipid bodies and scattered, 
dense cytoplasmic areas, A nucleus is clearly 
seen with chromosomes (white spots) and the nuclear membrane (PDA; K; x 6000),
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Fig. 3. Microsclerotial structures of the X-2 isolate.



Fig« 4o Electron micrographs of microsclerotial cells and
an associated hypha from PDA-grown cultures of X-2.

a— A nucleus with chromosomes (white areas), double membrane, 
and pore (K; x 9000).

b— A microsclerotial cell, which appears to have a branch 
containing a "budding" lipid body (K; x 6000).

c— Cells of a hypha attached to a microsclerotium. Compare 
the number and size of the lipid bodies and the 
appearance of the cytoplasm with those in the cells 
shown in Figs. 5a and 5b (K; x 6000).
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Fig. 4. Microsclerotial cells and an associated hypha 
from PDA cultures.



Fig. 5. Electron micrographs of the X-2 isolate grown in 
Czapek's broth (a,b(c,d) and on PDA (e).

a— Tangential section through a hypha, showing fibrous
walls, mitochondria, scattered vesicular bodies, 
and other structures (D; x 10,000).

b— A hypha with large lipid bodies. Note in the left corner 
the particularly swollen cell containing an enlarged 
lipid body. The matrix is a reticulum (D; x 15,000).

c— Cross section through a hypha, showing a lipid body and 
the endoplasmic reticulum (D; x 15,000).

d— Hyphal segment with endoplasmic reticulum and lipid bodies 
(D; x 5000).

e— A hyphal cell with granular cytoplasm, lipid bodies, and 
mitochondria (K; x 4000).
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Fig. 5. Hyphae grown in Czapek's broth and on PDA.



Fig. 6. Electron micrograph of conidia from the X-2 
isolate.

a— An elongated conidium with thick walls, a large nucleus, 
lipid body, cytoplasm, and mitochondrion (not too 
clearly visible) (x 22,000).

b— A group of three conidia. No more than one nucleus can 
be seen in a cell. Note the electron-dense areas 
within the cytoplasm, and the lipid bodies 
(x 10,000).

c— An elongated spore (containing numerous, enlarged lipid 
bodies) found in cheesecloth-screened cultures 
grown in Cz (x 18,000).

d— A germinating, thick-walled cell with lipids. Note the 
reticulum in the germination tube (x 7000).
All samples were fixed with K. Isolates for a, b ,

and d were grown on PDA; that for c was grown in Cz.
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Fig. 6. Electron micrographs of conidia from the X-2
isolate.



Fig. 7. Electron micrographs of septal structures and cell 
walls of the microsclerotia-forming X-2 isolate.

a— A structure associated with a septum (Cz; D; x 25,000).
b--An elongated form around the septal pore (PDA; R; 

x 15,000).
c,d— Association of a vesicle with the septal membrane (PDA; 

K; x 1000).
e— Section through an X-2 hypha showing the microfibrillar 

structure of the cell wall (PDA; D; x 6000).
f— An enlarged view of a portion of a wall, from X-2, 

showing several layers (Cz; D; x 25,000).
g— Section "through an edge of a lipid body. The crystalline 

lines (CL) relate to fixation with OsO. (Cz; D; 
x 20,000). 4
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Fig. 7. Septal structures and cell walls of the X-2 
isolate.



Fig. 8. Electron micrographs of the C18N isolate.
a— An enlarged hyphal cell. Compare the fixation of the 

storage material with that of lipid-containing 
structures elsewhere (Cz; K; x 4000).

b— Chlamydospore-like structure containing a large nucleus, 
mitochondria, and lipid bodies (PDA; K; x 3000).

c--A segment of a hypha with electron-dense material in the 
simple septal pore (Cz; K; x 5000).

d— Hyphae. Particularly note the granular appearance of the cytoplasm (PDA; K; x 8000).
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Fig 8. Electron micrographs of the C18N isolate.



Fig. 9. Electron micrographs of internal structures of the 
C18N isolate.

a— The cell on the right appears to be forming a septum 
(PDA; K; x 3000).

b— Enlargement of the cell on the right in Fig. 9â  Cell 
division is nearly complete. The two nuclei (not 
too clear) have separated. The septal membrane is developing (PDA; K; x 12,000).

c,d,e— Mitochondria.
f— The non-melanized, chlamydospore wall consists of three 

layers. Note that the outer cytoplasm appears as 
a discrete zone (PDA; K; x 20,000).
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Fig. 9 Internal structures of C18N isolate



Fig, 10, Electron micrographs of xylem sections from a 
VerticiIlium-infected cotton plant (Gossypium 
hirsutum L, var. Deltapine Smooth Leaf),

a— Conidia within a vessel. Note the apparent penetration 
of a conidium into the pit chamber (D; x 7000).

b— Conidium as seen in the xylem (D; x 16,000),
c— -A germinated conidium with germ tube in the pit chamber.

Note the granular appearance of the cytoplasm in 
the conidium and in the germ tube (D; x 7000).

d— Conidium attached to a pit border (D; x 16,000).
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Fig 10. Conidia in the xylem of Vertici11ium-infected
cotton plants.
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