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ABSTRACT

Zygospores of Choanephora cucurbitarum (Berkeley et

Ravevel) Thaxter germinated by producing germ tubes with

terminal germsporangia, germsporangioles on vesicles or germ

tubes which continued to grow without producing

germsporangia. Zygospores have a light requirement for

germination and were stimulated by KMn04, NaCIO and H202.

Zygospore progeny from crosses between (+) and (-)

isolates of g. cucurbitarum consisted of (+), (-) and (+,-)

mating types. Mating types of germsporangiospores in each

germsporangium were either all (+), or all (-) from

respective (+) or (-) zygospore cultures and, all (+,-), or

(+) and/or (-) plus (+,-) types from (+,-) zygospore

cultures.

Mating type heterokaryons (+,-) obtained from zygospore

and germsporangiospore cultures in all crosses produced

azygospores and zygospores which segregated into (+) and (-)

during asexual propagation.

All the zygospore and germsporangiospore progenies from

the cross between two fast growing isolates were of fast

growing type, while all those from the crosses between two

slow growing isolates were of slow growing type. The

crosses between fast and slow growing isolates gave rise to

progeny with both fast and slow growing types.
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Mating types of zygospore isolates from crosses between

two near identical isolates followed 1(+):1(-):2(+,-) ratio.

The distribution of mating types (+) and (-), and growth

types F and S fit a 1:1 ratio in zygospore progeny in all

crosses. Results suggest that mating type as well as growth

type are each controlled by a gene with a pair of alleles,

and that these two genes are linked to each other with a

distance of about 33 cM.

The heterokaryotic zygospore progeny from the crosses

between F and S types consisted of F(+,-), S(+,-), F,S(+,-),

S,F(+,-), F,S(+) and F,S(-). Each of them segregated into

two types during sporangiospore formation, suggesting that

only two of the four nuclei resulted from meiosis move into

the germ tube of a germinating zygospore.

Mating type heterokaryons (+,-) formed through fusion

of (+) and (-) protoplasts. The (+,-) colonies from

protoplast fusion also produced azygospores and zygospores

which segregated into (+) and (-) mating types during

sporangiospore formation.
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CHAPTER I

FACTORS AFFECTING GERMINATION OF ZYGOSPORES OF

CHOANEPHORA CUCURBITARUM

ABSTRACT

KMn04, NaCIO or H202 effectively induced the zygospores

of Choanephora cucurbitarum to germinate. The

concentrations of KMn04 which gave maximum germination were

0.25 to 0.5%. Zygospores did not germinate in the dark even

with KMn04 treatment. The magnitude of germination of

zygospores from 40- to 50-day-old cultures treated with 0.5%

KMn04 solution for 60 min before incubation on water agar at

24 0 C under light was 50% over a lO-day period. KMn04 killed

more than 99% of residual mycelial fragments,

sporangiospores and sporangioles in the zygospore

suspension. During germination oil droplets in zygospores

disappeared prior to the cracking on zygospore wall. Both

sporangial germination and mycelial germination were found.

Moreover, sporangiole germination was observed for the first

time.
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INTRODUCTION

Choanephora cucurbitarum (Berk. & Rav.) Thaxt. is a

heterothallic mucoraceous fungus. It causes fruit rots, and

flower and leaf blights on several plant species including

okra, squash, pumpkin, pepper, pea, bean and cucumber

(Adebanjo, 1985; Agrios, 1979; Gunasekara et al., 1985;

Subba et al., 1990). The fungus produces zygospores in

culture when compatible (+) and (-) isolates are paired on

artificial media (Wu and Chien, 1980). Its zygospores have

also been found on moist, decayed pumpkin flowers in nature

(Barnett and Lilly 1956). In zygomycetes, zygospores are

important for survival under adverse environmental

conditions. Although factors affecting production of

zygospores of g. cucurbitarum (Barnett and Lilly, 1956; Wu

and Chien, 1980) and their developmental process (Chang et

al., 1984) have been characterized, there is no previous

report on zygospore germination in this species or other

species of the genus Choanephora. This apparently is

because zygospores of Mucorales, with a putative requirement

for a long period of dormancy, are difficult to germinate

(Alexopoulos and Mins, 1979)

Blakeslee (1906) and Hocking (1967) failed to improve

germination by exposing zygospores to different combinations

of chemical and physical treatments. KMn04 has been

previously found to be very effective in inducing
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germination of oospores of Phytophthora (Ann and Ko, 1988;

Chang and Ko, 1991) and Pythium (Guo and Ko, 1994). During

a preliminary test, KMn04 was used to treat zygospores of g.

cucurbitarum and was found to be effective in inducing

zygospore germination. Factors affecting zygospore

germination and mode of zygospore germination of this fungus

were, therefore, investigated. Details of the study are

reported here.

MATERIALS AND METHODS

Isolates of microorganisms

Isolates 7-1(+) and 5-1(-) were the parent strains for

this study. They were from single germsporangiospores of

the cross between CH156(+) and CH32(-), which were obtained

from Professor Ru-Yong Zheng, Institute of Microbiology,

Academia Sinica, Beijing, China (Chapter II). Isolates

CH156(+) and CH32(-) were deposited at the Culture

Collection Center of the above institute with the accession

numbers of 3.4689 and 3.4688, respectively. cultures were

maintained on 5% V-8 agar (5% V-8 juice, 0.02% caco3 and 2%

agar) or stored in water by keeping five to eight culture

blocks (10 X 5 X 3 rom), cut from a 5-day-old culture grown
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on v-a agar, in sterile distilled water in a test tube at

24°C (Boesewinkel, 1976).

Production of zygospores

Zygospores were produced on potato-dextrose agar (PDA)

blocks (25 X 25 X 3 rom) in Petri dishes inoculated by

placing two culture blocks (3 X 1 X 1 rom) of isolate 7-1(+)

in opposition at the edge and two culture blocks of isolate

5-1(-) also in opposition at the edge but between the (+)

inocula. Dishes were sealed with Parafilm and incubated at

240 C in darkness for 40-50 days.

Germination of zygospores

Zygospore suspensions were obtained by grinding culture

blocks containing zygospores in 50 ml sterile distilled

water in an Omni mixer at 4,000 rpm for 1 min. The

suspensions were filtered successively through 90-~m and 38­

~m sieves. The zygospores retained on the 38-~m sieve were

washed with tap water and resuspended in 20 ml of sterile

distilled water.

To determine the effect of different oxidizing agents

on germination, zygospore suspension was mixed with equal

volume 0 f a freshly prepared solution containing 0.25%

KMn04, 52.5 ppm NaClO or 90 ppm H202' After gently shaking

for 60, 3 and 10 min, respectively, zygospores were washed

free of the test chemicals on a 38-~m sieve with tap water,
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and resuspended in 20 ml sterile distilled water. About 150

zygospores in 200 ~l suspension were spread on a Petri dish

containing 2% water agar supplemented with 100 ~g/ml

ampicillin to prevent growth of bacterial contaminants.

After free water on agar was evaporated under a transfer

hood, dishes were incubated for 10 days at 24 0 C under cool

white fluorescent light (2000 Ix).

To determine the effects of KMn04 concentration and

light on germination, zygospores were shaken for 60 min in

0.125, 0.25, 0.5, 0.75 or 1.0% KMno4 solution. They were

then washed and plated on water agar at 24 0 C in darkness or

under light for 10 days.

Three replicates were used for each treatment, and the

experiments were done at least twice. For each replicate,

80 to 150 zygospores were counted.

RESULTS

Induction of zygospore germination

All the oxidizing agents tested induced some

germination of zygospores of~. cucurbitarum (Table 1.1).

KMn04 and NaCIO were more effective than H202. KMn04 was

selected for further tests to determine the best conditions

for inducing zygospore germination.



6

In the presence of light, germination increased up to a

concentration of 0.5% KMn04 (Fig. 1.1). About 50% of

zygospores treated with 0.25 or 0.5% KMno4 germinated in 10

days. When the concentration of KMn04 was greater than

0.5%, the germination decreased. without light, zygospores

of g. cucurbitarum did not germinate even with KMn04

treatment.

After being treated with 0.5% KMn04 for GO min,

germination of zygospores on water agar commenced within 3

days at 24 0 C under light (Fig. 1.2). About 20% of the

zygospores germinated in 5 days and by day 15 58%

germinated. More than 99% of residual mycelial fragments,

sporangiospores and sporangioles in the zygospore suspension

were killed by KMn04 treatment.

g. cucurbitarum zygospores appeared to have an age

requirement of more than 20 days. At the age of 20 days, no

zygospores germinated. At the age of 35 days, the amount of

germination was 40%. Maximum germination achieved was about

50% with 40- to GO-day old spores. Spore older than 3

months, failed to germinate.

Mode of zygospore germination

After KMno4 treatment, the color of zygospores

(zygosporangia) changed from black (Fig. 1.3) to light

yellowish brown and the oil droplet in the cytoplasm of each

zygospore became clearly visible (Fig. 1.4). During
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incubation on water agar under light, the oil droplet in the

zygospore gradually decreased in size and usually

disappeared before germination (Fig. 1.5). The zygospore

wall cracked (Fig. 1.6) and the germ tube emerged from the

crack (Fig. 1.7).

In most cases, the single germ tube produced by the

germinating zygospore developed into a sporangiophore with a

sporangium at its tip (Fig. 1.8). Occasionally the

germinating zygospore produced a branched sporangiophore

with a sporangium at the tip of each branch (Fig. 1.9), or

formed two sporangiophores each with a sporangium at the

tip. occasionally, the sporangiophore produced by the

germinating zygospore formed an empty sporangium on its tip

or ceased to develop without forming any reproductive

structure. Some zygospores germinated by producing a

sporangiophore with 1-3 vesicles each bearing several

sporangioles (Fig. 1.10). Some zygospores germinated by

producing a germ tube which grew into a colony instead of

producing terminal germsporangium (Fig. 1.11).

DISCUSSION

Studies on zygospore germination in Mucorales so far

have been confined to only a few species. Previous methods

for inducing zygospore germination were usually very tedious

(Eslava et al., 1975; Gauger, 1961; Hocking, 1967;
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Michailides and spotts, 1988) and frequently required a long

period of time even up to several months for germination

(Cerda-Olmedo, 1975; Eslava et al., 1975; Gauger, 1961;

Hocking, 1967). In this study, about 50% of zygospores of

~. cucurbitarum germinated in 10 days when zygospores from

40- to 60-day-old cultures were treated with 0.5% KMno4

solution for 60 min before incubation on water agar under

light. The method also has the advantage of being free of

interference by mycelial fragments, sporangiospores and

sporangioles. This method may be applicable to other

species in Mucorales.

Although stimulation of oospore germination by light is

well documented in Phytophthora (Ann and Ko, 1988; Chang and

Ko, 1991; Ribeiro, 1978) and Pythium (Guo and Ko, 1994),

very little was previously known about the effect of light

on zygospore germination. Results from this study showed

that light is essential to the germination of zygospores of

~. cucurbitarum. Without light, zygospores did not

germinate even with KMno4 treatment.

The mechanism by which KMno4 stimulates zygospore

germination is unknown. The fact that NaCIO and H202 also

stimulate zygospores of ~. cucurbitarum to germinate might

be evident that these compounds destroy germination

inhibitors attached to zygospore(zygosporangium) wall or

make zygospore walls permeable through oxidation.
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Prior to this study, known modes of germination of

zygospores were germsporangial germination by producing a

germsporangiophore with a terminal sporangium and mycelial

germination by production of germ tubes which continued to

grow to form a colony (Blakeslee, 1906; Gauger, 1965).

Germsporangiole germination by producing a sporangiophore

with 1-3 vesicles each bearing several sporangioles observed

during this study represents a new mode of zygospore

germination. The first two types of germination were found

in M. hiemalis (Gauger, 1965), M. mucedo (Blakeslee, 1906),

£. nitens (Blakeslee, 1906), £. blakesleeanus (Eslava et aI,

1975; Hocking, 1967) and B. microsporus (Gauger, 1984),

while only the first type of germination was observed in M.

piriformis (Michailides and spotts, 1988), B. stolonifer

(Gauger, 1961, 1984), and Sporodinia qrandis Link (syzyqites

megalocarpus Ehrenb. ex Fr.) (Blakeslee, 1906). All these

types of germination were observed in g. cucurbitarum in

this study.
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Table 1.1. Effect of chemical treatments on zygospore

germination of Choanephora cucurbitarum.

Chemicals

KMn04

NaClO

Control

Concentration Treatment Germination
(%) time (min) (%)

0.25 60 38Aa

5.25 x 10-3 3 31A

9.0 x 10-3 10 17B

NA NA 2C

a Values followed by the same letters are not significantly

different at P=0.05 according to Duncan's mUltiple range

test.
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Fig. 1.1. Effect of KMn04 concentration on germination of
zygospores from the cross of isolates 7-1 (+) and 5-1 (-) of
Choanephora cucurbitarum. Zygospores were treated with
various concentrations of KMn04 solution for 60 min and
germination was recorded after incubation on water agar at
24 0 C under light for 10 days.
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Figs. 1.3,4. Zygospores of Choanephora cucurbitarum.

Fig. 1.3. Mature zygospore, (X366). Fig. 1.4. Zygospore

after treatment with 0.5% KMn04 for 30 min, (X366).
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.,

1:6/
Fig. 1.5,6. Zygospores of Choanephora cucurbitarum.

Fig. 1.5. Zygospore without oil droplet before germination,

(X450). Fig. 1.6. Crack in zygospore (zygosporangium) wall

during germination, (X366).
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1. 7/
I

Fig. 1.7,8. Germination of zygospores of Choanephora

cucurbitarum. Fig. 1.7. Germinating zygospore with a germ

tUbe, (X483). Fig. 1.8. Germinating zygospore with a

dehisced gerrnsporangium (OGS) at the tip of the

sporangiophore surrounded by released germsporangiospores

(GSS). Immediately adjacent to the germinated zygospore is

a non-germinated zygospore (NZ), (X133).
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Figs. 1.9,10. Germination of zygospores of Choanephora

cucurbitarum. Fig. 1.9. Two sporangiophores from a

germinated zygospore, one with a germsporangium and the

other with a dehisced germsporangium, (X130). Figs. 1.10. A

germinated zygospore with a sporangiophore bearing

sporangioles on vesicles. Vesicles are not visible, (XI33).
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A germinated zygospore with germ tube which
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continued to grow and formed a colony, (X133).
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CHAPTER II

INHERITANCE OF MATING TYPE IN CHOANEPHORA CUCURBITARUM

ABSTRACT

Zygospore progeny from the cross between (+) and (-)

isolates of Choanephora cucurbitarum consisted of (+), (-)

and (+,-) types. The (+) and (-) zygospore isolates were

stable, giving rise to hyphal fragment cultures and

sporangiospores with the same mating type as their

respective parent. However, the (+,-) zygospore isolates

were unstable, segregating to (+), (-) and (+,-) types

during asexual reproduction. During long term storage the

(+) and (-) isolates were also very stable but (+,-)

isolates were not. All the (+,-) isolates originated from

single zygospores, hyphaI fragments or sporangiospores

produced azygospores, suggesting that azygospores of this

fungus were produced by mycelia heterokaryotic to mating

type.

INTRODUCTION

Choanephora cucurbitarum (Berk. & Rav.) Thaxt. infects

floral parts of many plants after fertilization, from which
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it invades the fruits and causes soft and wet rots of a

number of vegetable crops including squash, pumpkin, pepper,

pea, and cucumber (Agrios, 1988). This fungus is

heterothallic and requires the presence of both (+) and (-)

mating types for sexual reproduction (Barnett and Lilly,

1956; Wu and Chien, 1980). Zygospores play an important

role in genetic variation as well as survival of the

Mucorales. Although factors affecting production of

zygcspores of ~' cucurbitarum (Barnett and Lilly, 1956; Wu

and Chien, 1980 ) and their detailed developmental process

(Chang et aI, 1984) have been investigated, there is no

previous report of zygospore germination and the biological

characteristics of the progeny resulting from germinated

zygospores in this species or other Choanephora species.

This apparently is mainly due to the fact that zygospores of

Mucorales are difficult to germinate (Alexopoulos and Mims,

1979).

Recently, KMn04 has been found to be very effective

in inducing germination of oospores of heterothallic

Phytophthora (Ann and Ko, 1988; Chang and Ko 1991) and

pythium (Guo and Ko, 1994) which are also difficult to

germinate. In our preliminary tests, KMn04 was also

found to be effective in inducing zygospore

germination of g. cucurbitarum. This method was used to

obtain zygospore progeny and their mating type distribution

was analyzed. Details of the study are reported here.
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MATERIALS AND METHODS

Isolates of microorganisms

Isolates CH156 (+) and CH32 (-) of g. cucurbitarum were

obtained from Professor Ru-Yong Zheng, Institute of

Microbiology, Academia Sinica, China. Both isolates were

deposited at the Culture Collection Center of the above

institute with the accession numbers of 3.4689 and 3.4688,

respectively. Mating type of these isolates has been

confirmed by pairing with (+) isolate 15-6112 and (-)

isolate 15-6113 of Mucor hiemalis Wehmer from Carolina

Biological Supply Co., Burlington, North Carolina, supplied

by Dr. George Wong of the Department of Botany, University

of Hawaii, Honolulu. Isolates 7-1 (+) and 5-1 (-)

originated from single germsporangiospores produced by

germinated zygospores from a cross between isolates CH32 and

CH156. cultures were maintained on V-8 agar (5% V-8 juice,

0.02% Cac03, 2% agar) or stored in water by keeping five to

eight culture blocks (10 X 5 X 3 rom), cut from a 5-day-old

culture grown on V-8 agar, in sterile distilled water in a

test tube at 240 C (Boesewinkel, 1976).

Production of zygospores

For production of zygospores (zygosporangia) (Fig. 1),

a potato-dextrose agar (PDA) block (25 X 25 X 3 rom) placed
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in a Petri dish was inoculated by placing two culture blocks

(3 X 1 X 1 rom) of isolate 7-1 (+) in opposition at the edge

and two culture blocks of isolate 5-1 (-) also in opposition

at the edge but between the former inocula. Dishes were

sealed with Parafilm and incubated at 240 C in darkness for

40-50 days.

Germination of zygospores

The method of Ann and Ko (19SS) was modified and used

to induce zygospore germination. A zygospore suspension was

obtained by grinding each culture block containing

zygospores with 50 ml sterile distilled water in an Omni

mixer at 4,000 rpm for 1 min. The suspension was filtered

successively through 90-~m and 3S-~m sieves. The zygospores

retained on the 3S-~m sieve were washed with tap water and

resuspended in 20 ml of sterile distilled water. The

zygospore suspension was mixed with an equal volume of

freshly prepared 0.5% KMn04 solution. After gently shaking

for 30 min, zygospores were washed free of KMn04 on a 3S-~m

sieve with tap water. The zygospores were resuspended in 20

ml sterile distilled water. The spore suspension with

residual mycelial fragments was incubated with an equal

volume of 2% clarified V-S broth which was prepared by

passing V-S juice through four layers of cheesecloth. After

incubation at 240 C for 12 h, the mycelia were removed by

passing the suspension through 90-~m and 38-~m sieves. The
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zygospores retained on the 3a-~m sieve were resuspended in

20 ml sterile distilled water and treated with an equal

volume of 0.5% KMn04 for 20 min. About 100-200 zygospores

in a 200 ~l suspension were spread on a 2% water agar

supplemented with 100 ~g/ml ampicillin to prevent growth of

bacterial contaminants. Petri dishes were incubated at 240 C

under cool white fluorescent light (2000 Ix). About 50%

germination was obtained after 14 days.

Isolation of single zygospore colonies

The Petri dishes with germinating zygospores were

examined daily under a compound microscope. Germinated

zygospores were individually transferred to v-a agar blocks

(15 X 10 X 3 rom) in Petri dishes. Each dish contained five

blocks equidistant from each other along the edge. Colonies

resulting from single zygospores were referred to as

zygospore cultures.

Isolation of germsporanqiospore colonies

Most zygospores germinated by producing a germ tube

with a terminal germsporangium. The spores in each

germsporangium were termed germsporangiospores. Germinating

zygospores with a germsporangium were individually

transferred to a drop (ca. 0.2 ml) of sterile distilled

water on 1% clarified v-a agar (1% clarified v-a juice and

2% agar) supplemented with 100 ~g/ml ampicillin. The
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germsporangium was broken in water by touching with a

scalpel. The germsporangiospores were spread over the Petri

dish and incubated at 240 C under light for 12 h.

Germinating germsporangiospores were individually

transferred to v-a agar blocks. Colonies thus established

were called germsporangiospore cultures.

Isolation of sporangiospore colonies

The sporangiospore suspension was prepared by shaking a

culture block (20 X 10 X 3 mm) from a 7-day-old culture in

10 ml sterile distilled water in a test tube. One hundred

to two hundred ~l of the sporangiospore suspension with 50­

100 spores were spread on 1% clarified v-a agar. After

incubation at 24 0 C for 12 hi germinating sporangiospores

were individually transferred to v-a agar blocks in Petri

dishes to establish sporangiospore cultures.

Isolation of hyphal fragment colonies

A culture block (4 X 4 X 3 rom) from a 7 day old culture

grown on 5% v-a agar was squashed with a sterile spatula and

spread on 1% clarified v-a agar in Petri dishes which were

then incubated at 24 0 C for 12 h. Hyphal fragments about

200-500 ~m long with new growth were individually

transferred to v-a agar blocks in Petri dishes to establish

hyphal fragment cultures.
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Determination of mating types

The mating type of each isolate was determined by

pairing a small piece of culture (ca. 3 X 3 X 3 mm) with a

piece of (+) tester (isolate 7-1) or (-) tester (isolate

5-1) on a block ( 15 X 10 X 3 rom) of v-a agar in a Petri

dish. Five blocks were placed equidistant along the edge of

the dish. After incubation at 24 0 C in darkness for 7 days,

those isolates forming zygospores with (+) tester were

designated (-). Similarly those forming zygospores with the

(-) tester were designated (+). Isolates forming zygospores

with both (+) and (-) tester and in single culture were

designated (+,-). Those isolates which did not form

zygospores with either (+) or (-) tester were considered

neuter.

RESULTS

Mating~ segregation in zygospore progeny

Among 100 zygospore cultures obtained from germinated

zygospores of g. cucurbitarum, 22 were (+) and 17 were (-).

These cultures were similar to the parental isolates 7-1 (+)

and 5-1 (-), respectively, being pale yellow in appearance

and covered with aerial mycelia. Their mating type did not

change after repeated subcultures. The other 61 zygospore

cultures were self-fertile and designated (+, -) type. The



28

(+,-) cultures were dark brown covered with less aerial

mycelia due to the production of zygospores and zygospore­

like structures commonly called a~ygospores

(azygosporangia), which were formed from single suspensors

(Fig. 2.1). This type of culture was unstable, forming

sectors of (+) or (-) type during growth. After continued

subcultures, most of them were shown to be as either (+) or

(-) type. The mating types of asexual propagules of

randomly selected (+), (-) and (+,-) zygospore progeny were

determined.

All the hyphal fragment cultures from both (+) isolates

tested were of the (+) mating type; while all those from the

two (-) isolates analyzed were of the (-) mating type (Table

2.1). Hyphal fragment cultures from the four (+,-) isolates

consisted of (+), (-) and (+,-) types with (-) as the

predominant type. All the (+,-) cultures produced

azygospores.

Sporangiospores produced by (+) and (-) zygospore

progeny gave rise to cultures with the same mating type as

their respective parent (Table 2.2). However,

sporangiospore cultures from the (+,-) zygospore progeny

included both (+) and (-) type. Moreover, in addition to

(+) and (-) types, isolates Nos. 18 and 100 also gave rise

to (+,-) sporangiospore cultures with azygospores. Isolate

No. 100 also produced three neuter cultures. Sporangiospore

cultures from (+) or (-) first generation sporangiospore
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cultures of isolate No. 18 were either (+) or (-) mating

type corresponding to its respective parent, while those

from the (+,-) culture segregated into (+) and (-) types

(Table 2.3).

Mating~ segregation in germsporangiospore progeny

Among the 18 germsporangia tested, each produced by a

germinated zygospore, two contained only (-) and six only

(+) germsporangiospores (Table 2.4). All the other 10

germsporangia produced (+,-) germsporangiospores. Eight of

them also released (+) and/or (-) germsporangiospores.

The sporangiospores produced by the (+) and (-)

germsporangiospore isolates showed the same mating type as

their respective parent (Table 2.5). The three (+,-)

germsporangiospore isolates of zygospore No. 110 tested

produced sporangiospores consisting of only (+) and (+,-)

types. However, hyphal fragment cultures obtained from

these isolates also contained (-) type in addition to (+)

and (+,-) types. The (+,-) germsporangiospore isolates of

zygospore Nos. 113 and 117 produced sporangiospores

consisting of (+), (-) and (+,-) types. A neuter type was

also recovered from the latter. When the culture was

retested three weeks later, it reacted as (-) type.
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stability of mating~ during storage

After storage in sterile distilled water for 16 months

at 24oC, three culture blocks were removed from each test

tube and used to obtain hyphaI fragment cultures. The (+)

and (-) isolates did not change mating type during storage.

Hyphal fragment cultures from (+) and (-) isolates were of

the same mating type as their respective parent (Table 2.6).

Although hyphal fragment cultures from (+,-) isolate Nos.

125 and 127 consisted of (+), (-) and (+,-) types, those

from (+,-) isolate Nos. 124 and 126 consisted of only (-)

type.

DISCUSSION

The nuclei in the germsporangia from the cross between

(+) and (-) isolates of g. cucurbitarum consisted of all (+)

or all (-), or (+) and (-) types. This is in agreement with

the previous reports on zygospore progeny of Phycomyces

nitens Kunze (Blakeslee 1906), Rhizopus stolonifer (Ehren.

ex Fr.) Vuill. (Gauger 1961), £. blakesleeanus Burgeff

(Cerda-Olmedo 1975; Eslava et ale 1975), Mucor hiemalis

Wehmer(James and Gauger 1982), R. microsporus van Tieghem

(Schipper et ale 1985) and M. piriformis Fisher (Michailides

and spotts 1988). Zygospore progeny of M. mucedo (L.)

Fresenius consisted of only (+) and (-) types (Blakeslee,
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1906). Absence of (+,-) type in this case may be due to the

possibility that cultural conditions were not conducive for

the establishment of (+,-) cultures from germinated

zygospores. Zygospore progeny of ~. blakesleeanus reported

by Hocking (1967) and that of M. hiemalis by Gauger (1965)

also contained only (+) and (-) types.

One of the characteristics of (+,-) cultures of g.

cucurbitarum is production of azygospores. This is the

first report of azygospores of g. cucurbitarum. During

formation of sporangiospores, (+,-) cultures segregated to

(+), (-) and (+,-) types. Azygospores appeared only in

(+,-) sporangiospore cultures. The hyphal fragment cultures

obtained from (+,-) cultures also consisted of (+), (-) and

(+,-) types. Azygospores again appeared only in (+,-)

hyphal fragment cultures. These results suggest that

azygospores of g. cucurbitarum are produced by mating type

heterokaryotic mycelia.

Based on information currently available, azygospore

formation in Mucorales can be classified into three types.

Production of azygospores by single isolates is the first

type. Obligate azygosporic species of M. bainieri Mehrotra

et Baijal, M. azygosporus Benjamin (Benjamin and Mehrotra

1963), M. ardhlangiktus Mehrotra et Mehrotra (Mehrotra and

Mehrotra 1979), Absidia spinosa var. azygospora Boedijn

(Boedijn 1958) and B. azygosporus Yuan et Jong (Yuan and

Jong 1984) are of this type. The second type of azygospore



32

formation is characterized by induction of imperfect

hybridization with other species. Induction of azygospore

formation in M. pusillus Lindt by A. corymbifera (Cohn)

Saccardo et Trotter (Schipper 1976) and in Gilbertella

persicaria (Eddy) Hesseltine by B. stolonifer (O'Donnell et

al 1977) belong to this type. Formation of azygospores by

mating type heterokaryotic mycelia from germinating

zygospores is the third type. Azygospore formation of B.

microsporus (Newsham and Gauger 1984) and that of g.

cucurbitarum observed in this study were of this type. Most

hybrids from the crosses between B. microsporus and B.

rhizopodiformis (Cohn) Zopf were also of this type (Schipper

et ale 1985).

Germsporangia of g. cucurbitarum have three kinds of

germsporangiospores: (+), (-) and (+,-). Each

germsporangium should possess one of seven possible

combinations of spore types. In this study only six

combinations of spore types in germsporangia were observed

(Table 2.4). The combination of (+) and (-) is missing

probably because the number of germsporangia analyzed was

small. Blakeslee (1906) observed all seven combinations of

spore types in germsporangia of f. nitens. Germsporangia of

B. stolonifer (Gauger 1961), M. hiemalis (James and Gauger

1982) and M. piriformis (Michailides and spotts 1988) had

germsporangiospores with all (+), all (-), or both (+) and

(-) types.
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The (+,-) zygospore cultures yielded predominantly (-)

hyphal fragment cultures (Table 2.1) and (-) sporangiospores

(Table 2.2). These data suggest that (-) nuclei predominate

in mycelia of these cultures. The observations that some of

the cultures originated from single sporangiospores (Table

2.2) or single germsporangiospores (Table 2.4) were mating

type heterokaryotic suggest that sporangiospores of g.

cucurbitarum are multinucleate. This may explain the

continuation of (-) dominance in the second asexual

generation of (+,-) zygospore isolate No. 18 (Table 2.3).

The germsporangium produced by zygospore No. 110

contained germsporangiospores of (+) and (+,-) but not (-)

type (Table 2.4). Three of the (+,-) germsporangiospores

also contained only (+) and (+,-) but not (-) type, but gave

rise to hyphal fragment cultures containing (+), (-) and

(+,-) types (Table 2.5). This suggests that during

sporangiospore formation a (-) nucleus always paired with a

(+) nucleus in the sporangium which contained more (+) than

(-) nuclei.

Results from this study showed that the mating types of

(+) and (-) isolates of g. cucurbitarum were very stable and

remained unchanged during 16 month storage or repeated mass

transfers. However, the mating type of (+,-) isolates was

unstable and became (+) or (-) type after repeated mass

transfers. During long-term storage, only (-) type was

recovered from some of them. This is similar to M. hiemalis
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observed by Gauger (1966). The mating types of (+) and (-)

isolates of M. hiemalis tested did not change after one year

storage. However, most of the (+,-) isolates of M. hiemalis

referred to as azygosporic strains, lost the ability to

produced azygospores and reacted as (+) type after repeated

mass transfers. After long-term storage, sporangiospore

cultures derived from some of these (+,-) isolates contained

only (+) or (+) and (-) types.

The neuter sporangiospore cultures observed in this

study appeared to be in a transitory state because when one

of them was retested three weeks later, it reacted as a (-)

type. This type of culture may require time before they can

express their sexuality. Germsporangiospore cultures of

temporary neutrality also have been observed in M. mucedo

and f. nitens (Blakeslee 1906).



Table 2.1. Mating type distribution in hyphal fragment

cultures derived from zygospore isolates of Choanephora

cucurbitarum

35

No. of cultures
Isolate
No.a

Mating
type Total scored (+) (-) (+, -)

31 (+) 30 30 0 0

59 (+) 30 30 0 0

21 (-) 35 0 35 0

30 (-) 35 0 35 0

18 (+,-) 30 3 25 2

62 (+,-) 35 1 22 12

63 (+,-) 35 12 21 2

100 (+,-) 33 4 26 3

a Each isolate was established by cUlturing a whole

germinating zygospore.
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Table 2.2. Mating type distribution in sporangiospore

cultures derived from zygospore isolates of Choanephora

cucurbitarum

No. of cultures
Isolate Mating

No.a type Total scored (+) (-) (+, -) Neuter

31 (+) 30 30 0 0 0

59 (+) 30 30 0 0 0

21 (-) 30 0 30 0 0

30 (-) 30 0 30 0 0

18 (+, -) 52 1 50 1 0

62 (+, -) 97 3 94 0 0

63 (+, -) 65 15 50 0 0

100 (+, -) 58 5 49 1 3

a Each isolate was established by cUlturing a whole

germinating zygospore
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Table 2.3. Mating type distribution in second generation of

sporangiospore cultures of zygospore isolate No.18a of

Choanephora cucurbitarum

No. of cultures
Isolate Mating

No. type Total scored

18-1 (+,-) 47

18-42 (-) 30

18-45 (+) 30

(+)

1

o

30

(-)

46

30

o

(+, -)

o

o

o

a Isolate No.18 was established by cUlturing a whole
germinating zygospore
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Table 2.4. Mating type distribution in germsporangiospore

cultures derived from germinated zygospores of Choanephora

cucurbitarum

No. of cultures
Zygospore

No.a Total scoredb (+) (-) (+,-) Pattern

102 53

105 59

108 19

104 17

o (-)

o (-)

o (+)

o (+)

o (+)

o (+)

o (+)

o (+)

32 (+) (-) (+,-)

50 (+) (+,-)

22 (+) (+,-)

19 (-) (+,-)

10 (-) (+,-)

25 (-) (+,-)

18 (-) (+,-)

15 (-) (+,-)4

2

o

o

o

o

o

o

o

o

28

10

15

21

79

53

o

o

o

o

o

o

o

5

13

12

21

19

29

59

17

70

19

25

20

29

53

27

65

63

116

114

113

111

112

115

110

109

106 29

101 79

107 21

103 70

117

118

20

25

o

o

o

o

20 (+,-)

25 (+,-)

a Each zygospore germinated by producing a germ tUbe

with a terminal germsporangium.

bAll gerrnsporangiospores in each germsporangium were tested
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Table 2.5. Mating type distribution in sporangiospore

cultures of germsporangiospore isolates of Choanephora

cucurbitarum

No. of cultures
Isolate

No.a
Mating

type Total scored (+) (-) (+,-) neutral

101-10 (-) 38 0 38 0 0

102-1 (-) 39 0 39 0 0

104-1 (+) 38 38 0 0 0

105-10 (+) 42 42 0 0 0

110-32 (+,-) 64 58 0 6 0

(42 31 2 9 O)b

110-42 (+,-) 65 51 0 14 0

(39 28 5 6 0)

110-47 (+,-) 102 36 0 66 0

(41 21 3 17 0)

113-3 (+,-) 58 3 3 52 0

117-3 (+,-) 59 5 7 46 1

a Each isolate was established by a germsporangiospore.

b The numbers in the parentheses were from mycelial

fragment cultures.



Table 2.6. Mating type distribution in hyphal fragment

cultures derived from zygospores isolates of Choanephora

cucurbitarum stored in water for 16 months at 24 0 C

40

No. of cultures
Isolate

No.a
Mating

type Total scored (+) (-) (+,-)

7 (-) 40 0 40 0

57 (-) 41 0 41 0

54 (+) 42 42 0 0

55 (+) 47 47 0 0

124 (+,-) 60 0 60 0

(50 0 50 O)b

126 (+,-) 50 0 50 0

(50 0 50 0)

125 (+,-) 38 21 15 2

127 (+,-) 42 38 1 3

a Each isolate was established by cUlturing a whole

germinating zygospore.

b Data in the parentheses were results from other

culture blocks.
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Figs. 2.1, 2. Choanephora cucurbitarum. Fig. 2.1. A

zygospore (zygosporangium). X200. Fig. 2.2. An azygospore

(azygosporangium). X360.
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CHAPTER III

THE METHOD OF INHERITANCE IN CHOANEPHORA CUCURBITARUM

ABSTRACT

When isolates of Choanephora cucurbitarum with similar

growth rate and colony appearance were crossed, the mating

type distribution of zygospore progeny fit the ratio of

1(+):1(-):2(+,-). However, germsporangiospore progeny from

the same pairs fit a 1(+):1(-) ratio but not 1(+):1(-)

:2(+,-) ratio. When isolates with different growth type (F

for fast and S for slow) were crossed, the resulting

zygospore progeny fit a 1(+):1(-) ratio but not 1(+) :1

(-):2(+,-) ratio. Their growth type distribution also fit a

1F:IS ratio. All the sporangiospores tested were

multinucleate.
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INTRODUCTION

Choanephora cucurbitarum (Berk. & Rav.) Thaxt, like

most other mucoraceous fungi, is heterothallic and requires

compatible mating types for production of zygospores

(Barnett and Lilly, 1956; Wu and Chien, 1980). The two

mating types are indistinguishable morphologically.

Zygospores germinate after a dormancy by producing germ

tubes with terminal germsporangia, germsporangioles, or

develop directly into colonies (Chapter I).

Previously, there were no genetic studies in the genus

of Choanephora. During the early phase of this study, a

spontaneous slow growing mutant of (+) mating type was

obtained from sporangiospore cultures derived from a

germinated zygospore of g. cucurbitarum. Subsequently, slow

growing isolates of (-) mating type were also obtained

through crossings (Table 3.1). The availability of this

marker, enabled the analysis of progeny from various crosses

to understand the mode of inheritance in this fungus.

Details of the study are reported here.
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MATERIALS AND METHODS

organisms

Isolates of microorganisms used are listed in Table

3.1. Isolates CH156(+) and CH32(-) of g. cucurbitarum are

wild types obtained from Professor Ru-Yong Zheng, Institute

of Microbiology, Academia Sinica, Beijing, China. Both

isolates were deposited at the Culture Collection Center of

the above institute with the accession number of 3.4689 and

3.4688, respectively. Isolate 100-4 (+) was a spontaneous

mutant of slow growing type. More isolates with the slow

growing trait were produced from this isolate by crossings.

All cultures were maintained on 5% V-8 agar (5% V-8 juice,

0.02% CaC03 and 2% agar) or stored in sterile distilled

water in a test tube at 24 0 C (Boesewinkel, 1976).

Production of zygospores

For production of zygospores, a potato-dextrose agar

(PDA) block (25 X 25 X 3 rom) placed in a Petri dish was

inoculated by placing two culture blocks (3 X 1 X 1 rom) of

(+) mating type in opposition at the edge and two culture

blocks of (-) mating type also in opposition at the edge but

between the (+) mating type inocula. Dishes were sealed

with Parafilm and incubated at 240 C in darkness for 40-50

days.
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Germination of zygospores

Zygospore suspension was obtained by grinding each

culture block containing zygospores with 50 ml sterile

distilled water in an omni mixer at 4,000 rpm for 1 min.

The suspension was filtered successively through 90-~m and

3S-~m sieves. The zygospores retained on the 3S-~m sieve

were washed with tap water and resuspended in 20 ml of

sterile distilled water. The suspension was mixed with an

equal volume of freshly prepared 0.5% KMn04 solution. After

gently shaking for 30 min, zygospores were washed free of

KMn04 on a 3S-~m sieve with tap water. The zygospores were

resuspended in 20 ml sterile distilled water. The spore

suspension with residual mycelial fragments was incubated

with an equal volume of 2% clarified V-S broth which was

prepared by passing V-S juice through four layers of

cheesecloth. After incubation at 240 C for 12 h, the mycelia

were removed by passing the suspension through 90-~m and 3S­

~m sieves. The zygospores retained on the 3S-~m sieve were

resuspended in 20 ml sterile distilled water and treated

with an equal volume of 0.5% KMno4 for 20 min as mentioned

before. About 100-200 zygospores in 200 ~l suspension were

spread on 2% water agar supplemented with 100 ~g/ml

ampicillin to prevent growth of possible bacterial

contaminants. Petri dishes were incubated at 24 0 C under

cool white fluorescent light (2000 Ix).
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Isolation of single zygospore colonies

Germinated zygospores were transferred individually

under a compound microscope to v-a agar blocks (15 X 10 X 3

rom) in Petri dishes. Each dish contained five blocks

equidistant from each other along the edge. Colonies

resulting from single zygospores were referred to as

zygospore cultures.

Isolation of germsporangiospore colonies

Most zygospores germinated by producing a germ tube

with a terminal germsporangium. The spores in each

germsporangium were termed germsporangiospores. Germinating

zygospores with a germsporangium were individually

transferred to a drop (200 ~l) of sterile distilled water on

1% clarified v-a agar (1% clarified v-a juice and 2% agar)

supplemented with 100 ~g/ml ampicillin. The germsporangium

was dehisced in water by touching it with a scalpel. The

germsporangiospores were spread over the Petri dish and

incubated at 240 C under light for 12 h. Germinating

germsporangiospores were individually transferred to v-a
agar blocks. Colonies thus established were called

germsporangiospore cultures. Thirteen to fifteen

germsporangiospores were sampled from each germsporangium.
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Isolation of sporangiospore colonies

The sporangiospore suspension was prepared from a 7­

day-old fungal culture by shaking a culture block (20 X 10 X

3 mm) in 10 ml sterile distilled water in a test tube. The

sporangiospore suspension with 50-100 spores in 100-200 ~l

were spread on 1% clarified v-a agar. After incubation at

240 C for 12 h, germinating sporangiospores were individually

transferred to v-a agar blocks in Petri dishes to establish

sporangiospore cultures.

Determination of mating typg and growth typg

The mating type of each isolate was determined by

pairing a small piece of culture (ca. 3 X 3 X 3 mm) with a

piece of (+) tester (isolate 7-1) or (-) tester (isolate

5-1) on a block ( 15 X 10 X 3 mm) of v-a agar in a Petri

dish. Five blocks were placed equidistant to each other

along the edge of the dish. After incubation at 24 0 C in

darkness for 7 days, those isolates forming zygospores with

(+) tester were designated (-). Similarly those forming

zygospores with the (-) tester were designated (+).

Isolates forming azygospores and zygospores in single

culture were designated (+,-).

All isolates with linear growth rate ranging from 20 to

24 mm per day were considered fast growing, and were

referred to as F type. A spontaneous mutant and those

cultures with linear growth rate ranging from 4 to 5 mm per
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day were considered slow growing, and were referred to as S

type. Colonies of growth type heterokaryons appeared fast

growing with dense core about the size of S type colony

consisting of mycelia (mating type homokaryons) or blackish

zygospores and azygospores (mating type heterokaryons).

F,S(+,-) was referred to as fast growing (+) and slow

growing (-) heterokaryon, while S,F (+,-) was referred to as

slow growing (+) and fast growing (-) heterokaryon. Those

growth type heterokaryons of either (+) or (-) mating type

were referred to as F,S(+) or F,S(-).

Nuclear staining of sporangiospores

Nuclei in sporangiospores were stained with 25 ~l/ml

acridine orange in 1% veronal acetate solution, pH 8.6

(Yamamoto and Uchida, 1982). One drop of sporangiospore

suspension was mixed with one drop of acridine orange

solution on a glass slide. The mixture was dried with a

hair dryer. Another drop of acridine orange solution was

placed on the dried spot and covered with a cover slip. The

specimen was sealed with fingernail varnish and examined

immediately with a zeiss fluorescence microscope. Nuclei

were clearly visible as bright green spherical, elliptical

or irregular particles against a faint green background

(Yamamoto and Uchida, 1982).
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RESULTS

Crosses between isolates with the~ growth~

All the isolates used in this study were stable in both

mating type and growth type. Sporangiospore progeny from

these isolates showed the same mating type and growth type

as their respective parent (Table 3.2).

Progeny from the cross between two fast growing

isolates 7-1(+) and 5-1(-) consisted of mating types (+),

(-) and (+,-), all of which were fast growing F type (Table

3.3). Zygospore progeny from each of three slow growing

pairs consisted of mating types (+), (-) and (+,-), all of

which were of the slow growing S type (Table 3.3).

Single germsporangiospore cultures were derived from 13

to 15 germsporangiosporesfrom each germinated zygospore,

and the same zygospores was retained for formation of the

zygospore culture for comparison. From the cross between

isolates 7-1(+) and 5-1(-), zygospore cultures consisting of

5 (+), 4 (-) and 12 (+,-) and germsporangiospore cultures

consisting of 88 (+), 97 (-) and 132 (+,-) were obtained

(Table 3.4). The cross between isolates T44-9(+) and T10­

30(-) resulted in zygospore cultures consisting of 7 (+), 6

(-) and 12 (+,-) and germsporangiospore cultures consisting

of 122 (+), 108 (-) and 134 (+,-).
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Crosses between isolates with different growth~

100-4 SC+) X 5-1 FC-}-- Zygospore cultures from the

cross between isolates 100-4S(+) and 5-1F(-) consisted of

F(+), F(-), S(+), S(-), F,S(+), F,S(-), S(+,-), F,S(+,-) and

S,F (+,-) (Tables 3.5 and 3.6). Cultures of S(+,-), F,S

(+,-) and S,F(+,-) produced azygospores and zygospores.

F(+), F(-), S(+) and S(-) zygospore cultures produced

sporangiospores with the same growth type and mating type as

their respective parent (Table 3.5). All F,S(-) zygospore

cultures produced F(-) or S(-) sporangiospores, while the

F,S(+) culture obtained produced F(+) or S(+)

sporangiospores.

Sporangiospores produced by F,S(+,-) zygospore cultures

segregated into either F(+) and S(-), or S(+) and F(-)

(Table 3.6). However, some of the sporangiospores retained

their parental characteristics by giving rise to F,S(+,-)

cultures. Sporangiospores produced by the S(+,-) zygospore

culture segregated into S(+) and S(-). Some of them also

retained the parental characteristics by giving rise to

S(+,-) cultures.

7-1 FC+) X C17-1 SC-)-- Zygospore cultures from the

cross between isolates 7-1 F(+) and C17-1 S(-) consisted of

F(+), F(-), S(+), S(-), F,S(+), F,S(-), S(+,-) and F,S(+,-)



54

(Table 3.7 and 3.8). Both S(+,-) and F,S(+,-) type of

cultures produced azygospores and zygospores.

Each F(+), F(-), S(+) and S(-) zygospore culture

produced sporangiospores with the same growth type and

mating type as their respective parents (Table 3.7).

Sporangiospores produced by F,S(+) and F,S(-) zygospore

cultures segregated into F(+) and S(+), and F(-) and S(-),

respectively.

Sporangiospores produced by F,S(+,-) zygospore cultures

segregated into either F(+) and S(-), or S(+) and F(-) with

some retaining the parental characteristics of F,S(+,-)

(Table 3.8). During reproduction by sporangiospores, the

S(+,-) zygospore culture segregated into S(+) and S(-) with

some retaining the parental characteristics of S(+,-).

T44-9 S(+) X 5-1 F(-) -- Zygospore cultures from the

cross between isolates T44-9 S(+) and 5-1 F(-) consisted of

only F(+), F(-), S(+), S(-), F,S(+) and F,S(+,-) (Table 3.9

and 3.10). All the F,S (+,-) cultures produced azygospores

and zygospores. F(+), F(-), S(+) and S(-) zygospore

cultures produced sporangiospores with the same growth type

and mating type as their respective parent (Table 3.9).

sporangiospores produced by the F,S(+) zygospores culture

segregated into F(+) and S(+) (Table 3.9), while those

produced by F,S(+,-) segregated into F(+) and S(-), or S(+)
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and F(-) with some retaining the parental characteristics of

F,S(+,-) (Table 3.10).

Numbers of nuclei in sporangiospores

None of the sporangiospores of g. cucurbitarum tested

were uninucleate (Table 3.11). Only about 6% of the

sporangiospores contained two nuclei. Majority (86.2%) of

them contained 3 to 8 nuclei. The largest number of nuclei

in a sporangiospore observed was 12.

DISCUSSION

Results from this study showed that the ratio of (+)

and (-) zygospore cultures from each of the seven crosses

tested fit a 1:1 ratio, indicating that mating types of g.

cucurbitarum are conferred by a pair of alleles of the same

gene (Table 3.12). The ratio of F type and S type zygospore

cultures from each of the three crosses of different growth

types tested also fit a 1:1 ratio, indicating that growth

types of g. cucurbitarum are also conferred by a pair of

alleles of the same gene (Table 1.13). When the mating type

distribution in the germsporangiospore and zygospore

progenies in two crosses were compared, it was found that

germsporangiospore progeny also fit a ratio of 1(+):1(-)

just like zygospore progeny (Table 3.4). Zygospore and
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germsporangiospore progenies of Phycomyces

blakesleeanus (Eslava et al., 1975b) and~. nitens (Cerdo­

Olmedo, 1975) also fit a 1:1 ratio, although the zygospore

progeny in these cases consisted of only 1(+) and 1(-).

When the numbers of zygospore progenies of the same species

were increased, the mating type distribution deviated from

the 1:1 ratio (Eslava et al., 1975ai Blakeslee, 1906). The

germsporangiospore progenies of Rhizopus stolonifer and B.

microsporus reported by Gauger (1984), and zygospore

progenies of Mucor mucedo reported by Blakeslee (1906) and

Kohler (1935) also fit a 1(+):1(-) ratio. Although

zygospore progeny of M. hiemalis reported by Sjowall (1945)

fit a 1(+):1(-) ratio, those reported by Gauger (1965) and

James and Gauger (1982) did not fit the same ratio.

Michailides and spotts (1988) reported that (+) was

predominant in both zygospore and germsporangiospore

progenies of M. piriformis. Apparently certain mating type

specific factors affected the viability of (+) or (-)

zygospore progeny in some members of Mucorales.

When isolates with the same growth type and colony type

were crossed, the ratio of (+), (-) and (+,-) zygospore

cultures obtained fit a 1:1:2 ratio (Table 3.12). However,

when the difference in phenotypic characteristics between

the parents increased, the deviation from the 1(+):1(-):2

(+,-) ratio also increased (Table 3.12). It is hypothesized

that in the prozygosporangium, the formation of the first
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diploid nucleus from the fusion of one haploid nucleus from

each parent precludes further fusion of other nuclei and

initiates their disintegration. The diploid nucleus

undergoes meiosis to form four haploid nuclei. During

germination, two of these four haploid nuclei in the

zygospore migrate through the germ tube to the

germsporangium initial or germ mycelium. The other two

nuclei left behind disintegrate. with increasingly

dissimilar parents, the incompatibility between the two

nuclei in the germinating zygospores increases, resulting in

decreasing viability of this type of zygospore. It is also

hypothesized that the two nuclei in the germsporangium or

germ mycelium independently undergo different cycles of

mitotic division, and that more than one nucleus are

enclosed in a sporangiospore. This hypothesis can explain

the 1:1:2 ratio among (+), (-) and (+,-) zygospore cultures

from the crosses between near identical parents, and account

for the (+,-) zygospore cultures with frequency below 50%

among zygospore progenies from the crosses between

dissimilar parents, leading to the deviation from the 1:1:2

ratio (Table 3.12 and 3.14). This may also explain the

finding that the reported frequencies of mating type

heterokaryons in the zygospore progenies of £.

blakesleeanus varied from 0 to near 50% (Hocking, 1967;

Eslava et al., 1975).
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Based on the proposed hypothesis, the cross

between isolates with different growth type should produce

10 kinds of zygospores. Nine of the 10 kinds predicted have

been detected in two of the three crosses. The other cross

yielded seven kinds of zygospores (Table 3.15). There were

more parental types than any of the nonparental combinations

in all three crosses, suggesting that mating type gene and

growth type gene are linked to each other (Table 3.15).

Since the percentages of recombinants produced by crossovers

in gamete production in these crosses were 30, 35, and 35%

(Table 3.16), the average distance between these two genes

should be 33 cM. The hypothesis can also explain the uneven

distribution of (+) and (-) sporangiospores produced by

(+,-) zygospore cultures and the presence of (+,-)

sporangiospores reported in Chapter II.

Germsporangiospore cultures were frequently used in the

studies of genetics in Mucorales (Eslava et al., 1975;

Gauger, 1988). Results from this study showed that when two

pairs of near identical parents of ~. cucurbitarum were

crossed, the mating type ratio of zygospore cultures but not

germsporangiospore cultures fit a 1(+):1(-):2(+,-) ratio

(Table 3.4). This was due to the fact that

germsporangiospores derived from most (+,-) zygospores

consisted of (+) and/or (-) type in addition to (+,-) type

(Chapter II). Therefore, for genetic analysis in Mucorales,
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zygospore cultures rather than germsporangiospore cultures

should be used.

Staining of sporangiospores of c. cucurbitarum showed

that they are multinucleate. This is consistent with the

observation of the presence of (+,-) or (F,S) single

sporangiospore cultures (Table 3.6). Sporangiospores of~.

blakesleeanus (Eslava, 1987) and 10 to 68% sporangiospores

of M. pusillus (Goto-Hamamoto et al., 1986) were also

multinucleate. However, sporangiospores produced by Absidia

glauca (Wostemeyer and Brockhauen-Rohdemann, 1987), M.

hiemalis, M. mucedo were mostly uninucleate (Robinow, 1957;

Storck and Morrill, 1977).



Table 3.l. Isolates of Choanephorq cucurbitarum used in this study

Isolate no. Mating type origina Growth typeb Colony typeC

CH32 (-) China F (24 mm/day) g.

CH156 (+) China F (24 mm/day) g.

5-1 (-) 8G8 from CH32 X CH156 F (24 mm/day) mn

7-1 (+) 8G8 from CH32 X CH156 F (23 mm/day) g.

100 (+,-) 8Z from 5-1 X 7-1 8 (4 mm/day) am

100-4 (+) 88 from 100 8 (4 rom/day) m

C17-1 (-) 8G8 from 100-4 X 5-1 8 (4 mm/day) ill

T44-9 (+) 8G8 from 817-1 X 7-1 8 (4 mm/day) g.

TIO-3D (-) SGS from S17-1 X 7-1 S (4 rom/day) g.

a 8GS = single germsporangiospore, 8Z = single zygospore, 88 = single sporangiospore.

b F = fast in growth, 8 = slow in growth.

c g.: colony with numerous asexual sporangia and sporangioles, ill :colony with few or

no asexual spores, am colony with moderate mycelia and asexual spores.

0\o



Table 3.2. Mating type and growth type distribution in single sporangiospore cultures of

six isolates of Choanephora cucurbitarum used in this study

a F = fast in growth, ranging from 22 to 24 mm/day, S = slow in growth, ranging from

4 to 5 rom/day.

0\-



Table 3.3. Mating type of zygospore progeny from the crosses between isolates of the same

growth type of Choanephora cucurbitarum

Zygospore cultures (no.)

Crossa (+) ( -) .(+,-) P S

7-1 pg(+) X 5-1 pam(_) 30 25 67 122 0

T44-9 S~(+) X T10-30 S~(-) 22 23 45 0 90

T44-9 Sg(+) X C17-1 Sill(-) 27 17 13 0 57

100-4 Sill(+) X T10-30 sg(-) 25 28 18 0 71

a g: colony with numerous asexual sporangia and sporangioles, ill :colony with few or
no asexual spores, am colony with moderate mycelia and asexual spores.

0\
N



Table 3.4. Comparison of mating type distribution in zygospore cultures and

germsporangiospore cultures of Choanephora cucurbitarum

Zygospore cultures Expected ratio of Expected ratio of
(no. ) 1(+) :1(-) 1(+) :1(-) :2(+,-)

Cross (+) (-) (+, -) ';(2 p> ';(2 p>

5-1 X 7-1 5 4 13 0.11 0.70 0.82 0.5

T44-9 X T10-30 7 6 12 0.08 0.70 0.12 0.9

Germsporangiospore Expected ratio of Expected ratio of
cu1turesa No. 1(+) :1(-) 1(+) :1(-) :2(+,-)

Cross (+) (-) (+,-) X2 p> X2 p<

5-1 X 7-1 88 97 132 0.44 0.50 9.37 0.01

T44-9 X T10-30 122 108 134 0.85 0.30 26.40 0.001

a The germsporangiospores were isolated from the germinated zygospores.

0\
W
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Table 3.5. Mating types and growth types of sporangiospore

cultures from some (+) and (-) zygospore isolates from the

cross between isolates 100-4 S(+) and 5-1 F(-) of

Choanephora cucurbitarum

sporangiospore cultures (no.)

64

Isolate Mating Growth
no. a type typeb

Total
scored

F S

C2

C4

C10

C1

C19

C61

C62

C17

C28

C55

C21

C25

C51

(+)

(+)

(+)

(-)

(-)

(+)

(+)

(-)

(-)

(+)

(-)

(-)

(-)

F

F

F

F

F

S

S

S

S

F,S

F,S

F,S

F,S

30

29

30

30

31

30

30

29

23

40

40

40

35

30

29

30

30

31

o

o

o

o

13

19

26

25

o

o

o

o

o

30

30

29

23

27

21

14

10

a Each isolate originated from a germinated zygospore.
b F = fast in growth, ranging from 20 to 24 rom/day;

S = slow in growth, ranging from 4 to 5 rom/day;
F,S = fast in growth with dense core about the size of S
type consisting of mycelia.



Table 3.6. Mating types and growth types of sporangiospore

cultures from (+,-) zygospore isolates from the cross

between isolates 100-4 S{+) and 5-1 F{-) of Choanephora

cucurbitarum

65

Sporangiospore cultures (no. )

F S F,S
Isolate Mating Growth Total
no. a type typeb scored (+) (-) (+) (-) (+, -) (+,-)

C24 (+,-) F,S 55 44 0 0 5 0 6

C32 (+,-) F,S 80 2 0 0 75 0 3

C16 (+,-) F,S 31 0 4 26 0 0 1

C27 (+, -) F,S 105 0 31 62 0 0 12

C41 (+, -) F,S 33 0 21 6 0 0 6

C4.2 (+, -) F,S 30 0 10 8 0 0 12

C47 (+, -) F,S 39 0 11 10 0 0 18

C29 (+, -) S 145 0 0 1 139 5 0

a Each isolate originated from a single germinated

zygospore.

b F = fast in growth, ranging from 22 to 24 mm{daYi

S = slow in growth, ranging from 4 to 5 mm/daYi

F,S = fast in growth with dense core about the size of S

type consisting of mycelia.
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Table 3.7. Mating types and growth types of sporangiospore

cultures from some (+) and (-) zygospore isolates from the

cross between isolates 7-1 F(+) X C17-1 S(-) in Choanephora

cucurbitarum

Sporangiospore cultures (no.)

Isolate
no. a

T48

T53

T54

T67

T44

T51

TI0

T40

T9

T56

T19

T43

Mating
type

(+)

(+)

(-)

(-)

(+)

(+)

(-)

(-)

(+)

(+)

(-)

(-)

Growth
typeb

F

F

F

F

S

S

S

S

F,S

F,S

F,S

F,S

Total
scored

28

29

30

32

35

31

35

30

35

42

41

37

F

28

29

30

32

o

o

o

o

28

36

14

5

S

o

o

o

o

35

31

35

30

7

6

27

32

a Each isolate originated from a germinated zygospore.

b F = fast in growth, ranging from 21 to 24 rom/day;

S = slow in growth, ranging from 4 to 5 rom/day;

F,S = fast in growth with dense core about the size of S

type consisting of mycelia.



4 to 5 rom/day;

core about the size of S

Table 3.8. Mating types and growth types of sporangiospore

cultures from (+,-) zygospore isolates from the cross

between isolates 7-1 F(+) and C17-1 S(-) of Choanephora

cucurbitarum

a Each isolate originated from a single germinated

zygospore.

b F = fast in growth, ranging from 20 to 24 rom/day;

S = slow in growth, ranging from

F,S = fast in growth with dense
type consisting of mycelia.
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Table 3.9. Mating types and growth types of sporangiospore

cultures from some (+) and (-) zygospore isolates from the

cross between isolates T44-9 S{+) and 5-1 F{-) of

Choanephora cucurbitarum

Sporangiospore cultures (no.)

68

Isolate
no. a

U78

U80

U1

U10

U2

U83

U22

U34

U21

U45

Mating
type

(+)

( +)

(-)

(-)

(+)

(+)

(-)

( -)

(+)

(+)

Growth
typeb

F

F

F

F

S

S

S

S

F,S

F,S

Total
scored

32

35

38

30

30

31

32

31

30

78

F

32

35

38

30

o

o

o

o

24

64

S

o

o

o

o

30

31

32

31

6

14

a Each isolate originated from a germinated zygospore.
b F = fast in growth, ranging from 20 to 24 mm/day;

S = slow in growth, ranging from 4 to 5 mm/day;
F,S = fast in growth with dense core about the size of S
type consisting of mycelia.
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Table 3.10. Mating types and growth types of sporangiospore

cultures from zygospore isolate (+,-) from the cross

between isolates T44-9 S(+) and 5-1 F(-) of Choanephora

cucurbitarum

Sporangiospore cultures (no. )

F S F,S
Isolate Mating Growth Total
no. a type typeb scored (+) (-) (+) (-) (+, -) (+,-)

U47 (+,-) F,S 30 23 0 0 7 0 0

U68 (+, -) F,S 30 2 0 0 21 0 7

U74 (+, -) F,S 39 1 0 0 2 0 36

U86 (+,-) F,S 28 17 0 0 11 0 0

U25 (+, -) F,S 36 0 11 25 0 0 0

U71 (+, -) F,S 48 0 37 10 0 0 1

U82 (+,-) F,S 30 0 27 3 0 0 0

a Each isolate originated from a single germinated

zygospore

b F = fast in growth, ranging from 21 to 24 rom/day;

S = slow in growth, ranging from 4 to 5 rom/day;

F,S = fast in growth with dense core about the size of S

type consisting of mycelia.
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Table 3.11. Range of number of nuclei in sporangiospores of

Choanephora cucurbitarum

No. of nuclei

Total
spore scored 1

No. 167 0

% 100 0

2 3-4

10 39

6.0 23.3

5-6

63

37.7

7-8 9-10

42 10

25.2 6.0

11-12

3

1.8



a s: colony with numerous asexual sporangia and sporangioles, ill :colony with few or

no asexual spores, am colony with moderate mycelia and asexual spores.

...:I-





Table 3.14. Homokaryon and heterokaryon distribution in

zygospore progeny of Choanephora cucurbitarum

73

Heterokaryon

Cross a Homokaryon Overall (+,-)
(%) (%) (%)

T44-9 sg(+) X T10-30 S£l.(-) 50.0 50.0 50.0

7-1 F£I.(+) X 5-1 Fam(_) 45.1 54.9 54.9

100-4 SID(+) X T10-30 S£I.(-) 74.6 25.4 25.4

T44-9 sg(+) X C17-1 SID(-) 77.2 22.8 22.8

100-4 SID(-) X 5-1 Fam(_) 72.7 27.3 21.2

7-1 F£I.(+) X C17-1 SID(+) 83.3 16.7 11.5

T44-9 sg(+) X 5-1 Fam(-) 90.5 9.5 6.3

a g: colony with numerous asexual sporangia and
sporangioles, ID :colony with few or no asexual spores,
am colony with moderate mycelia and asexual spores.



Table 3.15. Mating types and growth types of zygospore cultures from the three crosses

of Choanephora cucurbitarum

F 8 F.8 F / 8 8.F
Cross Total

(+) (-) (+,-) (+) (-) (+,-) (+) (-) (+,-) (+,-) Zygospores
( 1 : 1 : 2 : 1 : 1 :2 : 2 :2 :2 :2)a

100-48(+) X 5-1F(-) 9 18 0 14 5 1 1 3 5 9 65

7-1F(+) X C17-1S(-) 25 13 0 10 17 1 2 2 6 2 78

T44-9S(+) X 5-1F(-) 10 23 0 14 10 0 2 0 2 2 63

a Expected ratio for two independent genes

~



Table 3.16. Distribution of parental and recombinant types

in zygospore progeny of three crosses of Choanephora

cucurbitarum.

No. of culturesa
Recombinants

Cross P R (%)

100-48(+) X 5-1F(-) 32 33 30

7-1F(+) X C17-18(-) 42 23 35

T44-98(+) X 5-1F(-) 37 20 35

a P: parental type homokaryon, R: recombination type

homokaryons.

75
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CHAPTER IV

AZYGOS PORE FORMATION FROM PROTOPLAST FUSION IN

CHOANEPHORA CUCURBITARUM

ABSTRACT

Germlings of Choanephora cucurbitarum released

protoplasts in a solution containing commercial enzymes.

Colonies from protoplasts on the regeneration medium showed

the same mating type and colony type as their respective

parent. Colonies from fused protoplasts of two (+) isolates

were of the (+) type, while those from two (-) isolates were

of the (-) type. Colonies derived from fused protoplasts of

(+) and (-) isolates were self fertile and produced

azygospores followed by zygospores. These results suggest

the hypothesis that azygospores of ~. cucurbitarum are

single-suspensor zygospores. Mating type heterokaryons

resulting from fused protoplasts of a (+) isolate with a W

colony type and (-) isolate with a B colony type segregated

into component isolates indicating that karyogamy and

meiosis did not occur.
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INTRODUCTION

Choanephora cucurbitarum (Berk. & Rav.) Thaxt, a

heterothallic fungus in Mucorales, requires the presence of

both (+) and (-) mating types for sexual reproduction

(Barnet and Lilly, 1956; Wu and Chien, 1980). Our previous

study shows that single zygospore cultures of g.

cucurbitarum may consist of (+), (-) and (+,-) mating types

(Chapter II, Yu and Ko, 1996). All the (+,-) cultures first

produced zygospore-like structures with single suspensors

commonly called azygospores, and subsequently produced

zygospores with double suspensors. This suggests that in a

colony of mating type heterokaryon, most hyphae contain (+)

and (-) nuclei, while some other hyphae consist of only (+)

or (-) nuclei. During sexual reproduction, pairing of (+)

and (-) nuclei in the former will result in formation of

zygospores with single suspensor. Fusion of gametangia in

the latter will also produce zygospores with double

suspensors as with paired compatible cultures. If this

hypothesis is correct, mating type heterokaryons synthesized

by fusion of protoplasts should produced numerous

azygospores and some zygospores. Protoplast fusions were

performed to test the hypothesis.
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MATERIALS AND METHODS

Organisms

Isolates of microorganisms used are listed in Table

4.1. Isolates CH156(+) and CH32(-) of ~. cucurbitarum were

obtained from Professor Ru-Yong Zheng, Institute of

Microbiology, Academia Sinica, China. Both isolates were

deposited-at the Culture Collection Center of the above

institute with the accession numbers of 3.4689 and 3.4688,

respectively. Isolate 100-4 (+) was a spontaneous mutant of

slow growing type. All other isolates with the slow growing

trait were derived from this isolate by crossing. Only slow

growing isolates were used in the fusion experiments because

their protoplasts formed distinct colonies which were easy

to isolate. Isolate T39-1 formed colonies with scatter

white mycelial aggregates of various sizes and few

sporangia. They were referred to as W type (Table 4.2).

Isolates T44-9, T10-30 and R8-10 produced colonies with

dense tiny black dots of sporangia. They were referred to

as B type. Cultures were maintained on 5% V-8 agar (5% V-8

juice, 0.02% CaC03 and 2% agar) or stored in water by

keeping five to eight culture blocks (10 X 5 X 3 rom), cut

from a 5-day-old fungus grown on V-8 agar, in sterile

distilled water in a test tube at 24 0 C (Boesewinkel, 1976).
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Formation of protoplasts

sporangiospores from cultures grown on V-S agar for 5-7

days at 24 0 C under light were collected by scraping with a L

shaped glass rod in sterile distilled water. One ml of

sporangiospore suspension (1.0 X 105 spores/ml) was pipetted

into 25 ml of 5% clarified V-S broth which was prepared by

passing V-8 juice through four layers of cheesecloth before

dilution with distilled water. The inoculated V-S broth was

incubated at 24 0 C for 12 hr. The culture suspension was

filtered through nylon cloth to remove ungerminated spores.

The germlings were washed once with 0.01 M sodium phosphate

buffer, pH 6.3 and once with sorbitol buffer solution

containing 0.5 M sorbitol in 0.01 M sodium phosphate buffer

at pH 6.3. Germlings were then added to 5 ml of enzyme

solution which consisted of Driselase (0-S037) 10 mg/ml,

lysing enzymes (L-2265) 3 mg/ml, chitinase (C-1525) 0.4

mg/ml, chitinase (C-1650) 2 mg/ml and Novozym 234 0.4 mg/ml.

All the enzymes were from Sigma Chemical Company (st. Louis,

MO 63178) except Novozym which was from Novo Biolabs (Novo

Industrias, Bagsvaerd, Denmark). Driselase was dissolved in

0.1 M sodium phosphate buffer, pH 6.3 for 1 hr at 240 C

followed by centrifugation at 800 g for 10 min. Other

enzymes were then added to the purified Driselase solution.

After incubating germlings in the enzyme solution at 240 C

for about 2 hr, undigested mycelia were removed by

filtration through nylon cloth. The concentration of
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protoplasts was determined by counting protoplasts in five 2

~l drops under a microscope (Ko et al., 1973).

Regeneration of protoplasts

Protoplasts were washed twice by centrifugation at 800

g for 10 min in sorbitol buffer solution. The concentration

was adjusted to 40-100 protoplasts/ml with a Pipetman

microliter pipette. Five ml of the protoplast suspension

placed in a Petri dish was mixed with 25 ml of regeneration

medium at 35-390 C. Autoclaved malt extract agar

supplemented with 0.5 M sorbitol, adjusted to p~ 3.6 with

42.5% lactic acid was used as regeneration medium.

Colonies were counted after incubation at 24 0 C for 2 to 3

days.

Fusion of protoplasts

The modified method of Ohnuki et al (1982) was used for

protoplast fusion. Equal amounts of protoplasts (1.0-5.0 X

105 ) in sorbitol solution from two parental isolates were

mixed and centrifuged twice at 800 g for 10 min. The pellet

was resuspended in 0.1 ml of polyethyleneglycol (PEG)-CaC12

solution consisting of 40% PEG 8000 (w/v) and 60 roM CaC12 in

sorbitol buffer solution. After incubation for 40 min at

30oe, the suspension was mixed with 1 ml of sorbitol buffer

solution and centrifuged again. The pelleted protoplasts

were resuspended in sorbitol buffer solution. Five ml of
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the suspension with suitable dilution of protoplasts was

placed in each Petri dish and mixed with the regeneration

medium. Colonies were observed under a microscope after 2­

day incubation at 24oC. Fusion between (+) and (-)

protoplasts was determined by the presence of azygospores in

regenerated colonies.

Isolation of sporangiospore colonies

Three culture blocks (20 X 10 X 3 mm) from a 7-day-old

culture were shaken in 10 ml sterile distilled water in a

test tube. One hundred to two hundred pI of the spore

suspension containing 50-200 spores were spread on 1%

clarified v-a agar. After incubation at 24 0 C for 12 hr,

germinating sporangiospores were individually transferred to

5% v-a agar blocks (15 X 10 X 3 rom) in Petri dishes to

establish sporangiospore colonies. Each dish contained five

blocks arranged equidistant from each other along the edge.

Isolation of hyphal fragment colonies

Culture blocks (4 X 4 X 3 rom) from a .7-day-old culture

grown on 5% v-a agar were squashed with a sterile spatula

and spread on 1% clarified v-a agar in Petri dishes and then

incubated at 24 0 C for 12 hr. Germinated hyphal fragments

about 200-500 ~m were individually cut and transferred to 5%

v-a agar blocks in Petri dishes to establish hyphal fragment

cultures.
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Determination of mating types

The mating type of each isolate was determined by

pairing a small piece of culture (ca. 3 X 3 X 3 rom) with

another piece of (+) tester (isolate 7-1) or (-) tester

(isolate 5-1) on a block (15 X 10 X 3 mm) of 5% v-a agar in

a Petri dish. Five blocks were spaced equidistantly along

the edge of the dish. After incubation at 24 0 C in darkness

for 7 days, those isolates forming zygospores with (+)

tester were designated (-), while those forming zygospores

with the (-) tester were designated (+).

RESULTS

Formation and regeneration of protoplasts

In the solution containing commercial enzymes only,

germlings of ~. cucurbitarum released 1 to 5 X 105

protoplastsjml within 2 hr (Fig. 4.1). Ranging from 10 to

60% of protoplasts regenerated. Regenerated cells started

to bud after 2 to 4 hr of incubation, and developed tUbular,

chainlike or other irregular shaped structures in 12 to 24

hr on the regeneration medium (Fig. 4.2). Subsequently

hyphae began to appear from one or more sites of the

regenerated cells (Fig. 4.3). Colonies were counted after 2

to 3 days.
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All the colonies derived from regenerated protoplasts

were slow growing and showed the same colony type and mating

type as their respective parent (Table 4.2). Cultures

established by the regenerated protoplasts were stable.

sporangiospores produced by them gave rise to slow growing

colonies with the same colony type and mating type as their

respective parent (Table 4.3).

Fusion of protoplasts

After fusion, cultures derived from regenerated

protoplast of isolates T44-9(+) and T39-1(+) were of the (+)

mating type, while those from isolates T10-30(-) and R8-10

(-) were of the (-) mating type (Table 4.4). Most of the

regenerated cultures derived from p~ired T44~9(+) and T10­

30(-) protoplasts, or T39-1(+) and R8-10(-) protoplasts,

were self sterile and behaved as (+) or (-) mating type.

However, about 8% from the first pair and 6% from the second

pair were self fertile and capable of producing numerous

azygospores first followed by some zygospores (Table 4.4).

All the cultures obtained from fused protoplasts were of the

slow growing type.

segregation of fusion products of isolates T44-9(+) and

T10-30 (-)

All eight mating type heterokaryons tested from

protoplast fusion of isolates T44-9(+) and T10-30(-)
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segregated into (+) and (-) types during sporangiospore

formation (Table 4.5). The ratios of (+) and (-) types were

not equal, two with (+) and six with (-) as the predominant

type. A range of 0 to 13% of the sporangiospores produced

by the heterokaryons remained as heterokaryons (Table 4.5).

Second generation heterokaryons segregated into (+) and (-)

types, just like their respective parent, with 0 to 4 % of

them remaining heterokaryons (Table 4.6). The (+) and (-)

segregants of the heterokaryons from the protoplast fusion

were stable producing sporangiospores with the same mating

type as their parent (Table 4.6).

Most cultures established by single hyphal fragments of

the second generation heterokaryons were predominantly the

(-) type (Table 4.7). Zero to 2% of them were eterokaryons.

Hyphal fragment cultures from the (+) and (-) segregants of

the first generation heterokaryons exhibited the same mating

type as their parent (Table 4.7). All the cultures obtained

from these tests were of the slow growing type.

Segregation of fusion products of isolates T39-1(+) and

R8-10{-)

Isolates T39-1(+) and R8-10(-) produced colonies with

appearance of W type and B type, respectively. The mating

type heterokaryons resulting from the protoplast fusion of

these two isolates produced colonies with the appearance
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having characteristics of both types: scattering white

mycelial aggregates and dense tiny black dots of azygospores

and sporangia. These forms were designated M type.

All five cultures of mating type heterokaryons from

protoplast fusion of isolates T39-1(+) and R8-10(-) tested

segregated into (+) and (-) types with (+) as the

predominant type during formation of sporangiospores (Table

4.8). All the (+) cultures have the colony appearance of W

type, while all those (-) cultures have the appearance of B

type. Ranging from 3 to 10% of sporangiospores produced by

the heterokaryons formed M type colonies with azygospores

(Table 4.8).

Four second generation heterokaryons tested segregated

into (+) w type and (-) B type, three with (+) as the

predominant type and one with nearly equal ratio of(+) and

(-) types (Table 4.9). Only one culture retained the

heterokaryotic character. The (+) and (-) segregants of the

heterokaryons were stable, producing sporangiospores of (+)

W type and (-) B type, respectively (Table 4.9).

DISCUSSION

When protoplasts of (+) and (-) isolates of ~.

cucurbitarum were fused, colonies derived from the

synthesized heterokaryons produced numberous azygospores and
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some zygospores as predicted. The result, therefore,

supports the hypothesis that in g. cucurbitarum azygospores

are single-suspensor zygospores resulting from pairing of

(+) and (-) nuclei in the mating type heterokaryotic

mycelium.

All previous reports on protoplast fusion in Mucorales

used formation of prototrophic colonies by fused protoplast

of two auxotrophic mutants as indication of successful

fusion (Binding and Weber, 1974; Genthner and Borgia, 1978;

Goto-Hamamoto et al., 1986; Ohnuki et al., 1982; Wostemeyer

and Brockhausen-Rohdemann, 1987). Since all heterokaryons

synthesized by fusion of protoplasts of different mating

types produced azygospores, formation of colonies with

azygospores by fused protoplasts of different mating types

can also be used as an indication of successful fusion in g.

cucurbitarum. Whether this method can be applied to other

species remains to be tested. Mating type heterokaryons

obtained by fusion of (+) and (-) protoplasts of Absidia

glauca (Wostemeyer and Brockhausen-Rohdemann, 1987) and

Mucor pusillus (Goto-Hamamoto et al., 1986; Ohnuki et al.,

1982) produced zygospores but not azygospores.

Karyogamy and meiosis apparently did not occur in fused

protoplasts of (+) W type (T39-1) and (-) B type (R8-10)

because they segregated into (+) Wtype and (-) B type but

not (-) W type or (+) B type during formation of

sporangiospores (Table 4.8). Data obtained by analysis of
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nuclear DNA contents in sporangiospores Goto-Hamamoto et

al(1987) also suggested that fused hybrids of M. pusillus

were heterokaryons of haploid nuclei from the component

isolates.

In this study colonies regenerated from fused

protoplasts of two (+) isolates were of the (+) type, while

those from two (-) isolates were of the (-) type (Table

4.4). This is consistent with fundings in A. glauca

(Wostemeyer and Brockhausen-Rohdemann, 1987). However, a

small percentage of the mating type heterokaryons were found

in the fusion products of two (-) isolates of M. pusillus

(Goto-Hamamoto et al., 1987). This probably is due to

mating type change during the fusion process. Mating type

change induced by gamma irradiation in this species has been

reported (Nielsen, 1978).

This is the first successful artificial synthesis of

azygospores. Three types of azygospore formation in

Mucorales have been reported previously (Chapter II, Yu and

Ko, 1996). Production of azygospores by obligate azygospore

species is the first group. The second type of azygospores

is formed by induction of imperfect hybridization with other

species. The third type of azygospore formation is by

mating type heterokaryotic mycelia from zygospore

germination. Production of azygospores by mating type

heterokaryons synthesized by protoplast fusion demonstrated
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in this study represents the new fourth type of azygospore

formation.



91

Table 4.1- Isolates of Choanephora cucurbitarum used in this

study

Isolate Mating Origina Growth rate
type mm/dayb

CH32 (-) China F(24)

CH156 (+) China F(24)

5-1 (-) SGS from CH32 X CH 156 F(24)

7-1 (+) SGS from CH32 X CH 156 F(23)

100 (+,-) SZ from 5-1 X 7-1 F(22)

100-4 (+) S8 from 100 8(4)

S17-1 ( -) SGS from 100-4 X 5-1 8(4)

T44-9 (+) SGS from S17-1 X 7-1 8(4)

T10-30 (-) SGS from 817-1 X 7-1 8(4)

T39-1 (+) 8GS from 817-1 X 7-1 8(5)

R8-10 (-) SGS from T44-9 X T10-30 8(4)

a SGS: single germsporangiospore; SZ: single zygospore; SS:

single sporangiospore

b F: fast growing type with growth rate ranging from 22 to

24 rom/day; S: slow growing type with growth rate

ranging from 4 to 5 mm/day.
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Table 4.2. Mating type distribution of colonies regenerated

from protoplasts of different isolates of Choanephora

cucurbitarum

No. of colonies b

Source of Mating Colony Total
protoplasts type typea scored (+) (-) (+, -)

T39-1 (+) W 59 59 0 0

T44-9 (+) B 60 60 0 0

T10-30 (-) B 60 0 60 0

R8-10 (-) B 61 0 61 0

a W: coloniy with scattering white mycelial aggregates and

few sporangia; B: colony with dense tiny black dots of

sporangia.

b All were slow growing and produced the same colony type as

their respective parent.
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Table 4.3. Mating type distribution in cultures derived from

sporangiospores produced by regenerated protoplasts of

various isolates of Choanephora cucurbitarum

No. of coloniesb

Isolate Mating Colony Total
No. type typea scored (+) (-) (+,-)

T44-9-10 (+) B 40 40 0 0

T44-9-22 (+) B 40 40 0 0

T39-1-6 (+) W 40 40 0 0

T39-1-30 (+) W 40 40 0 0

TIO-30-29 (-) B 40 0 40 0

TIO-30-40 (-) B 40 0 40 0

RS-IO-5 (-) B 40 0 40 0

RS-IO-ll (-) B 40 0 40 0

a W: coloniy with scattering white mycelial aggregates and

few sporangia; B: colony with dense tiny black dots of

sporangia.

b All were slow growing and produced the same colony type as

their respective parent.



Table 4.4. Mating type distribution of cultures from fused

protoplasts of Choanephora cucurbitarum
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No. of colonies
Source of protoplasts
used in the fusion

T44-9(+) X T39-1(+)

T10-30(-) X R8-10(-)

T44-9(+) X T10-30(-)

T39-1(+) X R8-10(-)

Total scored

81

80

85

79

(+)

81

o

35

40

(-)

o

80

43

34

o

o

7

5

a All the (+,-) cultures produced numberous azygospores

first and then some zygospores.
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Table 4.5. Mating type distribution in sporangiospore

progeny of (+, -) isolates from fused protoplasts of isolates

T44-9(+) and T10-30(-)of Choanephora cucurbitarum

No. of colonies

Isolate Mating Total (+) (-) (+, -)
No.a type scored

1 (+, -) 60 1 51 8

2 (+, -) 35 1 34 0

3 (+, -) 35 20 14 1

4 (+, -) 36 4 32 0

6 (+, -) 70 55 12 3

7 (+, -) 70 20 45 5

8 (+, -) 70 26 41 3

a Colonies with numerous azygospores and some zygospores.



Table 4.6. Mating type distribution in the second

sporangiospore generation of (+,-)isolates from fused
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protoplasts of isolates T44-9(+) and T10-30(-)of Choanephora

cucurbitarum

No. of colonies

Isolate Mating Total
No. a type scored (+) (-) (+,-)

1-22 (+, -) 50 7 41 2

3-15 (+, -) 50 39 11 0

6-16 (+, -) 49 35 15 0

12-9 (+, -) 50 4 45 1

1-17 (+) 40 40 0 0

1-19 (+) 40 40 0 0

1-35 (-) 40 0 40 0

1-43 (-) 40 0 40 0

a Each isolate originated from a single sporangiospore.



Table 4.7. Mating type distribution in hyphal fragment

cultures of sporangiospore progeny of (+,-) isolates from

fused protoplasts of isolates T44-9(+) and T10-30(-) of

Choanephora cucurbitarum

No. of colonies b
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Isolate
No. a

1-22

3-15

6-16

12-9

1-17

1-19

1-35

1-43

Mating
type

(+, -)

(+ 1-)

(+1-)

(+, -)

(+)

(+)

(-)

(-)

Total
scored

52

47

45

48

40

40

40

40

(+)

1

3

15

5

40

40

o

o

(-)

50

94

50

49

o

o

40

40

(+, -)

1

o

o

1

o

o

o

o

a Each isolate originated from a single sporangiospore.



98

Table 4.8. Mating type distribution in sporangiospore

progeny of (+,-) isolates from fused protoplasts of isolates

T39-1{+)and R8-10{-) of Choanephora cucurbitarum

No. of colonies b

Isolate Mating Total
No.a type scored (+) (-) (+, -)

22 (+, -) 40 31 5 4

23 (+,-) 40 35 3 2

24 (+, -) 43 38 3 2

25 (+, -) 35 31 3 1

26 (+, -) 45 39 4 2

a Colonies with azygospores and zygospores.

b All the (+) type cultures showed W type colony

morphology, while all those (-) type cultures showed B

type colony morphology. The (+,-) type culture showed M

type colony morphology.
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Table 4.9. Mating type distribution in second sporangiospore

generation of (+,-) isolates from fused protoplasts of

isolates T39-1(+) and RS-10(-)of Choanephora cucurbitarum

No. of colonies b

Isolate Mating Total
No.a type scored (+) (-) (+,-)

22-1 (+, -) 49 45 4 0

22-14 (+,-) 50 27 23 0

24-5 (+,-) 42 37 4 1

24-9 (+,-) 43 40 3 0

24-19 (+) 42 42 0 0

24-35 (+) 40 42 0 0

24-6 (-) 42 0 -i2 0

24-32 (-) 40
,.,. 40 0v

a Each isolate originated from a single sporangiospore.

b All the (+) type cultures showed W type colony

morphology, while all those (-) type cultures showed B

type colony morphology. The (+,-) type culture showed M

type colony morphology
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Fig. 4.1. Protolasts released from isolate T44-9(+) of

Choanephora cucurbitarum.

Fig. 4.2. BUdding of protoplasts of R8-10 (-) of Choanephora

cucurbitarum.
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Fig. 4.3. Mycelial initiation from protoplasts of R8-10(-)

of Choanephora cucurbitarum.

Fig. 4.4. Azygospores produced by culture derived from fused

protoplasts of isolates T39-1(+) and R8-10(-) of Choanephora

cucurbitarum.



Fig. 4.5 Azygospores produced by cultures derived from

fused protoplasts of isolates T39-1(+) and R8-10(-) of

Choanephora cucurbitarum.
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