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Abstract--In Zygorhynchus moelleri, a homothallic Mucor, triglycerjdes are the main components of chloroform/ 
methanol extractable lipids. The triglycerides ammulate in the aerial hyphae, particularly in the developing zygo- 
spores and in the lateral suspensors, but only after zygospore maturation. They are probably transported from the 
submerged mycelium to the aerial hyphae. Most of the fatty acid synthetase activity is found in the submerged 
mycelium. The fatty acid composition of the triglycerides &es not change appreciably during sexual development. 
No influence of trisporic acids has been found on triglyceride synthesis or transport. 

INTPODUCI'ION RRslnm 

Sexual reproduction in the Mucorales takea place by 
fusion of two gametangia which are derived from the 
thalli of two different mating types (heterothallism) or 
from one thallus (homothallism). In the homothallic 
Zygorhynchus nwefleri one gametangium is produced 
terminally on a lateral aerial hypha after growing back 
and contacting the main hypha. The second gametan- 
gium is formed on the main hypha at the site of contact 
[ 11. The two hyphae are different in several morphologi- 
cal and physiological respects. (1) The main hypha is 
delimited from the rest of the mycelium by a septum 
which is located just above the origin ofthe lateral hypha. 
(2) The lateral hypha shows a positive tropism towards 
the upper part of the main hypha. (3) The main hypha 
also attracts plus sexual hyphae from neighbouring 
heterothallic strains in interspecific copulations. Thus, 
the main hypha shows a minus tendency [2]. This idea 
is also supported by the fact that the cytoplasm of the 
main hypha contains a dehydrogenase involved in sex 
hormone (trisporic acid) production, that is characteristi- 
cally found only in minus heterothallic species [3]. This 
suggests that the hormone system, found in heterothallic 
systems, is also operative in aerial parts of this homothal- 
lit species. (4) Another difference between the conjugat- 
ing main and lateral hyphae is the presence of oil globules 
in the lateral [l]. This leads to the question of whether 
the accumulation of lipid is induced by trisporic acids or 
by their precursors, for trisporic acids are known to have 
a stimulatory effect on isoprenoid production in several 
mucoraceous fungi [4], and to change the ratio of classes 
of lipids in the heterothallic Blakeslea trispora-minus [S]. 

Sexual behaviour of the agamic strain of Zygorhynchus 
moelleri 

Zygospore formation in this strain can be induced by 
addition of sex hormones isolated from the hetero- 
thallic Blakeslea trispora, namely the trisporic acids, the 
4-dihydromethyltrisporates and the trisporins Maximal 
zygospore production by the induced agamic strain (on 
addition of 5Opg trisporic acids or trisporins or 1OOpg 
4-dihydromethyltrisporates in a well before the mycelial 
front) was however only 5% of that of the fertile strain 
under the same conditions. In contrast to the fertile strain, 
Z. moelleri-agamus did not produce any detectable hor- 
mones, though the fungus was able to convert 4-di- 

Table 1. Lipid content of Zygarhynchus moelleri and the agamic 
Strain 

Lipids in 

Phospholipids 
stero1s 
Sterolesters 
Monoglycerides 
Diglycerides 
Triglycerides* 

Z. moelleri 2. moelkri-agumus 

6.5 (0.4) 6.8 (0.4) 
1.7 (0.2) 2.1(0.1) 
t t 
t t 

3:7 (1.0) ltg.3 (21) 

In this investigation we compared a sexually incom- 
petent (agamic) strain with a competent strain to corre- 
late sexual development with lipogenesis and to study 
the effect of trisporic acids. 

l Triglyceride content from three independent experiments 
(all in triplicate were for Z. moellrri 25.6 (6.6) and for Z. 
moelleri-agamus 13.2 (4.7). 

Values are expressed as peroentagcs ofdry weight of the mycel- 
ium; t: trace. The valuea are averages ol triplicates; between 
brackets standard deviations are indicated. The mycelia were 
grown on SM for three days. Lipid extractioq purification and 
dc;le;ination were carried out as described in the Expcri- 
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Time(hr) after inoculation 

Fig, 1. Triglyceride content and zygospore productiou in 
Zygorhyncchus moellen’. (a) Total my&urn: (b) aerial hyphae. 
At time zero the cultures were inoculated in SM. The extrac- 
tions were performed as described in Experimental. Symbols with 
solid lines represent triglyceride cootents and symbols with 
dotted lines represent zygospore production Values are 
averages of triplicates; standard deviations are C 5% of the 
values indicated. x-x : Z. mnoellerri; W: Z. moelleri- 
agamus. treated with trisporic acids (1 mg/25 ml SM) at time 

zero; O-O: 2. nwellefi-agamus, untreated. 

hydromethyltrisporates to trisporic acids. It is possible 
that its sterility 1$ caused by the inability to produce 
hormones, although its low response to added hormones 
is another obvious limitation. 

~i~lyce?~e contents and fatty acid co~~s~tio~ during 
sexual development 

Chloroform/methanol extracts of three-day-old my- 
celia contained triglycerides, sterols, pbosphdipids, 
traces of sterolesters and mans and diglycerides. Table 
X shows that in both strains the triglycerides were the 
main components of extractable lipids. As is shown in 
Fig la, the difference in triglyceride content between 2. 
moelleri and the agamic strain increased after zygospore 
formation in 2. moelleri No difference in increase in 
triglycerides was found in the agamic strain and in the 
agamic strain treated with trisporic acids. Fig. lb shows 

c Time&w) after 
I inoculation 

Mctu~otion of 
zygospo res 

Fi& 2 Fatty acid syothetase activity in Zy@urhwhus nwelkti. 
Mycelia (of co similar fr. wt) were frozen in liquid N,, after which 
the aerial hyphae were separated from the submerged mycelium. 
After thawing at 0”. rbe l&y acid synthetase complex was iso- 
lated aod the enzyme activity was determined as described in 
Experimental. The ordinate gives total activities of one my&al 
mat; values are averages of triplicates; standard deviations 
are -d 14% of the values indicated x - x : total mycelium; 

O-O: submerged mycelium; M aerial bypttae. 

that the increase in triglycerides in Z. moeileri was most 
spectacular in the aerial hyphae. it nearly accounted for 
the increase found in the total my&urn. Also, a small 
though consistent difkema was found between the 
triglyceride content of the aerial hyphae of the agamic 
strain and that ofthe trisporiz ztcid.treated agamiz strain 
The difference was tCKI dn~ll II* k delecl~~ UI cwroc~- ol’ 
total mycelia Trisporic acid treatment 24hr after 
inoculation did not alter the time of zygospore forma- 
tion in Z. moelleri nor the number of zygospores formed. 
Neither could an effect on triglyceride content be found. 
During sexual development in 2. moelleri there was no 
change in the fatty acid composition of the triglycerides 
(Table 2). The fatty acid composition of the triglycerides 
in the agamic strain was similar to that of Z. moelleri and 
was not affected by trisporic acid treatment. So the action 
of trisporic acids seems to be restricted to the stimulation 
of zygospore formation in the agamic strain, where the 

Table 2 Fatty acid composition of triglycerides UI Zygorhynchus moelien‘ ad the agamic strain during sexual development 

Z. moelleri 2. moelIe&agamus 
with TA without TA 

Hours after 

in~uIation 40 56 71 78 78 78 

Fatty acids 
l4:O 1.8 (0.7) 2.7 (0.8) 3.9 (0.8) 
16:O 

2.3 (1.0) 1.6 (0.0) 
0.6(0.1) 

1.4 (0.4) 
0.6 (0.1) 

18:0 3l.lfl.6) 32.5 (6.8) G.7 (3.2) 324 (0.2) g5 (25) G7fi.6) 
18:l 12.8 (1.0) 17.3 (0.4) 17.7 (0.7) 10.7 (1.0) 10.3 Q3.3) 
18:2 

8.2 (0.3) 
46.3 (4.6) 41.6 (1.4) 27.5 (2.7) 47.2 

18:3 
(0.6) 

3.1(1.2) 
44.1(1+5) 

2.0 (0.4) 3.4 (0.2) 
43.4 (1.8) 

5.3 (1.2) 7.5 (1.3) 5.6(1.5) 
20:o 4.3 (0.3) 4.0 (0.3) 6.5 (1.5) 2 l(O.2) 4.0 (0.3) 4.4 (0.0) 

Values are expressed as percentage of total; - absent. The values are averages of triplicates: standard deviations are indicated 
between brackets. TA (trkporic acids, 1 m&B ml SM) were added at the time of ioocuiation, 
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small increase in triglyceride content in the aerial hyphae 
can be correlated with the weak stimulation of zygo 
spore formation. In Z. moelleri the number of zygospores 
formed on SM was less than on 30% beerwort. and also 
the amount of triglycerides in the aerial hyphae was less 
on SM than on beerwort. 

Fatty acid synthetuse activity in aerial hyphae and sub- 
merged mycelium in sexually developing Z. moelleri 

Histochemically, thepresence oflipids could be demon- 
strated in the submerged mycelium, and to a less degree 
in the sporangiophores and sporangiospores. However, 
on zygospore maturation both the lateral suspensors 
and spores themselves became loaded with lipids. This 
accumulation of lipids in the lateral suspensors might 
indicate another difference in metabolism between the 
two copulating hyphae. Therefore, fatty acid synthetase 
activity was measured in submerged and aerial hyphae. 
Fig 2 shows that most of the activity was found in the 
submerged mycelium and only a small part was found 
in the aerial hyphaq even during the pronounced in- 
crease in triglyceride content of the aerial hyphae. If 
fatty acid synthetase activity was expressed per mg dry 
weight of the 37 Ooo G pellet, which approximated the dry 
weight of the mycelial material, the specific activities for 
both submerged and aerial hyphae was 5 + 1 nmol 
NADPH oxidized per min per mg dry weight. Therefore, 
the low activity in the aerial hyphae in itself suggests that 
transport of triglycerides from the submerged to the 
aerial hyphae occurs during zygospore maturation. 

‘Ifiglyceride transport to aerial hyphae in sexually 
developing Z mcelleri 

U-‘*C-labelled glucose is readily incorporated into 
triglycerides in Z. moelleri. When labelled glucose was 
given just before the onset of zygospore maturation, it 
was immediately incorporated into the triglycerides of 
submerged mycelium and aerial hyphae; the specific 
activities of both fractions were the same (Fig 3a and b). 
This suggests that triglycerides are transported from 
the submerged mycelium into the aerial hyphae. If 
triglyceride synthesis had taken place in the aerial hyphae 
one would have expected a significantly higher specific 
activity in the aerial hyphae compared with the sub- 
merged mycelium because the triglyceride pool in the 
aerial hyphae was negligable in comparison with the pool 
in the submerged mycelium at the time radioactivity was 
supplied. Another possibility, that triglyceride precur- 
sors were transported to the aerial hyphae and were 
incorporated there into the triglycerides when zygospore 
maturation started, was tested as follows. U-**C-glucose 
was given 4 hr before the triglyceride accumulation in the 
aerial hyphae started. This led to an immediate incorpora- 
tion of label in the submerged mycelium, while hardly 
any radioactivity was found in the aerial hyphae until 
zygospore maturation started (Fig 3~). From then on, 
the specific radioactivity of the triglycerides accumulat- 
ing in the aerial hyphae followed the specific activity of 
the triglycerides in the submerged mycelium (Fig 3d). 
Though precursor transport induced at the moment of 
zygospore maturation cannot be excluded, the parallel- 
ism in specific activity of the triglycerides in submerged 
and aerial hyphae, together with the low fatty acid syn- 
thetase activity in the aerial hyphae, suggests that 
triglyceride accumulation in the aerial hyphae during 

PHYTO 16/1&D 

pm x IO* 

(a) 

dpm/pg Triglyceride: 

I (b) 

4 60 hibki 

IO 

Time(hr)a inoculation 

Fig. 3. Incorporation of radioactivity in aerial and submerged 
hyphae of Zygorhynchus moelleri. U-L*c-glucosc (3 pCi) was 
added to the culture medium under the mycelisl mat just prior 
to zygospore maturation (a and b) or four hours earlier (c and 
d). Aerial hyphae (O-+ were separated from UK submerged 
mycelium (CL-O) after whi& the materials were lyophilized 
and extracted Triglyceridea were purified and determined as 
described in Experimental. Values are averages of triplicates; 
standard deviations are d 8 ‘A of the values indicated. a and c : 
Radioactivities in total extracts; b and d: radioactivities in tri- 
glycerides; - : U-‘4C-glucose added; ---+ : start zygo- 

spore maturation. 

zygospore maturation is mainly due to triglyceride 
transport from the submerged mycehum. 

DISCUSSION 

It has been established that cultural conditions (age, 
temperature, carbon source) strongly determine the 
content and composition of lipids in fungi [6]. Safe [7] 
has shown in Mucor rouxii that the degree of unsaturation 
is dependent on the age of the culture and on the tempera- 
ture. Deven and Manocha [8] compared fatty acid 
composition in Choanephora cucurbiturum under dif- 
ferent conditions (age, temperature, pH and light) and 
showed that a decrease in the overall degree of unsatura- 
tion was almost entirely due to a decrease in a-linolenic 
acid content. We have studied the fatty acid composition 
in Zygorhynchus moelkri in conjunction with sexual 
development and have found that the lipid content con- 
siderably increases with time due to an increase in tri- 
glycerides, but without significant change in fatty acid 
composition. The sharp increase in triglyceride content 
in Z. moelleri can be correlated with zygospore forma- 
tion; a similar, but small increase is found in 2. moelleri- 
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agamus, which produce-s only small numbers of zygo- 
spores when trisporic acids are added. 

Trisporic acids, sex hormones in the heterothallic 
Mucors, are also thought to be involved in sexual 
development in homothallic Mucorales 133, but they 
only influenced the triglyceride content of aerial hyphae 
of 2. moelleri-agamus in as much as they stimulated 
zygospore formation. We found no influence of trisporic 
acids on fatty acid composition. 

We have shown that the triglycerides which accumu- 
late in the aerial hyphae of Z. moelleri during zygospore 
maturation. are probably synthesized in the submerged 
mycelium and transported to the aerial hyphae. This is 
in accordance with the work of Debell and Jack [93. who 
found that the positional (stereospecific) distribution of 
fatty acids in glycerolipids from mycelial and sporangial 
hyphae of Phycomyces blakesleeanus were similar. The 
explanation they suggested for this similarity was that 
identical @ids were synthesized in physically separate 
places or alternatively. that the biosynthesis took place in 
the mycelial mat and the lipids were transported to the 
sporangiophores. In our system, the low total synthetase 
activity in the aerial hyphae, and the results of our label 
experiments, make the second possibility more probable. 

EXPERIMENTAL 

Culrwes and materials. The strains used were Zygorhynchus 
moellrri Vuill, CBS 501.66 and Z. mwlleri race agamus. CBS 
444.65, both obtained from the Centraal Bureau voor Schimxnel- 
cultures, Baam ‘X’bc Netherlands Trisporic acids to induce 
zygosporcs, were derived from Blake&a trispora and isolated 
as described earlier [IO]. 

Cultivation. The strains were cultivated at 20” in the dark in 
Petri dishes in 25 ml 30% (v/v) beer wort adjusted to pH 8 be- 
fore sterilization, or in 25 ml synthetic medium (SM) containing 
2 % (w/v) glucose, 1% KNO,, 0.5 % KH,PO,, 0.25 % MgS0,.7 
H,O. 0.1% yeast extract (Difco) with or without 1.5% agar. 

Lipid extracrion. separation and analysis. After removal of the 
culture medium, the mycelial mats were frozen in liquid N, 
and the aerial hyphae were scraped off the upper s&ace of the 
mats with a surgical knife. The mats aerial hyphae or the total 
mycelia were lyophilizcd separately, and extracted in CHCI,- 
MeOH (2: 1) for 12 hr at room temp. with vigorous shaking. 
After filtratios the extracts were coned in uacuo and separated 
by TLC on Sil gel HF 254 with hexantEt,@MeOH (18:6: 1) 
followed by petrol [IO]. The lipid ban& were identified in UV 
and/or after spraying with H,SO,-EtOH (1 :3) and heating for 
5 min at loo”. They were scraped off and the lipid content was 
determined according to ref. [ 111. As standards. phosphatidyl- 
choline, cholesterol and glycerin tripalmitate were used The 
radioactivity in each band was measured after mixing each 

sampk with 10 ml xylene containing 25% Tnton X-l@ 0.03 ?. 
POPOP and 0.3% PPG. The fatty acid composition of the 
triglyceride fracti&s was detem&d by GLC. Triglycerides 
weresaponifiedinrefluxingCHCl,-McOH-H,S0,(100:lOO:l) 
for 9Omin, after which methyl esters wre analyzed in a glass 
column (3.66m x 3.27mm) packed with 20’4 diethylene 
glycol succinate on Varaport W 60-80 mesh at 205‘. As quantita- 
tive internal standard a known concn of methyl palmitate was 
added to each sample. Relative retention times and concns 
of fatty acid methyl esters were checked with palmitic, stearic. 
linoleic. linolenic and arachidic methyl esters as standards. 

Fatty acid synthftase activity. Measural according to ref. 
[12]. fhe enzyme complex was-isolated by a slightly modified 
method according to ref. rl31. The mycelia were homogenized 

” . 

at 0” in 0.2 hi K phosphate buffer, pH_6.3, with 2 mM ethylene- 
diaminetetraacetic acid disodium salt and 1 mM dithiothrcitoL 
for 2 min in a Sorvall Omnimixer at full speed The homogenate 
was sonicated (2min, 8 microns) and then Triton X-100 was 
added (final concn 2%. v/v). After 15 min at 4”. the cell debris 
was removed by centrifugation for 2Omin at 370009. The 
supematant was centrifuged for 90min at 15OOOOg and the 
pellet was used as enzyme prep. Enzyme activities were expressed 
as mu; 1 mU is the amount of enzyme which oxidizes 1 nmol 
NADPH per min. Protein cones were determined according to 
ref. [ 143. 

Histochemical demonstration of lipids. Glutaraldehyde fmed 
mycelia (5 mm, 5 % glutaraldehyde) were washed with H,O and 
stained with 0.2 % Sudan III in EtOH-alvcine 1 : 1. v/w). After 
5 min the myag were. washed with &cerol and ;x&ined 
under the microscope. 
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