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ABSTRACT 

The effect of aerobic and oxygen 
limiting (anaerobic) growth conditions 
upon the fat ty acid and lipid composit ion 
of  M u c o r  r o u x i i  has been examined. The 
aerobic cells contained a range of fat ty  
acids typical  of phycomycetes ,  i.e. 3,-lino- 
lenic acid, with an unsaturation index of 
1.20, whereas the anerobic cells con- 
tained relatively high levels of shorter 
chained fat ty  acids and very low concen- 
trations of unsaturated acids (unsatura- 
t ion index = 0.025). The unsaturated 
compounds were monoolefinic tetra-, 
hexa-, and octadecenoic acids; and closer 
examination of their di-trimethylsilyl de- 
rivatives by gas chromatography and mass 
spectrometry showed that  all three acids 
contained the double bond in the A9 
position. These results were consistent 
with a microaerobic biosynthetic path- 
way. In addit ion,  there were major quan- 
titative differences in the lipid composi- 
t ion of the two types of  cells; and it was 
evident that  the differences in growth 
environment markedly affected the cellu- 
lar lipid and fat ty  acid compositions.  

INTRODUCTION 

It has been repor ted that  M. roux i i  (1-3) and 
other M u c o r  species (4) were capable of growth 
under both aerobic and anaerobic conditions. 
The aerobic cells were fi lamentous with consid- 
erable chlamydospore formation,  whereas the 
anaerobic cells were yeast-like. This article 
describes the growth of  a M roux i i  isolate (5) 
aerobically (under helium) and shows that there 
are major differences in the lipids and fat ty acid 
composit ion of  the fi lamentous and yeast-like 
cells. Comparisons also are made between the 
lipid and fat ty  acid composit ion of  the above 
ceils and spores. The structures of  the unsatu- 
rated fat ty  acids produced under anaerobic 
conditions also have been examined in detail to 
determine whether these compounds are pro- 
duced microaerobically or via another pathway. 

lIssued as NRCC No. 13935. 
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MATERIALS AND METHODS 

Cultivation and Growth of 114. roux i i  

The isolation of  3I. roux i i  (Calmette) 
Wehmer (HLX 1093) from sheep rumen con- 
tents has been described (5). Inocula of M. 
roux i i  were prepared by adding sterile water 
(75 ml) to a culture maintained on defined 
medium to which agar (2%) had been added. 
The resulting spore suspension was decanted, 
and 3 ml (ca. 107 spores) used to inoculate 2 
liters of medium contained in a 4 liter thick 
walled conical flask. The medium, described by 
Bartnicki-Garcia and Nickerson (6), was supple- 
mented with Difco yeast  extra'ct (2%) and used 
for both  aerobic and anaerobic growth. Aerobic 
growth was carried out  without  agitation at 25 
C for 6 days. A stream of  helium was bubbled 
through the medium used in the anaerobic 
experiments for 2 hr prior to inoculation (5). 
The flasks used in this study are shown (Fig. 1); 
opening the stopcock A permits evacuation and 
refilling of  the flasks with helium (5). After 
refilling with helium, the clamp B is removed 
and a positive pressure of  helium flushes both 
the flask and the deoxygenation trap which is 
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FIG. 1. Flasks used in the study. 
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TABLE I 

Fatty Acid Composition of Anaerobically Grown a 
M. rouxii  at Specific Incubation Times 

Incubation Mycelial b 
time (hr) wt 

Fatty acid composition 

8:0 10:0 12:0 14:0 14:1 16:0 16:1 18:0 18:1 
Unsaturation 

index 

20 0.08 
30 0.26 
40 0.49 
50 0.57 

120 0.65 

4.0 20.5 30.5 23.5 tr c 10.0 1.0 9.5 0.5 
6.5 48.0 21.0 13.1 tr 5.5 1.5 4.0 0.5 
4.0 34.0 26.5 21.2 tr 7.5 1.0 5.0 1.0 
tr 24.5 32.5 27.5 tr 8.0 2.0 2.0 1.5 

1.0 24.0 25.0 25.0 tr 14.0 1.0 8.0 1.5 

.015 

.020 

.020 

.025 

.025 

aGrown at 25 C. 
bExpressed in terms of g/liter of media. 
err = Trace. 

filled wi th  Fieser ' s  so lu t ion  (7). The excess gas 
pressure which  develops during g rowth  then  can 
be released t h rough  the  trap.  Gas in the  flasks 
was analyzed as previously descr ibed (5); and,  
in all cases, the  anaerobic  flasks were grown 
under  an a tmosphe re  conta in ing  less than  
0.01% oxygen.  The cells ( b o t h  aerobic  and 
anaerobic)  were col lected by f i l t ra t ion and then  
freeze-dried;  spore  suspensions  were col lec ted  
by cent r i fugat ion  fo l lowed  by freeze-drying.  

Extraction of Fatty Acids and Lipids 

The f reeze-dr ied  cells (or spores)  were mac- 
e ra ted  wi th  c h l o r o f o r m / m e t h a n o l  (2:1)  (8) in a 
Waring b lender  and  the  mix ture  a l lowed to  
s tand  for 12 hr. A lipid ex t rac t  was ob ta ined  by 
f i l t ra t ion to  remove  the  cell debris.  Fa t ty  acids 
were ob ta ined  by concen t ra t ing  the ex t rac t  to  
dryness  and  saponi fy ing  the  res idue wi th  8% 
methano l i c  po tass ium h y d r o x i d e  so lu t ion  for  2 
hr unde r  ref lux.  The alkaline so lu t ion  was 
di luted wi th  water  and the  nonsapon i f i ab le  
material  r e m o v e d  by e the r  ex t r ac t ion ;  the  
aqueous  layer  was acidif ied wi th  hydroch lo r i c  

acid and ex t r ac t ed  wi th  e the r  to  give the fa t ty  
acid fract ion.  

Lipi d Analysis 

The lipid f rac t ion  was pur i f ied  by  prepara-  
tive th in  layer c h r o m a t o g r a p h y  (TLC) on Silica 
Gel HF254+366 (Merck Darmstadt ,  Germany)  
using the  solvent  sys tem,  pe t ro l eum spir i t /  
e t h e r / m e t h a n o l  (90 :30 :15)  as descr ibed by 
Sallee and Adams (9). The appropr ia te  bands  
were visualized readi ly by long wave UV light 
and ex t rac ted  wi th  c h l o r o f o r m / m e t h a n o l  (2:1)  
to  give the various l ipid f rac t ions .  

Fatty Acid Analysis 

The lipid and  fa t ty  acid f rac t ions  were 
t r an s me t h y l a t ed  by ref luxing for  90 min in 
benzene /me thano l / su l fu r i c  acid (20 :10 :1) .  The 
resul tant  f a t ty  acid me t h y l  esters  t hen  were 
puri f ied by TLC (pe t ro l eum sp i r i t / e the r  [97:3]  
as solvent  sys tem).  Fur the r  pur i f ica t ion of the  
fa t ty  acid me thy l  esters  according  to  degree of  
unsa tu ra t ion  was carried ou t  using Silica Gel 
HF254+366 plates impregna t ed  wi th  silver ni- 

TABLE II 

Fatty Acid Composition of Aerobically-Grown a 
M. rouxii  at Specific Incubation Times 

Incubation 
time (hr) 

Mycelial b 
vet 

Fatty acid composition 

8:0 10:0 12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3 
Unsaturation 

index 

24 0.01 
48 0.20 
72 0.31 
96 0.38 

120 0.56 
144 0.58 

tr c 5.00 11.4 18.4 21.4 17.9 3.0 20.9 1.40 0.40 
0.60 13.2 22.2 26.5 15.9 6.9 2.6 8.50 1.60 1.00 
0.40 12.0 19.6 24.0 16.8 6.4 4.0 9.50 3.20 4.00 
2.70 12.5 14.2 16.9 12.9 4.50 8.50 17.6 4.80 5.50 
0.70 8.10 12.1 17.0 12.5 4.70 5.90 20.7 7.20 11.0 
0.15 6.30 10.6 15.6 11.9 4.30 7.00 22.8 8.60 12.1 

0.43 
0.22 
0.33 
0.48 
0.73 
0.81 

aGrown at 25 C. 
bExpressed in terms of grams/liter of media. 
Ctr = trace. 
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TABLE III 

Fatty Acid and Lipid Composition of Spores of M. rouxii 
Grown at 25 C a 
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Percent 
Lipid (by vet) 

Fatty acid composition 
Unsaturation 

10:0 12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3 index 

Triglycerides 22.0 4.5 8.5 12.0 34.5 6.5 10.5 15.0 5.5 2.0 0.39 
Diglycerides 5.4 5.0 16.0 7.7 32.0 3.5 15.0 16.5 3.5 tr b 0.27 
Polars 69.5 --  2.5 5.0 40.5 10.5 11.0 19.0 5.0 tr 0.40 
Sterols 3.1 

a2-3 Week growth time. 
btr = trace. 

t ra te  (12% by  wt)  a n d  e lu t ed  in  benzene .  The 
app rop r i a t e  bands  were visual ized us ing long  
wave UV light.  

The es ter  f r ac t ions  were ana lyzed  by  gas 
l iquid c h r o m a t o g r a p h y  (GLC)  on  a stainless 
steel  co lumn  (6 f t  x 1/8  in . )  packed  w i t h  8% 
H I E F F - 1 B P  on Gas -Chrom Q (Appl i ed  Science)  
a t  a t e m p e r a t u r e  of  140  C. The  f a t t y  acid 
m e t h y l  esters  were iden t i f i ed  b y  t he i r  re la t ive  
r e t e n t i o n  t imes  a n d  by  mass s p e c t r o m e t r y .  The  
u n s a t u r a t e d  f a t t y  acids were i so la ted  by  prepar-  
ative GLC, c o n v e r t e d  i n t o  t he i r  d i - t r imethyls i ly l  
derivatives,  (10)  and  ana lyzed  by  mass spec- 
t r o m e t r y .  

RESU LTS AND DI SCUSSI ON 

The p h y c o m y c e t e ,  M. roux i i  was capable  of  
g r o w t h  u n d e r  b o t h  ae rob ic  a n d  a n a e r o b i c  con-  
d i t ions  a n d  the  d i f fe rences  in  the  cell g r o w t h  
e n v i r o n m e n t  were  a c c o m p a n i e d  b y  changes  in 
morpho logy .  The  aerobica l ly  g rown cells were 
f i l amen tous  w i t h  cons iderab le  c h l a m y d o s p o r e  
f o r m a t i o n ,  whereas  the  a n a e r o b i c  cells were 
yeast-l ike.  The  aerobic  a n d  a n a e r o b i c  cells were 
ha rves ted  at  var ious  t imes  f r o m  ear ly  to  la te  
log-phase g r o w t h  a n d  a s u m m a r y  of  t he  my-  
celial wt  a n d  the i r  f a t t y  ac id  c o m p o s i t i o n s  is 

given in Tables  I a n d  II. The anae rob ica l ly  
g rown cells read i ly  a d a p t e d  to  g r o w t h  at  the  
low oxygen  levels w i th  a m a x i m u m  g r o w t h  ra te  
occur r ing  b e t w e e n  20-40 h r  a f t e r  i nocu la t i on .  
Similar ly the  g r o w t h  ra te  of  the  ae rob ic  cells 
was at  a m a x i m u m  b e t w e e n  24-48 hr  a f te r  
i nocu la t i on .  

The  f a t t y  ac id  c o m p o s i t i o n  of  the  ae rob ic  
cells var ied  over  the  g r o w t h  per iod ,  par t i cu la r ly  
w i th  respec t  to  the  c o n c e n t r a t i o n  of  the  18 :2  
and  18 :3  c o m p o n e n t s .  The i r  c o n c e n t r a t i o n s  
b o t h  increased  w i t h  increas ing  age of  the  cells 
and  n o t  u n e x p e c t e d l y  was a c c o m p a n i e d  by  an  
increase  in  the  u n s a t u r a t i o n  i n d e x  of  the  f a t t y  
acids. The  i d e n t i t y  o f  the  18 :3  c o m p o n e n t  was 
s h o w n  to  be 3,-linolenic ac id  by  compara t i ve  
GLC and  mass s p e c t r o m e t r y  w i t h  an  a u t h e n t i c  
~,-linolenic acid s t andard .  This  acid c o m m o n l y  
is f o u n d  in  p h y c o m y c e t e s ,  a n d  Shaw ( 1 1 ) h a s  
p roposed  t h a t  7-1inotenic ac id  is a useful  p h y t o -  
gene t ic  m a r k e r  w h i c h  d is t inguishes  p h y c o m y -  
cetes  f r o m  the  o t h e r  orders  of  fungi  w h i c h  
p roduce  t~-linolenic acid as the  sole 18 :3  spe- 
des .  The  a n a e r o b i c  ceils c o n t a i n e d  on ly  t race  
quan t i t i e s  of  m o n o e n o i c  acids (14 :1 ,  16:1 ,  and  
18 :1)  and  n o  d ienoic  or  t r i eno i c  c o m p o n e n t s  
and  the  u n s a t u r a t i o n  i n d e x  was re la t ively  con-  
s tan t  over  the  en t i r e  g r o w t h  per iod .  There  were 

TABLE IV 

Fatty Acid and Lipic Composition of 311. rouxii (Aerobic) a 

Percent 
Lipid (by wt) 

Fatty acid composition 
Unsaturation 

10:0 12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3 index 

Triglycerides 22.6 
Digly cerides 0.6 
Free fatty acid 2.5 
Polars 60.5 
Sterols 13.4 

8.0 19.0 16.5 9.0 6.0 4.0 14.0 7.5 16.5 0.84 
tr e 12.5 17.5 10.0 25.0 tr 25.0 10.0 tr 0.70 
tr 2.0 9.5 20.5 7.0 7.5 28.0 10.5 13.5 0.96 
4.0 3.0 8.0 13.5 10.0 1.0 22.0 14.5 25.0 1.36 

aGrown at 25 C. 
bNumber of double bonds/mole fatty acid. 
etr = trace. 
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TABLE V 

Fatty Acid Composition of Aerobically-Grown a 
M. rouxii at Specific Incubation Times 

Percent 
Lipid (by wt) 

Fatty acid composition 
Unsaturat ion  

8:0 10:0 12:0 14:0 14:1 16:0 16:1 18:0 18:1 index 

Trigly cerides 6.4 
Diglycerides 1.8 
Polars 91.0 
Sterols 0.8 

1.0 12.5 36.0 31.5 tr a 7.5 tr 11.0 0.5 .005 
-- 2.0 26.0 29.0 tr 26.0 tr 13.5 2.5 .025 

0.5 12.0 16.0 20.0 tr 19.5 0.5 27.0 2.0 .025 

atr = trace. 

variations in the relative amounts of the short 
chained saturated fatty acids, i.e. 8:0, 10:0, 
12:0, and 14:0, present in the anaerobic ceils; 
but their overall concentration was 75-85% of 
the total fatty acids at 20, 30, 40, 50, and 120 
hr after inoculation. In contrast, the aerobic 
cells contained only 32.6-62.3% short chain 
saturated acids. Similar results also have been 
observed for the fungus Mucor genevensis (4). 

Since it is possible that the formation of the 
unsaturated compounds could occur microaero- 
bically (via oxygen-dependent desaturases) or 
anaerobically (as in bacteria [12]), the position 
of the double bond in the above monounsatu- 
rated fatty acids was investigated. The 01efinic 
esters were separated readily from the saturated 
acids by argentation TLC, and the Rf values 
indicated that the esters were cis-monoenes; 
further separation of the three components 
could be affected by preparative GLC. The 
monoenes were treated with 0 s 04/pyridine and 
the resulting diols converted into the ditrimeth- 
ylsilyl (di-TMS) derivatives (10). The fragmen- 
tation pattern of all three di-TMS derivatives 
exhibited a common fragmentation pathway as 
shown in the equation; intense m/e 332 and 

rn/e 459 (x=7) 
m/e 431 (x=5) 
m/e 4 0 3  ( x : 3 )  

m/e 443  (x=7) 
~'CH m/e 415 (x=5) 

m/e 387 (x=3) 

OTMS ]+ OTMS ]+ 
I 

CHs(CH2) ~ _ CH_CH_(CHz)TCOOCH 3 re2trongeme~ II �9 CH(CHz)zC-OCH 3 

OTMS O]-MS 
Mr= 474  (x=7) m/e 3 3 2  
Mt~ 446  (x=5) 
M + :  418 (x=3) 

OTMS ]+ \ o 
II 

CH(CH 2 �9 C -  OCH 3 

m/e 259 

CH3(CH2) x CH ]+ 

OTMS 
m/e 215 (x=7) 
rn/e 187(x=5) 
m/e t59 ~x =3) 

259 ions were observed as well as the expected 
[M-CH30] + species. In addition, an intense ion 
also was observed at rh/e 215 for the 18:1 
compound, at m/e 187 for the 16:1 ester, and 
at m/e 159 for the 14:1 ester. These results 
indicated that the structures of the olefinic 
fatty acids were 18:1o39 (oleic acid), 16:1o37 
(palmitoleic acid), and 14:1o35 (myristoleic 
acid); and these acids are typically produced by 
specific oxygen-dependent desaturation of the 
corresponding saturated fatty acid precursors. 
Thus, the samll quantities of unsaturated fatty 
acids were biosynthesized microaerobically, 
rather than by an anaerobic pathway. 

The lipid and fatty acid compositions of the 
chloroform-methanol extracts of the aerobic 
and anaerobic cells and the spores are shown in 
Tables III-V. There were significant variations 
in the compositions of these extracts with 
relatively high levels of triglycerides (22.0 and 
22.6%) and polar fatty acids (69.5 and 60.5%) 
in the spore and aerobic cell extracts. In 
contrast, the anaerobic cells contained only 
6.4% triglyceride, with the polar fatty acid 
fraction being the major component (91.0%). 
The unsaturation indices for the aerobic cell 
lipids were higher than those observed for the 
spore lipid fractions, and this was primarily due 
to higher levels of the 7-1inolenic acid. These 
results agreed with the data reported by Sum- 
ner and Morgan (13) for a number  of meso- 
p~l ic  Mucor species. The sterol levels in all 3 
extracts also varied considerably; the anaerobic 
cell extract contained only 0.8% sterols, where- 
as the aerobic cells and spores contained signifi- 
cantly larger quantities (13.8 and 3.1%) of 
extractable sterols. 

Thus, the fatty and lipid composition or M. 
rouxii was markedly affected by the growth 
environment, particularly with respect to the 
concentrations of chloroform-methanol extract- 
able lipids, as well as the relative amounts of 
short chained and unsaturated fatty acids pres- 
ent. 
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