Cessation of Polyunsaturated Fatty Acid Formation
in Four Selected Filamentous Fungi
When Grown on Plant Oils

Andrew Kendrick! and Colin Ratledge*
Department of Applied Biology, University of Hull, Hull, HU6 7RX, United Kingdom

ABSTRACT: Four fungi, Conidiobolus nanodes, Entomoph-
thora exitalis, Mortierella isabellina, and Mucor circinelloides,
were grown on various oils (triolein, sesame, safflower, linseed,
and oil from M. isabellina) and produced lipids in which the fatty
acids were predominantly the same as those of the original start-
ing substrate. Only in the first two cases was there evidence of a
small amount of chain elongation and of fatty acid desaturation
taking place. The extent of this was only about 10% of that seen
in glucose-grown cells. The apparent repression of the fatty acid
desaturases and elongases was not reversed by growing cells on
glucose and oils as mixed substrates—the fatty acid profiles were
the same as when the fungi had grown in oils alone. Neither was
the cessation of polyunsaturated fatty acid synthesis due to the
presence of nonoil components (NOC) in the oil. Only the NOC
from sesame oil affected one single conversion, that of 20:3n-3
to 20:4n-6. We conclude that fatty acid desaturase and elongase
systems are repressed either partially or completely in a filamen-
tous fungi grown on triacylglycerol oils.
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The current interest in the nutritional role of polyunsaturated
fatty acids (PUFA) has stimulated research into their produc-
tion by a number of fungal and algal sources (1,2). Numerous
groups have reported the range of fatty acids that are pro-
duced by various microorganisms when growing on glucose
or other carbohydrates. However, when microorganisms are
grown on oils from plant or animal sources, there is generally
little change in the fatty acid profile of the added oil; the or-
ganism appears to cease lipid synthesis, as well as the desatu-
ration and elongation of the presented fatty acids (3). Thus,
growing microorganisms on the precursors of PUFA does not
enhance PUFA formation but leads to cessation of PUFA pro-
duction. There are, however, some exceptions: Shinmen ef al.
(4) found that of 18 strains of Mortierella only three (all
strains of M. alpina) produced as much arachidonic acid
(ARA) when grown on olive oil as they did when grown on
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glucose. The best strain, M. alpina 15-4, showed a 30% in-
crease in ARA production with olive oil in place of glucose.
All other 15 strains showed apparent repression of ARA for-
mation. Shimizu er al. (5) similarly described another strain
of M. alpina, 20-17, that could convert a-linolenic acid
(18:3n-3), presented as linseed oil, directly into 20:5n-3; the
presence of linseed oil did not affect formation of ARA,
which continued to be produced. From this and later work
(6,7), it would seem that some species of Mortierella, espe-
cially selected strains of M. alpina or M. elongata, are able to
grow on various oils and, by various elongation and desatura-
tion reactions, continue to produce longer-chainlength fatty
acids with higher degrees of unsaturation. It has also been re-
ported (8) that Conidiobolus spp. are able to effect conver-
sion of various oils to dihomo-y-linolenic acid (20:3n-6) from
both 18:2n-6 and y-18:3n-6, but not from o.-18:3n-3.

Some caution in the interpretation of reported claims for
desaturation/elongation is required because small amounts of
some PUFA could be selectively incorporated into cell lipids,
whereas other fatty acids in the substrate oils were being used
for B-oxidation degradation to provide the necessary energy
and intermediates for cell metabolism. Also, when oils are
presented to fungi along with other sources of carbon, such
as glucose or in components such as yeast extract or corn
steep liquor, it is not always certain if the oil is being assimi-
lated—continued formation of PUFA in such cells might be
due to de novo synthesis and exclusion of the oil (or fatty
acids) from being taken up into the cell. Therefore, apparent
PUFA formation from preformed oils always needs to be rig-
orously checked.

The conversion of preformed fatty acids to various PUFA
is of current interest, but the exact mechanism of how this
may be accomplished, or even how the process may be self-
inhibited by the microorganism when presented with an ex-
ogenous oil, is unclear. We have therefore examined the
process in four filamentous fungi. The fungi were chosen be-
cause of the range and type of fatty acids they produce; two
(Conidiobolus nanodes and Entomophthora exitalis) produce
fatty acids beyond C, ¢ in chainlength (9), and the other two
(M. isabellina and Mucor circinelloides) were chosen because
of their utility in the production of y-linolenic acid (18:3n-6)
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(2,3,10,11). The oils upon which the fungi were grown (tri-
olein, sesame, safflower, linseed, and an oil from Mortierella
sp.) were also chosen for their range and type of fatty acids.

EXPERIMENTAL PROCEDURES

Fungi and growth. Conidiobolus nanodes (IM1 92299), E. ex-
italis (NRRL 3742), M. isabellina (CBS 224.35), and M.
circinelloides (CBS 108.16) were grown for 72 h at 30°C in
vortex-aerated, 1-L bottles with semi-defined medium at pH
5.5 as previously described (9). With the two former fungi,
sodium glutamate at 3 g/L. was used as source of N in place
of ammonium tartrate (3.3 g/L). Glucose was at 30 g/L, and
oils were also at 30 g/L. When mixed substrates were used,
each component was at 15 g/L.

Cell dry weights of cultures were determined directly, usu-
ally by filtration of 10-20 mL of culture through a pre-
weighed glass-filter washing with 3 X 25 mL deionized water
and drying at 90°C to a constant weight. Fungi grown on oils
were first washed extensively with distilled water, then with
Tween 80 (50 mg/L), followed by ethanol and, on occasion,
with a rapid wash with chloroform. Cells were finally washed
with distilled water before proceeding further.

Lipid analysis. Lipid content of cells, fractionation of
lipids, and fatty acid analyses were as previously de-
scribed (9).

Preparation of nonoil components (NOC) from oils. We
followed the procedure of Shimizu et al. (12): Oil (25 g) was
dissolved in acetone (150 mL) and held at ~70°C overnight,
after which the precipitate was removed by filtration. The fil-
trate was held in a rotary evaporator to remove all solvent,
and the final residue, the NOC, was taken up in a minimum
quantity of acetone. This was stored at 4°C.

Oil substrates. These were obtained from Sigma Chemical
Co. (St. Louis, MO), except for the oil from Mortierella,
which was produced by extraction of approximately 0.5 kg of
M. isabellina grown in 5-L fermenters on medium as given
previously.

RESULTS AND DISCUSSION

Utilization of oils. All four filamentous fungi grew well on
most of the oils, though neither M. circinelloides nor M. is-
abellina grew on either linseed oil or mortierella oil. The rea-
son for these failures was not pursued. In comparison with
glucose-grown cells (Table 1), all fungi produced more lipid
and, although some of this may have been original substrate
oil strongly absorbed to the surface layers, this is unlikely as
all cells were thoroughly washed with detergent and, on oc-
casion, rapidly with chloroform without changing the appar-
ent lipid contents.

The fatty acid profiles of the lipid from glucose-grown
cells (Table 2) established the range of fatty acids that these
cells could synthesize de novo: ranging from 9% myristic acid
(14:0) in E. exitalis to 20% ARA (20:4) in C. nanodes and
small amounts of eicosapentaenoic acid (EPA) (20:5) and do-
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TABLE 1
Growth Yield and Lipid Accumulation in Four Filamentous Fungi
Grown on Glucose and on Various Oils

Cell yield Lipid
Fungus Substrate (g dry wt/l) (% wiw dry wt)
Conidiobolus nanodes  Glucose 7.3 26
Triolein 10.8 44
Sesame oil 9.1 43
Safflower oil 3.9 36
Linseed oil 12.3 42
Mortierella oil 11.1 40
Entomophthora exitalis  Glucose 6.3 25
Triolein 6.8 35
Sesame oil 8.8 36
Safflower oil 7.1 25
Linseed oil 5.3 41
Mortierella oil 6.1 48
Mortierella isabellina Glucose 8.2 20
Triolein 8.4 43
Sesame oil 6.9 46
Safflower oil 9.7 46
Mucor circinelloides Glucose 7.1 30
Triolein 4.8 38
Sesame oil 4.1 42
Safflower oil 6.4 35

cosahexaenoic acid (DHA) (22:6) in both of these fungi. Fol-
lowing growth of the fungi on the individual oils, the fatty
acid profiles of the lipids were predominantly like that of the
original substrate (Table 3). There were, however, some ex-
ceptions, both C. nanodes and E. exatilis grown on triolein
now synthesized 20:1 (at 14 and 7%, respectively) with little
20:4 or 22:6. Only with Mortierella oil did these two fungi
produce 20:4 and 22:6 in proportions similar to those seen in
glucose-grown cells. With both M. circinelloides and M. is-
abellina, there was no evidence that any change had occurred
to the fatty acyl residues of the substrate oil. What changes
were noted could be explained by selective uptake of hy-
drolyzed fatty acids arising by action of extracellular lipases
on the oils. Although these two fungi are not able to elongate
fatty acids beyond C g, they do possess a A6 desaturase that
produces y-linolenic acid (18:3n-6), but only small amounts
of this acid were formed, even with safflower oil, which con-
tains the highest proportion of 18:2n-6 and is the immediate
precursor of y-18:3. Thus, the conclusion appears inevitable
that these four fungi have a much decreased capacity for
PUFA synthesis when grown on pre-formed oils.

Although it is unlikely, it is nevertheless difficult to elimi-
nate direct uptake of oil into the fungal cell as a cause of the
similarity between the fatty acyl profiles of substrate and cell
lipids. If this were so, it would imply that the triacylglycerol
fraction of the cell, which is the major lipid type that is pres-
ent, then obscures the minor lipid components, which may
show evidence for genuine changes occurring in the substrate
fatty acids. Therefore, we examined the fatty acyl groups of
the phospholipid and sphingo- plus glycolipid fractions from
E. exitalis, being typical of the four fungi, grown on glucose
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Fatty Acyl Profiles of Total Lipid Extracted from Four Filamentous Fungi Grown on Glucose

Relative % (w/w) fatty acyl groups

Fungus 140 16:0 161 180 181 182 o-18:3 183 20:0 20:1 2022 20:3 20:4 20:5 22:6
Conidiobolus nanodes 1.5 172 35 66 358 2.6 1.4 2.1 1.6 trace? 3.9 1.5 19.7 05 25
Entomophthora exitalis 90 166 124 24 320 54 trace 0.8 — 0.5 trace trace 102 29 1.8
Mortierella isabellina 0.6 239 2.4 101 434 138 — 3.9 0.5 trace trace — 0.6 — trace
Muecor circinelloides 2.7 234 131 43 315 153 — 8.3 — — — — — — —

2<0.05%.

and on safflower oil. The results (Table 4) showed that some
elongation and desaturation was occurring, as evidenced prin-
cipally by the occurrence of 20:4 at 10% and y-18:3 at 2.5%
of the total fatty acids in the phospholipid fraction, neither of
which are detectable in the original substrate (see Table 3).
There was little evidence of such fatty acids being transferred
from the phospholipids, which is their site of synthesis, into
the sphingo- plus glycolipids. However, the high proportion
of palmitic acid (16:0) and oleic acid (18:1) in both these frac-
tions (the phospholipid and the sphingo- plus glycolipids)
means that these acids were probably being selectively incor-
porated into them from these same fatty acids that were pres-
ent in the original substrate, even though in lower proportion.

There is, therefore, some evidence to suggest that desatu-
ration and elongation reactions are not completely repressed
in E. exitalis. By inference, the same will hold for C. nanodes,
but not necessarily for other two molds (viz. results in
Table 3). The extent of repression of PUFA synthesis can
clearly vary from microorganism to microorganism.

TABLE 3

Growth of fungi on mixed carbon sources. As growth of
fungi on the various oils as sole carbon sources led to appar-
ent repression, either partial or complete, of the desaturation
and elongation processes, we attempted to show that this was
not due to absence of necessary co-factors for these enzymes:
i.e., acetyl-CoA for elongation or NADPH for elongation and
desaturation, by growing the cells on both glucose and oils as
mixed substrates. The presence of glucose might also prevent
repression of the key enzymes. Certainly glucose metabolism
would generate the necessary co-factors for the desaturases
and the elongases if they were not repressed. If the strategy
failed, then it could be inferred that the enzymes themselves
were being repressed.

The growth yields of the three fungi (M. circinelloides was
not examined in this respect) that were grown on glucose plus
oils were all better than on glucose alone (Table 5), but were
generally less than on oils alone (see Table 1). Lipid contents
of the fungi grown on the mixed substrate were usually inter-
mediate between the values obtained when grown on glucose

Fatty Acyl Profiles of Total Lipid Extracted from Four Filamentous Fungi Grown on Various Oils Compared to the Profile of the Original Oil

Relative % (w/w) fatty acy! groups

Fungus 14:0 160 161 18:0 181 182 o-183 y183 200 20:1 2022 20:3 204 205 22:6
Triolein 2.5 5.6 6.4 1.8 68.1 11.1 1.2 1.7 0.5 0.5 0.6 —_ — — —_
Conidiobolus nanodes 1.0 89 36 1.1 506 6.0 trace’ 1.0 trace 14.0 2.1 1.4 2.4 trace 14
Entomophthora exitalis 2.1 51 09 1.1 422 313 1.3 1.9 — 7.5 4.0 trace 0.6 trace trace
Mortierella isabellina 2.1 58 6.2 1.6 682 109 0.9 0.5 1.4 trace trace ftrace trace — —
Mucor circinelloides 2.4 52 58 06 603 15.1 — 7.8 — — — — — — —
Sesame oil trace 9.1 trace 4.9 415 428 trace 0.7 trace trace — — — —
C. nanodes trace 12.8 0.6 2.1 163 472 2.0 0.6 trace 1.9 4.7 1.1 5.8 2.2
E. exitalis 1.1 9.4 trace trace 45.7 37.8 0.8 0.3 — 0.6 0.5 trace 1.1 0.7
M. isabellina trace 9.9 trace 6.0 396 423 — 0.9 0.7  trace — trace trace —
M. circinelloides trace 16.2 1.1 0.7 254 49.0 — 2.6 — — — —_ — — —
Safflower oil 2.3 4.2 trace 0.7 133 768 0.8 —_ trace trace trace —_ — — —
C. nanodes 05 117 0.7 2.1 29.7 26.6 2.1 trace trace 6.5 7.2 2.3 5.7 1.4 2.6
E. exitalis 28 146 05 trace 14 726 0.8 trace — 0.5 0.7  trace 22 10 28
M. isabellina trace 8.1 trace 3.5 18.5 65.1 1.8 1.4 0.5 trace — trace trace — —
M. circinelloides trace 162 49 0.7 148 619 — 1.1 — — — — — — —
Linseed oil trace 9.0 0.1 33 208 146 51.5 trace — — — — — — —
C. nanodes trace 7.9 trace 3.0 147 106 38.9 3.7 3.7 1.7 trace 0.9 109 3.0 0.7
E. exitalis 1.3 7.6 0.7 26 27.1 140 40.8 1.2 — 0.8 trace 0.5 1.5 05 1.8
Mortierella oil 05 228 0.9 4.1 380 203 0.7 9.8 — — — 11 1.8 — —_
C. nanodes 05 175 0.6 36 295 14.2 0.5 7.4 0.5 23 1.8 trace 18.8 trace 2.4
E. exitalis 08 138 09 2.7 39.0 140 0.6 6.2 — trace 2.1 2.3 13.7 trace 2.7
320.05%.
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TABLE 4

Fatty Acyl Profiles of Sphingo- Plus Glycolipid (S + G)

and Phospholipid (P) Fractions from Entomophthora exitalis
Grown on Either Glucose or Safflower Oil

Glucose-grown Safflower oil-grown

Fatty

acid S+G P S+G P
14:0 9.9 9.6 1.2 4.6
16:0 15.1 24.0 10.7 22.9
16:1 4.3 11.2 trace 1.7
18:0 4.9 1.8 29 1.2
18:1 6.6 13.4 17.4 18.1
18:2 9.7 9.9 59.9 36.8
a-18:3 trace? trace trace trace
¥-18:3 2.9 3.3 trace 2.5
20:0 3.5 — 0.8 trace
20:1 — — 0.6 trace
20:2 0.6 trace 0.5 trace
20:3 0.6 0.7 trace trace
20:4 4.8 17.5 1.8 9.6
20:5 4.2 0.1 1.1 trace
22:5 1.2 1.2 1.0 trace
22:6 — 3.0 1.0 trace
a<0.5°/0.

and when grown on oil alone. However, the fatty acid profiles
were almost identical to ones obtained when the fungi were
grown on the oils alone (see Table 3) and, because of this sim-
ilarity, are not given here separately because the essential de-
tails are already given in Table 3. Thus, we can conclude that
growth on the fungi on oils is probably causing enzyme re-
pression and is not due to any failure of the cells to generate
essential metabolites or co-factors because no advantage ac-
crues by providing an ancillary source (glucose) of metabo-
lites to the oil-growing cultures.

Growth of fungi on glucose in the presence of NOC. The
possibility that the failure of the fungi to desaturate or elon-
gate the substrate fatty acids could have been due to the pres-
ence of some NOC in the oil acting as an inhibitor was also

TABLE 5
Growth and Lipid Accumulation in Three Fungi Grown on Glucose
and Oils as Mixed Substrates

Biomass Lipid content
Fungus Qil? (mg/mL) (%, wiw)
Entomophthora exitalis None? 6.4 26
Triolein 7.3 26
Sesame 7.4 40
Safflower oil 6.9 30
Conidiobolus nanodes None? 5.9 23
Triolein 6.6 32
Sesame oil 6.5 29
Safflower oil 6.2 26
Mortierella isabellina None? 6.3 28
Triolein 9.2 33
Sesame oil 8.1 34
Safflower oil 8.4 31

Added at 15 g/L with glucose at 15 g/L. Glucose at 30 g/L
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explored. Shimizu et al. (12) showed that sesame oil, when
fed to the ARA-producing fungus M. alpina, led to increased
formation of dihomo-y-linolenic acid 20:3(8,11,14) at the ex-
pense of 20:4(5,8,11,14) formation. This was subsequently
attributed to the presence of sesamin in the oil that was acting
as a specific inhibitor of the A5 desaturase in the fungus (13).
We consequently tested the NOC of triolein, sesame oil, saf-
flower oil, and linseed oil, obtained by cold acetone precipi-
tation, on E. exitalis as a model for the other three molds.
Each NOC was added at the time of inoculation at the equiv-
alent of 30 g oil/L.

There was no demonstrable effect of the NOC on growth
or lipid accumulation (Table 6), nor on the fatty acyl profile,
except with the NOC from sesame oil, which produced, as
found by Shimizu et al. (12,13), an increase in formation of
20:3 at the expense of 20:4 (Table 6). No other desaturation
appeared to have been affected by this or any other NOC.
Thus, the absence of changes to the substrate fatty acids by
growing fungi on the oils is not attributable, except in a small
way with the NOC from sesame oil, to anything other than
the oils themselves,

The effect of the NOC from sesame oil on the 20:3 to 20:4
conversion was presumably due to sesamin, as found by
Shimizu et al. (13). Examination of the neutral, sphingo- plus
glycolipid, and phospholipid fractions indicated that the prin-
cipal fraction affected was the phospholipid: the ratio of
20:4/20:3 changed from 25:1 in the phospholipids of glucose-
grown cells to 2.6:1 in those from cells exposed to sesame
NOC at 0.08%. This would be in keeping with phospholipids
being the site of the desaturase reactions (14,15).

We therefore conclude that PUFA biosynthesis in fungi
growing on triacylglycerol oils is strongly repressed in M.
cirinelloides and M. isabellina. With E. exitalis and C. nan-
odes, both of which can produce PUFA up to 22:6, there is
partial repression of elongation reactions so that some of the
long PUFA can still be formed from the pre-formed fatty
acids. The amounts produced are substantially less than are
found in glucose-grown cells. The desaturases for producing
C,s PUFA, i.e, the Al12 and A6 desaturases for the respective
conversions of 18:1 to 18:2 and then to 18:3, appear to be
strongly repressed in all four fungi. Even with safflower oil,
with almost 80% of its total fatty acids being linoleic acid
(18:2), there was little conversion to y-18:3 by the A6 desat-
urase in any fungus.

As both desaturation and elongation of fatty acids are car-
ried out by complexes of enzymes and must include enzymes
for provision of NADPH needed in the desaturation, and
acetyl-CoA and NADPH for elongation, only by a detailed
study of the desaturases and elongases will it be possible to
say whether all enzymes or just one component in each is re-
pressed. It would only take one enzyme of the desaturase or
elongase complex to be repressed for the whole pathway to
become inoperative. Reversal of such repression or repres-
sions in some way-—either by producing nonrepressible (i.e.,
constitutive) mutants or by genetic manipulation—would open
up opportunities for carrying out biotransformations of low-
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TABLE 6
Effect of Nonoil Components (NOC) from Four Oils on Growth (biomass), Lipid Accumulation, and Fatty Acyl Profile
of the Total Lipid of Entomophthora exitalis Grown on Glucose
Source NOC? Biomass Lipid Relative % (w/w) of fatty acyl groups[7
of NOC (% wiw) (g/L) (oww) 140 16:0 16:1 18:0 181 182 183 20:0 2033 204 205 22:6
Control — 4.7 13 9.2 18.2 17.4 2.8 233 7.2 1.1 0.9 1.3 8.3 1.7 2.7
Triolein 39 4.8 14 7.7 17.0 15.2 2.7 25.0 9.2 1.5 1.0 0.8 9.9 1.3 2.5
Sesame 1.3 4.8 13 7.4 13.9 15.8 2.4 30.6 6.7 1.8 0.5 29 6.6 0.9 1.5
Safflower 1.4 5.2 13 8.4 18.1 15.3 2.7 204 123 11 1.0 1.2 8.7 1.5 2.6
Linseed 2.1 5.0 10 7.4 17.9 12.9 2.8 19.7  12.0 1.0 1.0 1.2 7.6 1.9 2.7

“NOC: values given are the contents in the four oils, each was added at the equivalent of 30 g oil/L medium.
bAll samples also contained traces (<1%) of 12:0, 14:1, 15:0, «-18:3, 20:1, 20:2, and 22:5.

cost PUFA from plant sources into higher value-added com-
modities. Such work is now continuing in these laboratories.
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