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Abstract—This work deals with lipid formation in ascomycete fungi and the effect of preservatives on them.
A new biological function of trehalose was revealed, and of particular interest was the fact that the effect of
this disaccharide depended on its concentration in the growth medium. In the presence of a preservative such
as potassium sorbate (PS), low trehalose concentrations suppressed the growth of mycelial fungi contaminat-
ing hard cheeses and contributed to the prolongation of the preservative’s effect. A tenfold increase in treha-
lose concentration in the medium, conversely, resulted in a drastic increase in growth activity and removed
the PS effect. Therefore, trehalose can function as an inhibitor or a stimulator of growth processes, depending
on its concentration. It was established that the secondary growth of Penicillium fungi during their ontogeny
is accompanied by consumption of accumulated reserve lipids. In contrast, this phenomenon does not occur
in mucorous fungi, and this probably accounts for the fact that Mucorales representatives can accumulate sig-

nificant triacylglyceride amounts during the idiophase.
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Trehalose is a carbohydrate belonging to the group
of nonreducing disaccharides. Two D-glucose residues
are linked by an a,o-glycoside bond in native treha-
lose. Owing to its special role in anabiosis, this disac-
charide has always received much attention of biolo-
gists and chemists. By the beginning of the 20th cen-
tury, it was established that trehalose plays a
polyfunctional role in a large number of living organ-
isms. It has been revealed that trehalose is an energy
source and a reserve carbohydrate. Under stress, it sta-
bilizes proteins and membrane lipids and protects
them against degradation. It prevents the destructive
effect of free radicals on biological structures, operates
as a regulator of growth and development in plants,
and is a glycolipid component in corynebacteria [1].

One of the goals of this work was to investigate the
influence of trehalose on mycelial fungi under the
extraordinary conditions created by the preservative
potassium sorbate (PS). The studies were conducted
with ascomycete fungi (Penicillium) that are the most
active colonizers of hard cheeses in agribusiness
plants. The other goal was to elucidate the relationship
between growth activity and lipid formation in these
fungi and to investigate their difference in this respect
from mucorous fungi that also spoil hard cheeses.

Attaining these goals promoted the implementa-
tion of the results obtained, i.e., achieving a prolonged
effect of PS, which is the most widely used preservative
in food industry.

1 Corresponding author; e-mail: feofilov@inmi.host.ru

MATERIALS AND METHODS

The studies were conducted with four cheese-colo-
nizing representatives of ascomycete fungi isolated in
agribusiness plants: Penicillium chrysogenum [2], P. vari-
abile [3], P. roqueforti |4], and P. aurantiogriseus [5], as
well as with Cunninghamella japonica BKMF 1204 (—)
[6], which belongs to the mycelial fungi of the order
Mucorales.

Ascomycete mycelial fungi were cultivated on the
Blumenthal—Rosemann medium, the composition of
which was as follows (%): sucrose, 3.0; (NH,),SO,,
1.0, KH,PO,, 1.0; MgSO, - 7H,0, 0.1; KCI, 0.05;
yeast extract, 0.03; FeSO, - 7 H,0, 0.001; and ZnSO, -
7H,0O, 0.005. The cultivation was carried out in
250-ml flasks with 50 ml of medium on a rotary shaker
(220 rpm) at a temperature of 27°C. C. japonica was
cultivated on Goodwin medium [7] and on a ammo-
nium nitrate-containing medium [8]. In studies on the
effect of the preservative potassium sorbate on asco-
mycete fungi, whey was used as the growth medium
[9]. Lipids were extracted according to [10].

The composition of the neutral lipid (NL) and
polar lipid (PL) fractions was analyzed by ascending
thin-layer chromatography on plates with a fixed
silica gel layer (Merck, Germany). NLs were sepa-
rated using the hexane—diethyl ether—acetic acid
(85:15 : 1) or the petroleum ether—diethyl ether—
acetic acid (80 : 20 : 2) solvent systems [10]. PLs were
separated by two-dimensional TCL, consecutively
running the chloroform—methanol—water (65 : 25 : 4)
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Fig. 1. Changes in biomass yield (/) and lipid content (2)
during the growth of C. japonica (a) and P. roqueforti (b).
Arrow, onset of secondary growth.

system in one direction and the chloroform—acetone—
methanol—acetic acid—water (50 : 20 : 10 : 10 : 5) system
in the other [11]. In addition, 70—120 g of lipids were
applied on a plate (Merck, Germany).

The fractions obtained were identified using stan-
dard lipid preparations and specific qualitative tests for
individual functional groups [10]. For this purpose, we
used the Vaskovsky and the Dragendorff reagents, nin-
hydrin and a-naphthol solutions, and a mixture of sul-
furic and acetic acid. Phosphomolybdic acid was used
as the universal developer.

Quantitative analysis of individual lipids was car-
ried out using the Dens software package (Lenchrom,
Russia).

The statistical treatment of the results was per-
formed by the median (Me) method with n = 23
[12].

RESULTS AND DISCUSSION

Fungal species spoiling food items such as hard
cheeses were investigated earlier [9]. The most fre-
quent food-spoiling organisms are ascomycete fungi
while mucorous fungi are significantly less wide-
spread. In our subsequent studies, we demonstrated
that potassium sorbate (PS), the most widely used pre-
servative, inhibits the growth of mycelial fungi by
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affecting their lipid metabolism [13, 14]. The preser-
vative lowers the content of linoleic acid, which is the
most important component of the stress protection
system of living organisms.

We also established that growth processes in fungi
such as P. roqueforti resumed 7—8 days after the addi-
tion of PS and were carried out even more actively
than in the control system. Since PS is widely used in
the food industry as a preservative that prevents molds
from growing on cheese, research aimed at prolonging
the PS effect is of paramount importance.

Taking into account the fact that PS influences the
lipid composition of fungal mycelium as a stress factor,
we decided to conduct preliminary studies in order to
investigate its effect on the lipid composition of con-
taminating fungi such as P. roqueforti. In this fungus,
PS is degraded by enzymes [15], resulting in growth
resumption. Of particular interest is the fact that sec-
ondary growth of Penicillium proceeds under the influ-
ence of an additional stress factor, incipient depletion
of the nutrient medium, i.e., starvation. Therefore, we
considered it necessary to investigate the effect of
nutrient depletion (starvation) on the lipid composi-
tion of cheese-contaminating fungi, including
mucorous and ascomycete (Penicillium) species.
The former are known to be more sensitive to the PS
effect [14].

Studies on lipid formation in the mucorous fungus
C. japonica revealed the following trends (exemplified
by the results obtained on the Goodwin medium and
shown in Figs. 1a and 2a).

(i) Biomass accumulation proceeded until day 4
and ceased by day 5 of cultivation. The biomass yield
on the Goodwin and ammonium nitrate-containing
medium was approximately 8—10 and 15 g/l (not
shown), respectively. The content of the lipids accu-
mulated in the fungal biomass by the end of the growth
period was ~40—50 and ~45%, respectively.

(ii) The total lipid amount increased throughout
the whole growth period and reached the maximum
value by the end of the idiophase.

(iii) The neutral lipid content also increased in the
course of the growth period and reached the maximum
value by the end of the idiophase. The reverse trend
was observed for the polar lipids.

(iv) At transition to the stage of active growth,
phosphatidylethanolamine (PEA) was the predomi-
nant phospholipid, whereas growth deceleration was
accompanied by a drastic increase in phosphatidyl-
choline (PC) content.

Similar experiments with ascomycete fungi
revealed different trends in terms of their growth and
lipid formation (exemplified by the results obtained by
cultivating P. roqueforti on the Blumenthal—Roseman
medium and shown in Figs. 1b and 2b):

(i) Biomass accumulation increased during the
growth of the fungi; the PC content on day 2 was
higher than on day 4 of cultivation.
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(ii) On day 4, a decrease in the total lipid content
occurs; the triacylglyceride (TAG) amount decreased,
while the polar lipid amount increased.

(iii) By day 4 of cultivation, the PEA level increased
drastically and the PC level decreased; the phospha-
tidic acid (PA) content increased.

Microscopic examination revealed that thin myce-
lium was formed de novo by Penicillium fungi after 50—
60 h of growth. The mycelium had a very thin cell wall
and virtually lacked lipid inclusions (the secondary
growth phenomenon). It coexisted with thick-walled
hyphae that were 1.5—2.0 times larger in diameter and
contained lipid granules. Subsequently (by day 4),
such hyphae lost their intracellular content and lipid
inclusions disappeared.

Such phenomena did not occur during the cultiva-
tion of the mucorous fungus. Lipids did not disappear
upon growth cessation. Microscopic examination
demonstrated the presence of specific structures: by
this time, the mycelium contained hyphae with thick-
ened cell walls and ampoulelike bulges with large lipid
bodies.

These data gave grounds for the suggestion that, in
contrast to mucorous fungi, Penicillium fungi do not
assume a dormant state upon nutrient depletion. A
new mycelium generation is formed, previously accu-
mulated lipids are consumed, and secondary growth of
the biomass occurs. Interestingly, these trends in lipid
formation in the representatives of two different sys-
tematic groups are quite consistent with the data on
their lipid composition. In our studies generalized in
earlier work [16], it was established by the example of
mucorous fungi that the active growth period corre-
sponded to a particular lipid composition character-
ized by predominance of PEA and a significantly lower
PC content. The subsequent growth deceleration and
lipid accumulation resulted in a substantial change in
the ratio of these bulk lipids associated with a consid-
erable PC accumulation. Leaving out of consideration
the capacity of Penicillium fungi for secondary growth,
we might assume that the above trend is not valid for
this system. However, it is evident from the data of
Figs. 1 and 2 that the onset of secondary growth coin-
cides with an increase in PEA content in the case of
Penicillium fungi. Accordingly, our conclusion con-
cerning the dependence of membrane lipid composi-
tion on growth activity [16] also applies to other sys-
tematic groups of fungi, including ascomycetes,
although they have their peculiarities. As our further
studies with PS revealed, it is the fungi’s capacity for
secondary growth that provided evidence for a new
role of trehalose and the dependence of its effect on
trehalose concentration in the medium.

Our research on mycelial fungi that spoil food at
agribusiness plants revealed that PS does not exert a
long-term effect. On day 5 after the addition of the
preservative, its degradation by enzymes of asco-
mycete fungi occurs [15] and the growth of secondary
mycelium starts. This growth is more intense than in
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Fig. 2. Changes in the contents of the individual PEA (7)
and PC (2) phospholipid fractions during the growth of
C. japonica (a) and P. roqueforti (b).

the control system (Fig. 3). The control biomass yield
reaches 8—9 g/l by this time and remains virtually
unchanged during the subsequent cultivation period.
However, if 0.1% trehalose is added to the cultivation
medium in combination with PS, the growth of the
fungus is delayed until day 7—8. Subsequently, growth
processes start; eventually, the result slightly exceeds
than in the control system.

Even more fascinating data on the trehalose effect
in the presence of PS are obtained if a much (ten
times) larger trehalose concentration of 1% is added
along with the preservative. In this system, PS works as
a preservative for a significantly shorter time, and on
day 7, the biomass already becomes half as abundant as
in the control system.

It was shown for the first time, therefore, that treh-
alose, which is dubbed the “dormancy sugar,” inhibits
the effect of the preservative PS and stimulates the
growth of cheese-contaminating mycelial fungi. Of
particular interest is the fact that the growth-stimulat-
ing effect of trehalose depends on its concentration
and manifests itself at a sufficiently high content of this
disaccharide. If the trehalose concentration in the
medium does not exceed 0.1-0.5%, this protective
carbohydrate exerts an inhibitory influence on the
growth of fungi and prolongs the effect of the preser-
vative.
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Fig. 3. Influence of PS and trehalose (Th) on P. roqueforti
growth (1, day 7; 2, day 10): 0.02% PS (1), 0.02% PS +
0.1% Th (2), 0.02% PS + 1% Th (3).

This pattern of trehalose effect persists if the PS
effect was tested under different conditions. We estab-
lished [17] that the inhibitory effect of PS on Penicil-
lium growth can be prolonged by adding other preser-
vatives such as sodium acetate and common salt at a
concentration of 1% (Fig. 4). If the above medium
composition was supplemented with 0.1% trehalose,
the prolongation of the PS effect became more signif-
icant, as noted above. If the trehalose concentration
was increased to 1%, this resulted in a considerable
intensification of growth processes, in line with the
trends emphasized above.

Thus, two new facts related to the peculiar mode of
action of trehalose were established in this work. Cur-
rently, it is assumed that trehalose accumulates in
spores (dormant cells) and its utilization as a carbon
source starts while the cell is in a dormant state. Ini-
tially, the enzyme trehalase starts functioning. It
cleaves trehalose into two glucose molecules. This
work demonstrates that trehalose functions as an agent
removing the preservative’s effect and enabling the
fungus to grow. However, this peculiar function of tre-
halose requires its sufficiently high content in the cul-
tivation medium (over 1%). If the concentration is ten
times lower, trehalose behaves as a growth process
inhibitor, i.e., performs the familiar function of a nat-
ural preservative in the presence of a stress factor.
In this context, the data that glucose and lactose fail to
produce a similar effect are of special interest.

Currently, it is assumed that nonreducing sugars,
such as trehalose and sucrose, are involved in the oper-
ation of the cell communication system (glycocode)
and their metabolism is linked with the cell signaling
machinery [18]. Research on the effect of sucrose on
the growth of cheese-spoiling fungi in the presence of
PS was of paramount importance in view of the unique
properties of nonreducing sugars and a certain similar-
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Fig. 4. PS effect and its prolongation by additional sub-
stances (day 10): control (1), 0.02% PS (2), 0.02% PS +
1% CH3;COONa + 1% NaCl (3), 0.02% PS + 1%
CH;COONa + 1% NaCl + 0.1% Th (4), 0.02% PS + 1%
CH;COONa + 1% NaCl + 1% Th (5).

ity between the biological functions of trehalose and
sucrose. It has been established that sucrose activates
fungal growth at a concentration of 1%. In contrast to
trehalose, low sucrose concentrations (0.1%) added in
combination with the preservative failed to prolong
its effect on fungal growth. Presumably, the extraordi-
nary effect of trehalose is due to the unique physical
properties of this molecule, such as its high hydrophi-
licity, chemical stability, and lack of internal hydrogen
bonds [19].
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