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Abstract—The effect of temperature stress on the cytosol carbohydrate composition of fungi belonging to var-
ious systematic groups was investigated. In Mucorales representatives (subkingdom Eomycota, phylum Arche-
mycota, class Zygomycetes), adaptation to hypo- and hyperthermia occurs via the regulation of trehalose syn-
thesis, although inositol is also involved in these processes in Blakeslea trispora. In Ascomycota (subkingdom
Neomycota), oversynthesis of mannitol and glycerol occurs under hypothermia, whereas oversynthesis of tre-
halose and inositol takes place under hyperthermia. Basidiomycota (subkingdom Neomycota) use two pathways
of biochemical adaptation, depending on the cytosol carbohydrate composition. In the absence of sucrose, glyc-
erol and arabitol are involved in the adaptation to hyperthermia; trehalose accumulates under hypothermic con-
ditions (type I of regulation). Type II regulation (revealed in Pleurotus ostreatus) involves sucrose rather than
glycerol or arabitol. The data obtained are discussed in terms of fungal systematics and phylogeny.
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The biochemical strategy of an organism’s adapta-
tion to stress is conditional on its level of organization,
and this particularly manifests itself if stress is caused
by temperature changes. Eukaryotes use the following
strategies of protection from low temperatures:

(1) They try to avoid cold-induced stress by inhabit-
ing niches whose temperature does not cause tissue
cooling (this is typical of animals and humans).

(2) They synthesize protective substances prevent-
ing tissue fluids from freezing (this option is preferred
by fish and arthropods such as’spiders, insects, etc.).
The mechanism of action of protectors, particularly
those of a carbohydrate nature, is as follows. Hydrogen
bonds form between carbohydrates and water mole-
cules in a process which may also involve, apart from
axial groups, equatorial hydroxy groups; these bonds
are tighter than those among water molecules per se.
Presumably, carbohydrates (sugars, sugar alcohols) can
substitute water upon membrane desiccation and
thereby stabilize the lipid bilayer. Based on studies with
muscle microsomes, trehalose produces the strongest,
and glycerol the weakest protective effect on lipid
bilayers [1]. This effect is accompanied by the stabili-
zation of cell membrane proteins and an increase in the
organism’s resistance to low temperatures.

(3) Plants synthesize protectors causing the vitrifi-

cation of tissue fluids that form a liquid crystal structure
preventing the formation of ice nuclei [2].

(49) A fundamentally different strategy used in
response to temperature stress (TS) is membrane stabi-

lization by modification of the composition of the lipid
bilayer; the lipids of biological membranes may make a
reversible thermotropic transition from the gel state to the
liquid crystal state [3, 4]. Additional changes in the lipid
bilayer, such as the cyclization of fatty-acid chains, occur
in prokaryotic organisms; this is accompanied by an effec-
tive modulation of lipid bilayer fluidity [5].

Our research focused on the fungal mechanisms of
adaptation to temperature-induced effects. It aimed at
elucidating the TS-dependent changes in the (1) carbo-
hydrate and (2) lipid composition of the cytosol of
fungi belonging to various systematic groups. This
paper confines itself to item (1). The the systematics of
fungi suggested recently by Cavalier-Smith [6].

MATERIALS AND METHODS

This study used fungal strains belonging to the
phyla Archemycota (Cunninghamella japonica VKM
F-1204 (-), Blakeslea trispora VKM F-4 (-), and
Absidia coerulea VKM F-858 (-)), Ascomycota (Myce-
liophthora thermophila, a strain from the Institute of
Microbiology, Russian Academy of Sciences, and
Aspergillus japonicus VKM F-2145), and Basidiomy-
cota (Pleurotus ostreatus, a strain from the Institute of
Microbiology, Russian Academy of Sciences, Lentinus
edodes, a strain from the collection of the Department
of Mycology and Algology, Moscow State University,
and Flammulina velutipes, a strain from the Institute of
Microbiology, Russian Academy of Sciences).
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Table 1. Changes in the carbohydrate composition of fungi under temperature shock (expressed in % of the total sugar content)

Species terggétrl:t?ltr]g,nT Glycerol | Arabitol | Mannitol { Mannose | Glucose | Inositol | Sucrose | Trehalose
C. japonica 28 - - - 33 94.2 -~ - 24
33 - - - 42 85.2 - - 10.6
17 - - - - 98.8 - - 1.2
M. thermophila 42 - - 14.4 - 36.9 14.4 - 343
50 - - - - 18.4 24.0 - 57.6
26 - - 314 - 477 23 - 18.6
L. edodes 26 - 30.2 17.4 - 11.6 6.9 - 33.7
10 5.1 582 10.5 - 11.8 5.1 - 9.3
P. ostreatus 26 Traces 32 12.9 - 19.6 39 18.7 415
33 Traces Traces 10.2 - 15.0 34 30.6 40.8
12 Traces 3.0 17.8 - 12.9 3.0 16.8 46.5
A. japonicus 26 23 - 194 - 30.3 10.1 - 379
32 - - 3.5 - 20.1 18.9 - 575
14 58 - 28.4 - 50.2 - - 15.6

Note: Traces implies that the amount of the sugar does not exceed 1% of the total sugar content;

@ v

'~ means that the carbohydrate was not detected.

Table 2. Formation of carbohydrate protectors in the cytosol of F. velutipes grown at different temperatures

1 @ % of the total sugar content
8» <
Z8 % § E, glycerol | arabitol | glucose | mannitol | inositol | trehalose
38 |e8s
Mature primordia 10-15 19.7 Traces 524 Traces | Traces | Traces 47.6
Mature primordia 0-5 13.5 31.8 504 44 6.7 Traces 6.7
Mature caps (30 mm in diameter) 10-15 17.9 Traces 70.6 1.6 42 Traces 23.6
Mature caps (30 mm in diameter) 0-5 37.0 34.6 55.7 2.7 3.2 Traces 3.8
Stem of a mature fruiting body 10-15 29.5 Traces 67.1 2.0 5.0 0.4 25.5
Stem of a mature fruiting body 0-5 30.6 2.7 62.4 124 39 Traces 7.6

Note: Traces implies that the amount of the sugar does not exceed 1% of the total sugar content.
*The sugars in this variant include an unidentified carbohydrate (about 11%).

Fungi belonging to Eomycota (C. japonica) were
grown in Goodwin medium [7]. C. japonica was culti-
vated for 24 h at 28°C, and, thereupon, some flasks
were incubated at 28°C for 6 h, while the remaining
ones were kept at 33 or 17°C.

Following is the medium composition (g/l) used for
growing P. ostreatus, a representative of Neomycota
(Basidiomycota) fungi: soybean flour, 7.0; MgSO, -
TH,0, 0.38; KH,PO,, 3.5; sunflower oil, 10; and whey,
20% of the medium volume. Cultivation was performed
in 250-ml flasks containing 50 ml of medium; a shaker
(200-220 rmp) was used. 4-day-old mycelium grown
on wort-agar slants at 26°C was used as inoculum. The
cultivation was carried out for 72 h at 26°C. Thereupon,
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the flasks were subdivided into three groups, incubated
for 24 h at 26, 33, and 17°C. L. edodes and Ascomycota
were grown as described earlier [8, 9].

M. thermophila mycelium was obtained by cultivat-
ing a spore suspension for 24 h at 42°C; the mycelium
was thereupon incubated for 3 h at 50°C. A low-tem-
perature shock was imposed by cultivating the myce-
lium for 6 h at 26°C. A. japonicus was incubated for 6 h
at 32°C and for 12 h at 14°C.

Determination of the cytosol carbohydrate com-
position of fungal cells. Sugars were extracted with
boiling water in four 20-min stages. The resulting
extract was purified of proteins. It was further purified
on a combined Dowex-1 (acetate form)-Dowex 50W
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(H*) column. The quantitative composition of the sug-
ars was determined by gas-liquid chromatography,
using trimethylsilyl sugar derivatives obtained from the
lyophilized extract. Arabitol or a-methyl-D-mannoside
(Merck) served as internal standards. The chromatogra-
phy was performed on a Model 3700 gas-liquid chro-
matograph equipped with a flame-ionization detector
and a 2 m-long-glass column with 5% SE-30 on a 70- to
90-mesh Chromaton. The temperature was programmed
to rise from 130 to 270°C at a rate of 5-6 deg/min. Glu-
cose, mannitol, arabitol, inositol, and trehalose (Merck)
served as standards.

The results obtained were statistically processed
using the sign criterion; the median values were calcu-
lated at n = 34 [9].

RESULTS AND DISCUSSION

From the data of Table 1,1 it follows that the strate-
gies of carbohydrate protector-dependent biochemical
adaptation to TS vary depending on the systematic
position of Fungi. Only one biochemical mechanism,
based on the conversion of glucose into disaccharide
trehalose, operates in the Zygomycetes (Eomycota)
tested—C. japonica and A. coerulea. In C. japonica
and A. coerulea, trehalose functions as a membrane
lipid stabilizer and a peculiar reserve of glucose, a
highly active carbohydrate [10]. Interestingly, a further
decrease in temperature (to 10°C) results in the forma-
tion of trace amounts of glycerol. Only inositol occurs
in (<) B. trispora stylospores obtained under hypother-
mic conditions.

Neomycota (Ascomycota) fungi, such as A. japonica
and M. thermophila, are characterized by a broader
spectrum of cytosol carbohydrates. In addition to treh-
alose, they contain a number of polyols that also func-
tion as protectors [11-14]. Hyper- and hypothermic
conditions tend to enhance the formation of trehalose
plus inositol and mannitol plus glycerol, respectively.
Curiously enough, the behavior of this system varies
depending on the optimum growth temperature of the
organism. Glycerol does not occur upon a low-temper-
ature shock in M. thermophila, whose growth optimum
is at 41-42°C; however, this polyol forms in the meso-
phile A. japonicus, which grows at lower temperatures.

The cytosol of basidiomycete fungi contains an even
wider variety of carbohydrate protectors. Additional
biochemical mechanisms are involved in the tempera-
ture adaptation of these fungi. Arabitol, not mannitol
(in contrast to ascomycete fungi), functions as a cryo-
protector in L. edodes. Like ascomycetes, L. edodes.
contains glycerol under hypothermic conditions.

! In order to avoid cramming Table 1 with data, it does not contain
the data obtained for all of the fungi tested; it only deals with typ-
ical representatives of systematic groups (these microbial species
are in bold type in the text). The peculiarities of other tested fungi
are discussed in the text.
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From the carbohydrate composition of the L. edodes
cytosol at early stages of fruiting body formation, we
inferred the sequence in which carbohydrates form (fig-
ure). For example, the glycerol amount reached its
maximum, 8-9%, at the immature primordium stage in
a study in which the temperature was significantly
decreased (to 0°C). The level of this protector
decreased subsequently, and only trace amounts were
detected in a young fruiting body. Virtually no glycerol
occurred at the immature primordium stage; however, it
appeared at a later stage (upon primordium maturation)
and subsequently disappeared at the fruiting body
stage. Hence, cold shock seems to accelerate the syn-
thesis of cytosol carbohydrates associated with particu-
lar stages of morphogenesis (e.g., the stage of fruiting
body formation) and to intensify this process.

Interestingly, glycerol also occurs upon cold shock
in Ascomycetes (but not in thermophiles [13]). It has
been shown that the presence of glycerol in A. niger is
correlated with the onset of particular stages of cell dif-
ferentiation. For example, this polyol is virtually absent
from spores [11]. These data confirm the above sugges-
tion concerning the relationship between the presence
of cytosol carbohydrates and the onset of certain differ-
entiation stages of fungal cells. Accordingly, cold adap-
tation in Neomycota is possibly subject to regulation by
the biosynthesis of carbohydrates. In Ascomycota, this
process is chiefly controlled by glycerol, whereas arabi-
tol is also involved in the process of adaptation in Basid-
iomycota. The polyols possibly regulate the fruiting
body formation stage in basidial fungi, e.g., L. edodes.
Cold shock is a prerequisite for fruiting body formation.

Of particular interest in this context is F. velutipes,
which forms fruiting bodies at 0-5°C under natural
conditions. The caps of this fungus contain large
amounts of carbohydrates (up to 37% of the dry
weight), which predominantly include two sugar alco-
hols, glycerol and arabitol, and the disaccharide treha-
lose (Table 2). The composition of protective carbohy-
drates varies depending on the temperature. If the fun-
gus grows at 10-15°C in a natural habitat, then its
fruiting body predominantly contains arabitol and treh-
alose. No glycerol occurs. Decreasing the temperature
to 0-5°C results in a drastic increase in the glycerol
content, a slight decrease in the arabitol content, and a
significant reduction in the trehalose pool. The ratio
between these carbohydrates is somewhat different in
the cap and the stem. Trehalose predominantly accu-
mulates under hyperthermic conditions (data not
shown). This confirms the hypothesis (suggested by us
earlier) that the synthesis of carbohydrate protectors is
temperature-dependent, and that glycerol is the protec-
tor functioning at the lowest temperatures [14].

Another adaptation mechanism (Table 1) operates
in the basidiomycete P. ostreatus upon a drastic
decrease in the temperature: the synthesis of mannitol
and trehalose is intensified. The sucrose content
increases and arabitol disappears under hyperthermic
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Composition of cytosol carbohydrates during fruiting body formation in L. edodes (1) without a cold shock, (2) upon a cold shock
at 10°C, and (3) upon a cold shock at 0°C. (I) immature primordium, (II) mature primordium, (1lf) young fruiting body (30 mm in

diameter).

conditions. Interestingly, the pattern of temperature-
dependent trehalose accumulation changed in the pres-
ence of sucrose. The trehalose amount decreased in all
tested fungi, upon decreasing cultivation temperature.
This may be due to the fact that trehalose can be rapidly
converted into glycerol [10] at low temperatures, result-
ing in a decrease in the content of this disaccharide.
P. ostreatus probably lacks this biochemical mecha-
nism, and its adaptation to TS is based on the synergis-
tic effect of trehalose and sucrose. Their ratio varies
upon changing (increasing or decreasing) the tempera-
ture.

The results obtained are consistent with the follow-
ing suggestion. The control mechanisms characteristic
of Ascomycota are also involved in the adaptation to
cold in basidiomycetes, whose cytosol carbohydrate
pool lacks sucrose. For instance, cryoregulation is
based on glycerol hypersynthesis. However, A. japoni-
cus (Ascomycota) also forms mannitol, and L. edodes
and F. velutipes (Basidiomycota) intensely synthesize
arabitol.

Temperature adaptation in the sucrose-containing
basidiomycete P. ostreatus is achieved using other reg-
ulatory mechanisms. Glycerol and arabitol virtually do
not function as protectors under hypothermic condi-
tions, and the mannitol and trehalose contents increase.
Under hyperthermic conditions, a significant increase
in the sugar content occurs, and arabitol formation is
inhibited. The presence of sucrose in the pool of protec-
tor compounds actually results in the elimination of
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other protectors (arabitol and glycerol). Accordingly,
the presence of sucrose among cytosol carbohydrates
substantially changes the biochemical mechanism that
regulates the adaptation to hypo- and hyperthermia in
basidial fungi. The regulatory mechanism operating in
this system probably resembles the mechanism charac-
teristic of plants (e.g., Myrothamnus flabelifolia) [15].

The data obtained in this work (Table 1) confirm the
idea that the carbohydrate composition of fungal cyto-
sol is a reliable systematic criterion in the kingdom
Fungi [12]. In addition, the cytosol carbohydrate com-
position is evidence that Neomycota possess a more
flexible system of biochemical adaptation to tempera-
ture in comparison to other fungi. Basidiomycota pro-
vide a particularly interesting example. The mode of
operation of their adaptation mechanisms controlling
the synthesis of protector compounds varies depending
on the presence/absence of the protector sucrose in the
cytosol. In this respect, P. ostreatus resembles some
plants, e.g. Myrothamnus flabelifolia, which accumu-
lates both sucrose and trehalose during a temperature
shock [15].

Importantly, the peculiar adaptation mechanisms
used by some representatives of the kingdom Fungi
also occur in prokaryotes, whose reaction to TS may
involve the accumulation of trehalose along with
prokaryote-specific protectors. Osmotic stress in bacte-
ria results either in evacuating sodium ions from their
cells and replacing them by potassium ions or in
osmolyte synthesis. Most bacteria synthesize glutamate
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in this situation [16]. Moderately halophilic prokary-
otes and aerobic methylotrophs form glycine-betaine
and ectoine, respectively [17]. Ectoine, a cyclic amino
acid, also exhibits its protective properties under TS
[18], in analogy to sucrose in basidiomycetes.
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