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Abstract: During the evolution organisms are subjected to the continuous impact of 
environmental factors. In recent years an increasing number of studies have focused on the 
physicochemical limits of life on Earth such as temperature, pressure, drought, salt content, 
pH, heavy metals, etc. Extreme environmental conditions disrupt the most important 
interactions that support the function and structure of biomolecules. For this reason, 
organisms inhabiting extreme habitats have recently become of particularly great interest. 
Although filamentous fungi are an important part of the polar ecosystem, information about 
their distribution and diversity, as well as their adaptation mechanisms, is insufficient. In 
the present study, the fungal strain Penicillium griseofulvum isolated from an Antarctic soil 
sample was used as a study model. The fungal cellular response against short term exposure 
to low temperature was observed. Our results clearly showed that short-term low 
temperature exposure caused oxidative stress in fungal cells and resulted in enhanced level 
of oxidative damaged proteins, accumulation of reserve carbohydrates and increased 
activity of the antioxidant enzyme defence. Ultrastructural changes in cell morphology 
were analysed. Different pattern of cell pathology provoked by the application of two stress 
temperatures was detected. Overall, this study aimed to observe the survival strategy of 
filamentous fungi in extremely cold habitats, and to acquire new knowledge about the 
relationship between low temperature and oxidative stress.  

Keywords: Antarctic, filamentous fungi, oxidative stress, biomarkers, antioxidant 
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Introduction 

Antarctica is the continent with the coldest and driest climate on the Earth. 
It is the most extreme habitat on the planet and provides an interesting and 
unique environment for the colonization and survival of natural life. Extreme 
Antarctic conditions are a prerequisite for the development of stress tolerance 
mechanisms by the microorganisms inhabiting this inhospitable environment 
(Durán et al. 2019). In recent years, studies on microorganisms adapted to low 
temperatures have increased, driven by their potential value for application in 
biotechnology. Archaea, bacteria and fungi are the main components of 
microbial life in Antarctica (Teixeira et al. 2013; Purves et al. 2016). The 
fungal group is the most diverse in the Antarctic ecosystems (Godinho et al. 
2015). Ecological selection as well as evolutionary adaptations have ensured 
fungal survival in extreme conditions (Cowan et al. 2014). Antarctic fungi may 
be cosmopolitan. Some of them can survive as air transported propagules, but 
are not able to grow under Antarctic conditions, while other native, well 
adapted fungi develop and reproduce at low temperatures (Selbmann et al. 
2015). Fungi adapted to a cold environment are sources of new bioactive 
secondary metabolites and enzymes. They can survive in a wide range of stress 
conditions, such as drought, salinity, solar radiation and low temperatures. 
Fungal survival mechanisms include production of bioactive compounds, cold– 
active enzymes and antifreeze proteins (Robinson 2001; Krishnan et al. 2011; 
Godinho et al. 2013) 

The link between low-temperature exposure and the manifestations of 
oxidative stress has attracted more scientific attention in recent years, as well as 
the involvement of antioxidant enzymes in survival under such drastic 
conditions. It should be noted that while the cellular response against cold 
stress has been studied in various bacteria and plants, little is known about the 
adaptation of fungi to survive at temperatures close to negative (Miteva-Staleva 
et al. 2011). 

Despite the intensive studies on microorganisms from extreme habitats, there 
is still a need to address problems related to the mechanisms of survival 
in habitats like Antarctica. Moreover, the role of cellular response against 
oxidative stress as part of the survival mechanism of microorganisms, especially 
in fungi isolated from permanently cold habitats, has not yet been elucidated. 
Any new information in this context will be a contribution to the better 
understanding of the involvement of low temperature-induced stress in 
environment-related responses. Our previous results demonstrated that growth 
at low temperatures induced the generation of reactive oxygen species (ROS) in 
cells and their mitochondrial fractions in Antarctic fungi in a dose and age- 
dependent manner. At the same time, cold-stress response was not dependent on 
the cold-adaptation of the model strains (Miteva-Staleva et al. 2011). 
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The purpose of this study was to establish a relationship between oxidative 
stress in the cell and stress caused by low temperature exposure, and to identify 
stress biomarkers as well as the role of the antioxidant enzymatic defence in the 
cellular response of a strain of filamentous fungus isolated from Antarctica.  

Materials and methods 

Fungal strain and cultivation. — The fungal strain Penicillium griseoful-
vum Dierckx, R.P. 1901, isolated from a soil sample from Livingston Island, 
Antarctica, was used in the experiments. This strain is part of the Mycological 
Collection at the Bulgarian Academy of Sciences, Stephan Angeloff Institute of 
Microbiology in Sofia, where it is kept at 4°C on beer agar with a pH 6.3. 

Experiment design. — The low temperature effect on growth, morphology 
and physiology of the model strain was assayed under submerged cultivation in 
flasks and bioreactors at different temperatures. The composition of the culture 
medium used was as described in Angelova et al. (1995). For inoculum 
preparation, submerged cultivation was performed for 24 hours at 25°C in 500 ml 
flasks. Culture medium of 74 ml and 6 ml spore suspension at a concentration of 
2 x 108 spores ml-1 were used. Cultivation was performed in 3l bioreactors/ 
working volume 2L at optimal temperature (25°C), stirrer speed of 400 rpm, and 
air flow 0.5 v.v.m. During the mid-exponential phase, the temperature was 
reduced to 6°C or 15°C. This downshift was reached approximately in 40 min. 
Temperature was up-shifted to the optimum value after a 6-hour incubation 
period under cold stress conditions. The control variants were grown at optimal 
temperature throughout the whole period. 

Cell-free extract preparation and enzyme activity assay. — A cell-free 
extract was prepared as described by Angelova et al. (1995). Superoxide dismutase 
(SOD), catalase (CAT), intracellular protein and damaged protein were determined 
in the cell-free extract. The specific SOD activity (EU 1.15.1.1.) was determined 
by reduction of NBT (nitroblue tetrazolium) by the method of Beauchamp and 
Fridovich (1971). For one unit of SOD activity (expressed as units/mg protein), the 
amount of enzyme protein required to inhibit the NBT reduction rate (A560) by 
50% at pH 7.8 and 30°C was taken. Catalase (EU 1.11.1.6.) was determined by the 
method of Beers and Sizer (1952) and expressed as units/mg protein. The amount 
of enzyme protein required to break down 1 µM H2O2 for 1 min at 25°C and 
pH 7.0 was taken as one unit of activity. 

Analythical methods. — Soluble reducing sugars were determined by the 
glucose standard method of Somogy-Nelson (Nelson 1944; Somogy 1952). The 
protein amount was estimated by the Lowry et al. (1951) method. Bovine serum 
albumin was used as a standard. Fungal growth was determined by measurement of 
biomass dry weight. For the culture filtration, a Whatman filter was used (Clifton, 
USA) No. 4. Biomass was washed with distilled water and dried at 105°C 
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to constant weight. The content of carbonyl groups in oxygen modified proteins 
was determined by the method of Hart et al. (1999) modified by Adachi and 
Ishii (2000). A procedure described by Becker (1978) and Vandercammen 
(1989) and modified by Parrou et al. (1997) was used to determine the glycogen 
and trehalose content. 

All experiments were performed in triplicate. 
Transmission electron microscopy (TEM). — For TEM assay, samples 

were taken from each variant after short term exposure to low temperature. 
Mycelia and cultural liquid were separated by filtration. The mycelia were 
washed twice, e.g. with distilled water and phosphate buffer pH 7.8. The samples 
were fixed for 2 hours at 4°C with 4% glutaraldehyde in 0.05 M Na cacodylate 
buffer (CB), pH 7.2. This was followed by 1h of post-fixation in 1% OsO4 in 
0.05M CB, and dehydration in graded ethanol series, up to 100% ethanol. The 
samples were further incubated with propylene oxide, and impregnated and 
embedded in Spurr resin (Sigma) following the producer's instructions. Ultrathin 
sections were prepared on Reichert-Jung ultramicrotome. Counterstaining was 
performed with 1% uranyl acetate in 70% methanol for 30 min in the dark, 
followed by 20 min in 0.4 % lead citrate. The observations were made on an 
HRTEM JEOL JEM 2100 (JEOL, Japan) Transmission Electron microscope at 
accelerating voltage of 220 kV. 

Results 

Effect of temperature on growth and glucose consumption. — The used 
P. griseofulvum strain belongs to the psychrotrophic fungi. To investigate the 
relationship between low temperature and oxidative stress the model strain was 
subjected to short-term (6h) low temperature exposure (6°C and 15°C) under 
conditions of submerged cultivation. Fig. 1 show the changes in the growth 
curves of the selected Antarctic strain after a decrease in temperature for 6 hours 
and subsequent restoration of the optimal conditions. 

Temperature downshift from 25°C to 6°C resulted in transient growth 
inhibition and even reducion in the amount of biomass over a period of 2–4 h. 
The strain resumed growth and after exposure was discontinued and the optimal 
temperature was restored, the amount of biomass increased and became 
comparable with the control variant. Biomass production was close to the 
control variant when the temperature dropped to 15°C and after the optimal 
temperature was restored this trend did not change. 

Short-term low-temperature stress also led to changes in the consumption of 
the carbon source in the culture medium. Fig. 2 clearly shows that reducing the 
temperature to 6°C significantly slowed glucose uptake. Delayed glucose 
consumption in this variant was also observed after the optimal growth 
temperature was restored within 12 h of culture development. A similar trend 
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for carbon source consumption was also observed when the temperature was 
lowered to 15°C but it was significantly less than in the first experimental variant. 

Changes in the level of oxidative stress biomarkers: Low temperature 
stress and protein oxidative damage. — Proteins can be modified by a large 

Fig. 1. Effect of temperature change on biomass production at Penicillium griseofulvum. 

Fig. 2. Glucose consumption of Penicillium griseofulvum under low temperature stress, with 
subsequent recovery of optimal conditions. 
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number of reactions, including ROS impact. The presence of carbonyl groups is 
used as a marker of ROS-mediated protein oxidation. The changes in the level of 
oxidatively damaged proteins were studied during 6 h cold stress as described 
above (Fig. 3). 

Under low-temperature stress conditions, the content of carbonyl groups of 
the cells cultured at 6°C significantly increased compared to the other two 
variants. For the stress period, the increase was about four times higher than the 
control. The tendency remained unchanged after the optimal temperature was 
restored. At the 12th hour of cultivation, the damaged proteins level was again 
almost four times higher than the control. The levels of carbonylated proteins in 
the variant with the temperature lowered to 15°C were higher than those in the 
control variant. For the period of short stress application, the damaged proteins 
content rose to 36% and to 58% after 2 and 6 hours, respectively, compared to the 
control. These levels were close to the control variant after the restoration of the 
optimal growth temperature. 

Changes in the level of oxidative stress biomarkers: Low- temperature 
stress and changes in levels of reserve carbohydrates in cells. — The effect of 
short-term low-temperature shock on the production of glycogen and trehalose by 
P. griseofulvum cells was studied (Fig. 4, 5). The experiments in this study 
showed that a downshift in the temperature to 6°C led to a significant increase in 
the level of glycogen during the stress period, after which its levels dropped but 
were still higher than those of the control variant (Fig. 4). The maximum level of 
glycogen was reported 2 h after the stress period. It was 72% higher than the 

Fig. 3. Changes in carbonyl groups content in the cells of the model strain under short-term low 
temperature stress. 
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control and 50% higher than the other stress variant (15°C). A similar response 
was observed after a temperature downshift to 15°C, but to a lesser degree 
compared to the control. A maximal glycogen level in this variant was also 
observed at the 8th hour of the experiment, and it was 14% higher than the control 
variant. 

Fig. 4. Changes in glycogen levels of cells in cold stress conditions. 

Fig. 5. Changes in the levels of trehalose of cells placed under cold stress. 
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Changes in the levels of trehalose in the cells demonstrated a different trend. 
Fig. 5 clearly shows that there was a cellular response, including trehalose 
synthesis. An increase in the content of this carbohydrate after 4 hours of stress 
was recorded. This tendency continued after the optimal growth temperature was 
recovered. Lowering the temperature to 6°C and 15°C resulted in a 1.5-fold 
increase in the trehalose levels at the 8th, 10th and 12th hours compared to the 
control levels. 

Changes in the level of oxidative stress biomarkers: Antioxidant defence 
in the low- temperature stress conditions. — The cellular response to oxidative 
stress was determined by measuring the activity of key antioxidant enzymes, such 
as SOD and CAT. 

Exposure of the studied Antarctic strain to temperatures of 6°C and 15°C led to 
activation of the antioxidant enzyme defence. Changes in the activity of the first 
antioxidant enzyme, SOD, during the stress and post-stress period are presented in 
Fig. 6. A clear tendency for an increase in SOD activity was observed with 

lowering the cultivation temperature to 6°C. At the 6th hour, this increase was more 
than three times higher than the control variant cultivated at optimum temperature. 
This tendency continued in the hours after the stress application. At the 12th hour, 
the activity of SOD in the mycelium treated with 6°C was about six times higher 
than the control variant. The short-term stress caused by 15°C did not lead to 
significant changes, and the trend was similar to the control variant. 

In the study of the second antioxidant enzyme, lowering the temperature to 
15°C and 6°C also stimulated enzyme production. Antarctic strain cultures 

Fig. 6. SOD activity under short-term low-temperature stress. 
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exhibited a response with higher CAT activity at 6 °C than that at 15°C (Fig. 7). 
A sharp decrease in catalase was observed after short stress exposure to 6°C. 
After that, enzyme activity was restored. 

Ultrastructural changes as a result of the cold stress. — The TEM of the 
fungus maintained at the optimal temperature of growth, 25°C, revealed a typical 
fungal fine structure, as well as some peculiarities of the strain (Fig. 8A–D). 
Among the latter, the accumulation of electron-dense material in the cytoplasm, 
or inside vacuoles, should be mentioned. Due to its ultrastructural similarities 
with the electron-dense melanin bodies described by Franzen et al. (2008) and 
Liu et al. (2014), the material was interpreted as "melanin-like". Inside the 
vacuoles, myelinic-like helical accumulations of membranes were located. Under 
the conditions of the present experiment, the mitochondria were with narrow 
cristae and electron-light matrix. 

The 6 h exposure to cold stress resulted in ultrastructural changes that 
differed in distribution and degree. After 6 h at 15°C (Fig. 8E–H), the appearance 
of some hyphae did not much differ from the fungus maintained at the optimal 
temperature. Focal alterations were also noted. Among those, an increase in the 
thickness of the cell wall (Fig. 8E) could be considered as an adaptive response. 
Some increase in vacuolar volume was probably due to more extensive vacuolar 
fusion processes (Fig. 8F). Other alterations included focal destruction of the cell 
wall (Fig. 8G) and changes in the mitochondrial structure, mainly reduction in the 
number of cristae (Fig. 8H). 

Fig. 7. Changes in the activity of catalase under conditions of low temperature stress. 
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Fig. 8. A–D. Ultrastructural characteristics of the strain maintained at the optimal temperature of 
25°C. A, Cross section through a hypha at the level of the nucleus (N), mitochondria (m); dark 
areas in cytoplasm or vacuoles – melanin-like accumulations (asterisks). B, Cross-section at the 
level of a vacuole. Inside the vacuole, electron-dense inclusions (arrows) and helical membrane 
accumulations (asters) are present. C, Crosssection at the level of the vacuole containing 
accumulated electron-dense material (asterisk). D, Longitudinal section showing fusion of smaller 
vesicles to vacuoles (arrows). E–H, Ultrastructural alterations after 6 h cold stress at 15°C: E, Cross 
section through a cold-stressed hypha showing thickening of the cell wall (arrows); dark areas in 
cytoplasm - melanin-like accumulation (asterisks). F, Extensive fusions between vacuoles (arrows); 
dark areas in cytoplasm - melanin-like accumulation (asterisks). G, Destruction of the cell wall 
(arrows). Inside a vacuole, helical membrane accummulations (asters) are observed. H, Long-
itudinal section showing disintegrated mitochondria (m). 
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The cold stress at 6°C resulted in a much higher incidence of cellular 
alterations of the strain. Even in apparently unaltered hyphae, the melanin-like 
substance in cytoplasm and vacuoles was apparently more than in the other two 
samples (Fig. 9A,B). The predominant part of the hyphae was with significantly 
increased electron density throughout the cytoplasm (Fig. 9C–H). This could 
likely be the result of overall accumulation of melanin-like material. There was 
deterioration of the mitochondrial structure (Fig. 9C–H), and altered organelles 
were seen to fuse with the vacuoles (Fig. 10C). Cell wall disintegration 
proceeded as initial occurrence of filaments protruding outwards (Fig. 9C,D) to 
detachment of some cell wall material (Fig. 9G) and complete focal lack of cell 
wall (Fig. 9H). There was also ultrastructural evidence of alterations of the 
turnover of the plasma membrane with frequent occurrence of deep plasma-
lemma infolds (Fig. 9 E,F), focally protruding deep into the cytoplasm up to the 
centre of the hyphae (Fig. 9G). 

Discussion 

In recent years there has been a growing interest in studying fungal cellular 
response to temperature stress, but the response to a downshift in growth 
temperature and its relation to oxidative stress needs clarification. This study was 
undertaken primarily to examine the effect of short-term cold exposure (from 25 
to 6 or 15°C) on the level of oxidative stress in psychrotolerant fungal strain of 
P. griseofulvum isolated from Antarctica. The main findings of the present study 
confirmed the relationship between cold exposure and oxidative stress. The 
results revealed that the temperature downshift induced an oxidative cell 
response, indicated by significant changes in: (i) oxidative stress biomarkers and 
antioxidant enzyme activity; (ii) cell-growth abilities and glucose-consumption 
characteristics; and (iii) ultrastructural morphology. 

Firstly, the temperature downshift induced oxidative stress events in the strain 
P. griseofulvum. The present results demonstrated a remarkable increase in 
protein carbonyl levels of cells exposed to 6 and 15°C, respectively. Protein 
carbonyls are thought to be an excellent marker for protein oxidation (Davies and 
Goldberg 1987). This is a typical response to oxidative stress caused by increased 
ROS generation followed by temperature stress (Li et al. 2008). Oxidative 
modification of critical residues in carbonylated proteins causes unfolding of 
proteins that tend to aggregate, and selective degradation in cells (Lévy et al. 
2019). A similar response to low temperature was observed in cold-adapted fungi 
and yeast (Hu et al. 2016; Liu et al. 2017; Bakar et al. 2020). Generally, increase 
in protein carbonyls was reported after enhanced ROS level, for example, hyper- 
oxygenation, heavy metal treatment, addition of oxidant species, and temperature 
exposure (Fedorova et al. 2014). Data for a positive correlation between elevated 
ROS levels and damaged proteins have been reported for different microbial cells 
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Fig. 9. Ultrastructural alterations of hyphae subjected to 6 h stress at 6°C. A, B, Crosssection and 
longitudinal section through comparatively unaltered hyphae, respectively. Cytoplasmic (A) and 
vacuolar (B) accumulation of electron-dense, melanin-like material (asterisks). C, Spot-like 
electron dense material located over filamentous protrusions of the cell wall (black arrows). White 
arrow points to a fusion between a destructed mitochondrion (m) and a vacuole (V). D, Cross 
section at the level of the nucleus (N). Destruction of the cell wall with formation of protruding 
filaments containing electrondense dot-like dense bodies. Mitochondrion (m) with altered 
ultrastructure. E, Crosssection showing nucleus (N), disintegrated mitochondrion (m) and foci of 
formation of deep plasmalemma infolds (arrows). F, Deep infolds of the plasma membrane 
(arrows), altered mitochondria (m). Aster indicates a completely disintegrated mitochondrion. 
G, Cross section through an area whith cell wall disintegration and filamentation. Arrows point to 
plasmalemma infolds going inwards as deep as the cell centrum. H, A, locus with completely 
lacking cell wall, altered mitochondria. 
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(Nyström 2005; Li et al. 2009). Our previous research also demonstrated 
enhanced ROS levels in Antarctic fungal cells under low-temperature treatment 
(Miteva-Staleva et al. 2011; Kostadinova et al. 2012). 

Glycogen and trehalose contents in aerobic cells after exposure to 
unfavourable growth conditions could also be used as stress indicators (Shi et al. 
2010; Cherkas et al. 2020). They play a different physiological role in the cell: 
trehalose is a major stress protector and helps chaperones to control the 
denaturation and renaturation of proteins while glycogen is a reserve carbohy-
drate. Here, our data showed a significant change in the levels of both the reserve 
carbohydrates as a function of cold stress duration. The trehalose content kept 
unchanged at the first 4 h compared to the control (0 h). However, its content 
increased rapidly and continuously with the incubation time. A similar trehalose 
behaviour was reported for basidiomycete fungi Volvariella volvacea (Bull.) 
Singer (Zhao et al. 2018) and Hebeloma spp. (Tibbett et al. 2002), and bakers’ 
yeasts (Hirasawa et al. 2001) subjected to low temperature treatment. Fungal 
cells probably respond to cold stress by activating enzymes of the trehalose 
metabolism with an overall effect of trehalose consumption (Sahara et al. 2002; 
Voit 2003). This may be due to the fact that trehalose is re-metabolized into 
amino sugars or other polyols requiring its enhanced enzymatic breakdown 
(Tibbett et al. 2002). The subsequent accumulation of trehalose could be 
a compensatory mechanism for maintaining energetic homeostasis for better 
survival. 

In contrast, there was glycogen accumulation in response to cold after 6 h of 
treatment. Moreover, glycogen accumulation seems to be of primary importance 
for viability at 6°C. Such cold stress response was demonstrated by other fungi 
and yeasts (Aguilera et al. 2007; Gocheva et al. 2009; Kostadinova et al. 2017). 
Some studies reported data linking glycogen to microbial viability, suggesting 
that it is involved in the stress response (Perez-Torrado et al. 2002). One possible 
explanation could be related to the induction of genes involved in glycogen 
synthesis, which continues over time, even after restoration of the optimal 
temperature (Aguilera et al. 2007). 

Taken together, the above results showed clear signs of increased oxidative 
stress in P. griseofulvum cells treated with low temperatures. As a consequence, 
activation of the antioxidant enzyme defence was observed with the fungal cells 
responding with strong antioxidant protection to scavenge ROS. 

A similar increase in the levels of antioxidant enzymes under low 
temperature conditions has been reported by other authors for various pro- and 
eukaryotic organisms (Park et al. 1998; Smirnova et al. 2001; Suzuki and Mittler 
2006). Our previous results proved that Antarctic fungi also incorporate 
antioxidant protection into their cellular response at low growth temperatures 
(Gocheva et al. 2006, 2009; Tosi et al. 2010; Krumova et al. 2012a). 

Secondly, rapid inhibition of mycelium growth and glucose consumption 
were found. The P. griseofulvum cells responded to temperature downshifts by 
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a lag period (2 h) before growth resumed at a rate characteristic of the new 
temperature. This response was temperature-dependent; the damage induced by 
the lower temperature stress was more pronounced than the higher one. Similar 
biomass reduction was reported for bacterial and fungal cells treated with cold or 
heat shock (Nevarez et al. 2010; Feng et al. 2018). Yamanaka et al. (1997) found 
a drastic reduction in OD650 of Bacillus subtilis (Ehrenberg 1835) Cohn 1872 
cells (50 to 70%) after temperature downshift from 37 to 0°C. The authors 
suggested a so-called cold shock-induced autolysis associated with the activation 
of genes encoding peptidoglycan hydrolase synthesis. According to Piñas et al. 
(2008), stress-induced autolysis is one of the most evident mechanisms of 
programmed cell death. It should be noted that the temperature downshift 
resulted in a temporary growth retardation of the psychrotolerant P. 
griseofulvum. The growth resumed due to the stress resistance mechanisms of 
cold adapted microorganisms, including modification of their energy metabolic 
pathways, increase in the production of chaperones to minimize misfolded 
protein production, and regulation of the aminoacid synthesis (Bakar et al. 2020). 

Thirdly, the ultrastructural data, against the background of the biochemical 
results, showed a different pattern of cell pathology provoked by the two stress 
temperatures. At 15°C cold stress, there was ultrastructural evidence of presence 
of both comparatively unaltered and focally altered hyphae. The organelles most 
sensitive to the temperature shift were the mitochondria. This is not an unusual 
phenomenon but likely a more general stress response, and it has earlier been 
registered in fungi subjected to heat stress (Abrashev et al. 2014) or to the action 
of toxic or antifungal substances (Krumova et al. 2012b; Wang et al. 2018). The 
increase in cell wall thickness observed in some hyphae was similar to that 
reported in experiments with the application of heat stress on fungi (Abrashev 
et al. 2014; Ikezaki et al. 2019). This can also be considered a more general stress 
response, most likely of an adaptive nature, aiming to reinforce and protect the 
cells subjected to stress. At that temperature, an apparent increase in the volume 
of vacuoles in comparison with the 25°C control was registered, accompanied by 
some intensification of the fusion processes between individual vacuoles. One of 
the important functions of the fungal vacuole is the sequestration and processing 
of damaged cellular components (Klionsky et al. 1990; Klionsky and Eskelinen 
2014; Ren et al. 2017; Aufschnaitera and Büttnera 2019), by analogy with the 
lysosomes of higher eukaryotes. Vacuoles may use both altered cell organelles 
like damaged mitochondria, and altered molecules as substrata for lysosomal-like 
digestion. Thus, the increase in carbonylated protein content after 6 h at 15°C 
observed in this study well agrees with the increased vacuolar volume and, 
probably, activity. The suggestion about the adaptive role of these processes was 
also supported by the biochemical data showing a comparatively rapid 
normalization of the amount of carbonylated proteins in the absence of stress, 
four to six hours after restoration of the optimal growth temperature for the 
samples subjected to 15°C stress (see Fig. 3). All in all, the present experimental 
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data showed the 15°C low-temperature stress as responsible of alterations that 
were reversible and predominantly adaptive in their character. 

In contrast, the 6 h stress at 6°C was the cause of serious damage to the 
hyphal cells. A deterioration of the mitochondria was recorded overall in the 
materials examined by TEM. While damaged mitochondria were observed to 
fuse with the vacuoles, the vacuolar system did not seem enlarged as in the 15°C- 
stressed hyphae. Moreover, the biochemical data for the amount of carbonylated 
proteins (Fig. 3) showed no diminution in the amount of the damaged molecules 
in the absence of the stress factor within the followed 12 h interval. These data 
imply that this stress temperature caused pathomorphological processes that were 
unlikely to be reversible, at least within short-term intervals. On the other hand, 
the significantly increased accumulation of melanin-like material by the fungus at 
this temperature should be taken into account. Melanin is considered to be 
involved in the protection of fungi against environmental stress (Eisenman et al. 
2020; Smith and Casadevall 2019). Therefore, its increase in the 6°C-stressed 
hyphae might be evidence of the compensatory efforts of P. griseofulvum. 

In conclusion, short-term temperature downshift is clearly able to induce 
oxidative stress in fungal cells, which is a signal for an enhanced level of 
oxidative damaged proteins, accumulation of reserve carbohydrates and 
increased activity of the antioxidant enzyme defence. The significant changes 
in growth, glucose consumption, and ultrastructural morphology found in this 
study suggest that different sets of adaptive responses may be involved in an 
attempt by the fungus to survive the cold environmental stress caused by the two 
different sub-optimal temperatures. 
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