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Abstract: Filamentous fungi relatively easily disperse and colonize a variety of substrates, inhabiting various, often extreme en-
vironments. Therefore, they spread all over the world. The purpose of the research was to determine whether the propagules of
filamentous fungi brought (accidentally transported) into the Antarctic biome by tourists and members of scientific expeditions are
capable of developing at low temperatures. In the studies were used seven isolates of fungi: Penicillium sp., Aspergillus flavus,
Alternaria alternata, Cladosporium cladosporioides, Trichoderma viride, Geotrichum candidum and Botrytis cinerea. The isolates came
from samples collected from tourists and members of scientific expeditions arriving at the Henryk Arctowski Polish Antarctic Station
on King George Island in the South Shetland archipelago. Fungal growth was measured at 0, 5, 10, 22°C (as a control) and 10° C,
but after having frozen inoculum at-15°C for a period of 7 days. Penicillium sp., Alternaria alternata, Cladosporium cladosporioides,
Trichoderma viride, Geotrichum candidum and Botrytis cinerea were found to be capable of growing at low temperatures (5 and
10°C as well as after one freezing cycle, down to -15°C and thawing, up to +10°C). They did not produce a macroscopically visible
mycelium at temp. 0°C, however, it was not a lethal temperature for them, as when they were transferred to higher temperatures, they
continued to develop even after a fairly long time following the beginning of the experiment. The most vulnerable was Aspergillus
flavus. At lower temperatures (from about to 5°C) it did not develop, while freezing and thawing were lethal for this species. Some
species (G. candidum, T viride and B. cinerea), despite the development of mycelium, did not produce spores at lower temperatures.

Keywords: the Antarctic, microscopic fungi, foreign species

Streszczenie: Obecno$¢ cztowieka w Antarktyce to przede wszystkim dziatalnos¢ naukowa, ale rowniez w ostatnim czasie wzmozony ruch
turystyczny. Sprzyja to inwazji obcych gatunkéw flory i fauny, a takze mikroorganizmaow, mogacych zagrazac gatunkom rodzimym. Grzyby
plesniowe bedace przedmiotem badan zaliczane sa do organizméw kosmopolitycznych, fatwo rozprzestrzeniajacych sie i zasiedlajacych
réznorodne $rodowiska, w tym réwniez ekstremalnie zimne, takie jak rejony polare. Organizmy te, by skutecznie skolonizowac nowe $ro-
dowisko oprécz zywotnych propagul i skutecznych mechanizmow transportu musza by¢ zdolne do wzrostu i reprodukeji w ekstremalnych
warunkach. Celem badan byto okreslenie czy propagule grzybéw plesniowych zawleczone (przypadkowo przetransportowane) do biomu
Antarktyki przez turystow i cztonkdw wypraw naukowych s zdolne do rozwoju w niskich temperaturach. Badane grzyby (Penicillium sp.,
Alternaria alternata, Cladosporium cladosporioides, Trichoderma viride, Geotrichum candidum i Botrytis cinerea) byly zdolne do rozwo-
ju w niskich temperaturach (5 i 10°C oraz po jednym cyklu zamrozenia do -15°C i odmrozenia do +10°C). Nie wytwarzaty makrosko-
powo widocznej grzybni w temp. 0°C, lecz nie byta to dla nich temperatura letalna, poniewaz po przeniesieniu do wyzszych temperatur
podejmowaly wzrost nawet po dosy¢ dugim czasie od rozpoczecia eksperymentu Najbardziej wrazliwy okazat sie A. flavus. Przy nizszych
temperaturach (od 0 do 5°C) nie rozwijat sie, natomiast zamrozenie i odmrozenie byto dla tego gatunku letalne. Niektére gatunki
(G. candidum, T. viride i B. cinerea) mimo rozwoju grzybni, w nizszych temperaturach nie produkowaly zarodnikéw.

Stowa kluczowe: Antarktyka, grzyby mikroskopowe, gatunki obce

* This article was originally published in Polish as Augustyniuk-Kram, Anna. 2016. “Niezamierzony transport
propaguli grzybéw plesniowych do biomu Antarktyki a zdolno$¢ rozwoju w niskich temperaturach” Studia
Ecologiae et Bioethicae 14(4): 149-166. The translation of the article into English was financed by the Ministry of
Science and Higher Education of the Republic of Poland as part of the activities promoting science - Decision No.
676/P-DUN/2019 of 2 April 2019. Translation made by GROY Translations.
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Introduction

Because of its geographical isolation and
extremely unfavourable climatic condi-
tions, Antarctica is the slowest colonised
by foreign plant and animal species area
on Earth. Despite that, in the recent years,
there has been seen a sharp increase in the
number of new species appearing in this
area, primarily vascular plants, but also
invertebrates (Gremmen, and Smith 1999;
Convey et al. 2010; Hughes, and Worland
2010). This is influenced by increased hu-
man activity, especially in the subantarc-
tic islands region, as well as the climate
change observed over recent years in the
area (Kejna 2008; Olech et al. 2013; Huisk-
es et al. 2014). In addition to the natural
mechanisms and ways of dispersion in var-
ious species, most alien to Antarctic plants
and animals, as well as microorganisms,
are transported along with man, who is the
most efficient and fastest vector of exotic
species for the region (Whinam, Chilcott,
and Bergstrom 2005; Lityriska-Zajac et al.
2012).

Human activity in the Antarctic is pri-
marily scientific, located around research
stations and associated logistics, i.e. trans-
port of vast quantities of equipment and
cargo, including food, with which prop-
agules of non-native species of plants, ani-
mals and microorganisms are accidentally
transported (Hughesetal. 2011; Augustyni-
uk-Kram et al. 2013; Chwedorzewska et al.
2013b; Huiskes et al. 2014; Molina-Monte-
negro et al. 2014). In recent years there has
also been a significant increase in tourism,
which is mainly concentrated in West Ant-
arctica, where, among others, Henryk Arc-
towski Polish Antarctic Station is localized
(Chwedorzewska, and Korczak 2010). So
far, the greatest intensity of tourist traffic
was recorded in season 2007/2008, where
in summer alone Antarctica was visited
by more than 46 thousand tourists, not
including scientific expeditions. In season
2015-2016 this number is also estimated to
be over 40 thousand (IAATO 2016). Such
a large increase of tourist traffic encourag-
es the invasion of alien species of flora and
fauna, as well as microorganisms that can

be a threat to native species (Chwedorze-
wska et al. 2013a).

Mould fungi (filamentous fungi), which
constitute the subject of the presented re-
search, relatively easily spread in the envi-
ronment, colonising various types of base
surfaces and frequently enduring extreme
environmental conditions. As a result,
they spread throughout the world (Ruisi
et al. 2007). Most of the filamentous fungi
found in Antarctica are cosmopolitan spe-
cies. However, the ones that were brought
there, most often cannot thrive in its cli-
mate, whereas native fungi are well-adapt-
ed and can develop even at low temper-
atures and on nutrient-poor substrates.
They are distinguished by their shortened
life cycle and fast (i.e. occurring in a short
time) sporulation or production of period-
ically sterile mycelium (Ruisi et al. 2007).
The fungi found in various ecosystems
of Antarctica are adapted to low temper-
atures, recurring freezing and thawing,
low availability of water, osmotic stress,
dehydration, low availability of nutrients
and high UV radiation (Ruisi et al. 2007).
Microorganisms living in such extreme
conditions develop special adaptations at
every level of cell organization. The ad-
aptations comprise, among other things:
modification of fatty acids composition in
cell membranes, an adaptation of enzymes
to low temperatures, increased synthesis
of sugars stabilizing cell membranes and
preventing cell dehydration, increased
synthesis of polyols - glycerol and man-
nitol, sustaining turgor in cells, synthesis
of unique proteins absent in other micro-
organism groups (ice nucleation proteins,
antifreeze proteins, cold shock proteins)
decreasing water coagulation point, syn-
thesis of dark pigments (melanin) in a my-
celium, protecting against strong UV ra-
diation (Turkiewicz 2006; Russel 2008;
Maggi et al. 2013).

The purpose of the research was to de-
termine whether the propagules of mould
fungi brought (accidentally transported)
into the Antarctic biome by tourists and
members of scientific expeditions are ca-
pable of developing at low temperatures.
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1. Materials and methods

Seven isolates of filamentous fungi were
used for the study: Penicillium sp. (Link),
Aspergillus flavus (Link), Alternaria alter-
nata (Fr.) Keissl, Cladosporium cladospori-
oides (Fresen.) G.A. de Vries, Trichoderma
viride Pers., Geotrichum candidum (Link)
and Botrytis cinerea Pers. The isolates
were derived from dust samples collected
from clothes, shoes, hand luggage of tour-
ists and members of scientific expeditions
arriving at the Henryk Arctowski Polish
Antarctic Station (King George Island,
South Shetland Islands, 62°09’S, 58°28 W)
(Augustyniuk-Kram et al. 2013).

The selected isolates were plated with
a standardized sterile inoculation loop
(2 0.1 mm) on an agar plate and incubated
for 14 days at the following temperatures:
0, 5, 10, 22°C (control), and -15°C for 7
days (freezing rate 1°C/min.). Cultures
from -15°C were transferred to +10°C for
the next 7 days so that the total incuba-
tion time was also 14 days. Two different
culture media were used: Sabouraud Agar
with chloramphenicol (SAB) and Rose
Bengal Agar (RBA). Both media are used
to selectively isolate and cultivate fungi
from environmental and food samples.
Measurements of the colony’s diameter
were made every 2-3 days. The experiment
was performed in 5 replications for each
medium and temperature. If the inoculum
did not show development at the temper-
atures tested, the plates were gradually
transferred to higher temperatures.

After 14 days of culture, the intensity of
sporulation was also determined. Three
culture plates were randomly selected
from each temperature and medium. From
each selected agar plate, in three randomly
chosen places, fragments of the mycelium
were cut with a cork borer (¢ 1 cm) and
transferred to Falcon tubes with Triton-X
(0.5 ml/I) solution to facilitate the removal
of spores from the mycelium’s surface. The
test tubes were shaken at maximum RPM
on a Vortex type shaker for 5 minutes. The
number of spores per ml of the suspen-
sion was determined by the use of Thoma
counting chamber.

The significance of differences between
the average size of colonies after 14 days
of cultivation in the tested media at par-
ticular temperatures was checked with the
non-parametric Mann-Whitney test at the
significance level of p<0.05.

The effect of temperature on the spor-
ulation intensity of the examined fun-
gi was tested using the non-parametric
Kruskal-Wallis test. The significance of
differences between the average spore
number at tested temperatures was veri-
fied using Tukey’s test at the significance
level of p<0.05. For statistical calculations,
the computer program Statistica, version
6.0 was used (StatSoft 1984-2001).

2. Results

All the fungi studied did not develop at
a temperature of 0°C. Aspergillus flavus
was the only one not to grow at 5°C. Spe-
cies A. flavus and G. candidum also did not
develop after the inoculum was temporar-
ily frozen at a temperature of -15°C and
subsequently transferred to +10°C (Fig. 1).

The growth of the majority of fungi stud-
ied was influenced by the type of medium.
In general, fungi on the Sabouraud (SAB)
medium showed better development than
on those on the Bengal Rose one (RBA)
(Fig. 1). In control (22°C), C. cladospori-
oides, A. alternata and B. cinerea achieved
significantly better growth on the Sab-
ouraud medium. G. candidum species
was the only one to display improved de-
velopment on medium with Bengal rose.
At a temperature of 5°C significantly bet-
ter growth on Sabouraud medium was
achieved by Penicillium sp., A. alternata
and C. cladosporioides. At a temperature
of 10°C better growth on the Sabouraud
medium has also reached 7. viride. At
a temperature of 10°C, however, after pre-
vious freezing of the inoculum, the spe-
cies A. alternata and T. viride significantly
improved growth achieved on the Bengal
Rose medium (Fig. 1).

Growth dynamics of the fungi studied
were very similar both on the Sabouraud
and the Bengal Rose medium, therefore
the figure (Fig. 2) presents only the growth
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Fig. 1. Growth of the fungi tested at 0, 5, 10, 22 and -15/+10°C on the Bengal Rose agar
(RBA) and Sabouraud agar (SAB) (* — statistically significant differences).
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Fig. 3. Growth of the tested fungi at 5, 10 or 22°C, after transferring from temperatures
where they did not show any development (* - statistically significant differences).

rate on the Sabouraud medium. None
of the fungi tested at 5, 10 and -15/+10°C
achieved a growth measurement similar
to that of control (22°C) on the last day.
All fungi tested (except T. viride) did not
show a significant difference in the initial
growth stage, up to 5-7 day. Only after 7
days that disproportions became apparent.
The growth rate in the control was much
faster than in the other variants of the ex-
periment. After temporal freezing of the
inoculum at -15°C for 7 days, followed by
thawing and incubation at +10°C, A. flavus
and G. candidum did not resume growth.
In the remaining cases, the inoculum re-
sumed growth on the 4th-5th day after
thawing, however, the colonies did not
achieve the diameter they had reached at
10°C (in a no pre-freezing variant). Com-
pared to 10°C, the previously frozen ones
were about 2 to 4 times smaller (Fig. 2).
Fungi that did not grow at 0°C, after being
transferred to higher temperatures began
to develop (Fig. 3). Fungi Penicillium sp.,
A. alternata, T. viride and G. candidum
began their growth after being transferred
to temperature of 5°C. Fungi C. cladospori-
oides and B. cinerea resumed development
after being transferred to the temperature

of 10°C, while A. flavus did so only at the
control temperature of 22°C. Of the two
species that did not grow after the freez-
ing of inoculum and subsequent transfer
to the 10°C, i.e. G. candidum and A. flavus,
only G. candidum resumed its growth at
22°C (Fig. 3).

The sporulation of the examined fungi
was, in most cases, the most abundant at
22°C (control). Only A. alternata on both
media produced spores better at a temper-
ature of 10°C without pre-freezing, as well
as in combination with freezing (Table I).
At a temperature of 10°C, after previous
freezing, T. viride and B. cinerea did not
produce spores on both media, while G.

candidum — at a temperature of 5 and 10°C
(Table 1).

3. Discussion

Among the basic factors limiting the
development of microorganisms are both
high and low temperatures. Fungi can grow
in a wide temperature range (Domsch, and
Gams 1972). The polar, Antarctic regions
belong to the so-called extreme environ-
ments for microbial growth. Low tem-
peratures, periods of sudden freezing and
thawing, low water activity, and high doses
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Table 1. Sporulation of selected fungal species at different temperatures on the Sabouraud
(SAB) and Bengal Rose (RBA) medium (average value x 10° spores/ml; values in rows
marked with the same letters no differ statistically significantly).

Species Medium Temperature
5°C 10°C 22°C -15/+10°C

SAB 14> 442 60? 12°
Penicillium sp.

RBA 274 554 344 148
Asperaillus SAB - 18 51b -

spergillus flavus
Pers RBA - 204 204 -

SAB 0.422 0.39* 0.672 0.50*
Cladosporium cladosporioides

RBA 0.55%4 0.174 1.24 0.50*

SAB 0.582 1.0° 0.86* 2.2°
Alternaria alternata

RBA 0.53¢ 6.04 0.92¢ 2.6°

SAB 0.36* 0.532 0.61* 0.0?
Trihoderma viride

RBA 0.28% 0.228 1.24 0.08

SAB 0.19* 0.422 1.4° 0.0?
Botritis cinerea

RBA 0.39% 0.33% 1.04 0.08

SAB 0.0° 0.0° 0.75% -
Geotrichum candidum

RBA 0.0® 0.0® 0.644 -

of UV radiation are often deadly to micro-
organisms not adapted to such conditions.
The temperatures in the presented exper-
iment were chosen to simulate the condi-
tions that fungi (spores) could be in at the
time of their introduction.

The largest tourist traffic and period of
increased influx of research teams is the
austral summer, which lasts from Decem-
ber to March (IAATO 2016). The move-
ment is mostly concentrated in areas of the
Antarctic islands, where climatic condi-
tions are not as severe as in the continental
part. During the austral summer, the aver-
age air temperature in the vicinity of the
Arctowski station (from where the tested
fungi were isolated) is 2.5°C (maximum
10.4°C, minimum -1.3°C). Characteristic
during this period are also diurnal fluctua-
tions of temperature, as well as shorter or
longer cycles, with average daily temper-
ate above and below zero (Kejna 2008). It
is known from other studies (Davey, Pick-
up, and Block 1992), that during sunny
days, the soil surface can heat up to tem-
peratures of 10-15°C. The temperature of

22°C presented in the studies was treated
as a control (optimal) for growth. None of
the fungi examined in the research formed
a macroscopically visible mycelium at
a temperature of 0°C. The most sensitive
was A. flavus, which also did not develop
mycelium at a temperature of 5°C, and at
a temperature of 10°C, it reached a colo-
ny diameter of only 4 cm. In a variant of
the experiment with temporal freezing
and thawing of the inoculum, most of the
examined fungi survived freezing. The ex-
ception was A. flavus and G. candidum,
except that G. candidum resumed growth
after being transferred to a controlled tem-
perature of 22°C, which means that the
inoculum also survived freezing. In the
studies presented, the inoculum of A. fla-
vus and G. candidum consisted of both
mycelium fragments and spores. Vishni-
ac (Vishniac 1996) believes that myceli-
um is more vulnerable to freezing than
spores, which is why spores often survive
even multiple cycles of freezing and thaw-
ing. The species A. flavus sporulates very
abundantly under optimal conditions. At
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the time of inoculation of the medium,
the inoculum was practically only spores.
Despite this, A. flavus spores did not sur-
vive a single freeze cycle. Geotrichum, on
the other hand, has a different mechanism
for spore formation. Generally, it produc-
es spores less abundantly, and they are
formed at the ends of the hypha by frag-
mentation. In the case of G. candidum,
there was probably more mycelium than
spores in the inoculum, and yet G. can-
didum resumed growth after being frozen
for a longer period of acclimatization and
transfer to a higher temperature. In the
freezing and thawing experiment variant,
in the case of Penicillium sp., A. alterna-
ta, C. cladosporioides and B. cinerea, the
mycelium did not differ macroscopically in
appearance or colour from the control var-
iants. In contrast, T. viride in the freezing
and thawing variant has developed a very
faint (delicate) mycelium with no signs of
sporulation. Under normal conditions,
T. viride forms white-green, fluffy colonies
on agar media. This colour is given by the
abundant formation of spores, while the
vegetative mycelium is white or even trans-
parent. T viride did not produce spores in
this variant of the experiment. Spores were
also not found in B. cinerea, despite the
normally macroscopic-looking mycelium.
Loss of sporulation (Bertolini, and Tian
1996) and the formation of a periodically
sterile mycelium (Robinson 2001) is one of
the adaptive mechanisms for low tempera-
tures. Another adaptation may be shorten-
ing of the life cycle, more abundant spore
formation or, on the contrary, an extension
of the life cycle. Bertolini, and Tian (Berto-
lini, and Tian 1996) observed in Penicilli-
um hirsutum delayed spore germination at
lower temperatures (+4 to -4°C). The stud-
ies cited, did not compare the timing of the
beginning of the spore production. How-
ever, it has been observed that at lower
temperatures, spores were less abundant
than at temperature of 22°C, and some
species such as G. candidum do not grow
at temperature of 5 and 10°C. Only A. al-
ternata at temperature of 10°C produced
more spores compared to the control.

Fungi of the genera Penicillium, Aspergil-
lus, Alternaria, Cladosporium, Trichoder-
ma, Geotrichum and Botrytis are widespread
in nature. They are found in soil, on wood,
on live plants, on plant and animal remains,
on food products, on stored seeds and vari-
ous organic substrates (Domsch, and Gams
1972; Fassatiova 1983). Also, they are con-
sidered to be cosmopolitan organisms, easily
spreading and inhabiting various environ-
ments, including extremely cold ones, such
as the polar regions (Marshall 1997; Gun-
de-Cimerman et al. 2003). To effectively col-
onize new environments, these organisms
must be able to grow and reproduce in, or
adapt to the new environment, in addition to
having viable propagules and effective trans-
port mechanisms (Ellis-Evans, and Walton
1990). Fungi in the genera of Cladosporium
and Penicillium are classified as psychro-
philes, while the other species studied have
a much wider range of growth temperature.
The fungi in the presented studies were able
to develop at low temperatures. No growth
at temperature of 0°C did not mean that it
was a critical (lethal) temperature for them,
as demonstrated by a variant of the experi-
ment with temporal freezing of the inoculum
to the temperature of -15°C and subsequent
thawing, as they were able to survive such
a thermal shock. Fungi which did not begin
their growth at 0°C, or after freezing and
thawing, when favourable thermal condi-
tions appeared, resumed development, even
after quite a long time from the beginning
of the experiment, which proves their high
viability and adaptation to new environmen-
tal conditions (Thammavongs, Panoff, and
Guéguen 2000; Gocheva et al. 2006; Onofri
et al. 2007). A. flavus proved to be the most
sensitive of the examined fungi. Fungi in the
genera of Aspergillus are one of the more
thermophilic ones, with an optimal growth
temperature of around 30—35°C (Shehu, and
Bello 2011). In the studies presented, A. fla-
vus at lower temperatures (0 to 5°C) did not
develop, while freezing and thawing was le-
thal for this species.

The unintentional transport of fungal
spores along with people arriving at polar
stations, whether these species are treated
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as alien or cosmopolitan, is a dangerous
phenomenon because many of these spe-
cies are potentially pathogenic for plants
and warm-blooded organisms. Fungi in-
troduced by man may be new pathogens
to many native populations of Antarctic
flora and fauna. Isolated populations of
plants and animals in the polar regions
are particularly vulnerable to infections,
which can have disastrous consequenc-
es (Mercantini et al. 1993; Hoshino et al.
2001; Rogers, Starmer, and Castello 2004;
Barbosa, and Palacios 2009; Grimaldi et al.
2014).

Conclusions

1. The fungi Penicillium sp., Alternaria
alternata, Cladosporium cladosporioides,
Trichoderma viride, Geotrichum can-
didum and Botrytis cinerea were able to
develop at temperature of 5 and 10°C, as
well as after one cycle of freezing, down to
-15°C and thawing, up to +10°C.

2. The temperature of 0°C was not lethal
for most of the examined fungi, except for
Aspergillus flavus. At temperature of 0°C
the fungi studied did not produce macro-
scopically visible mycelium, however, after
being transferred to higher temperatures,
they resumed growth even after quite
a long time from the beginning of the ex-
periment.

3. The most sensitive was A. flavus. At
5°C, in contrast to the other tested fungi,
it did not develop, whereas freezing and
thawing were lethal for this species.

4. Temperature affected spore produc-
tion. Species G. candidum at lower temper-
atures (5 and 10°C), while T viride and B.
cinerea after one freezing and thawing cycle
did not produce spores, despite the devel-
opment of mycelium.
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