
Chapter 32
Features of the Effect of VUV Radiation
on Microfungi from Polar Regions

Galina N. Zvereva and Irina Yu. Kirtsideli

Abstract In this work, the effect of VUV radiation of the wavelength region �λ =
166–180nmonmicroscopic fungi propagulesCladosporiumherbarum,Rhodotorula
colostri, Saccharomyces cerevisiae was studied. In the course of the work, depen-
dencies of the survival probability of propagules, which were at the exponential and
stationary phases of development, on radiation doses were obtained. It was found
that at the exponential stage of colonies development, the survival curves of propag-
ules of different types of micromycetes coincide within the limits of error, but at the
stationary phase they are different. IR spectroscopy and atomic force microscopy of
irradiated propagules indicate a change in their cell wall. Electrophoresis of DNA
molecules of irradiated propagules proves double-stranded breaks. Experiments with
the use of an antioxidant show that the death of propagules during VUV irradiation
occurs as a result of the direct and indirect effects of radiation, with the share of the
latter being 10–15%. The results obtained allow us to conclude that the inactivation
of propagules during irradiation with radiation of the long-wave region of the VUV
range �λ = 166–180 nm is the result of both direct and indirect effects with the
destruction of both the cell wall and DNA.

Keywords Microfungi · VUV · Antarctic · DNA · Wall cell · Antioxidants · OH
radical · ROS · Astrobiology
The presence of stress-tolerant species of microscopic fungi today has been estab-
lished for communities of almost all known extreme habitats, ranging from polar
deserts (Kirtsideli et al. 2010, 2018) to the Chernobyl nuclear power plant (Zhdanova
et al. 2004). The first information about the resistance ofmicroscopic fungi, including
hyphal and yeast forms, to UV irradiation appeared in the first half of the last century
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(Luyet 1932; Smith 1936). The effect of UV on fungus activity is mainly associated
with its mutagenic effect, as well as with its effect on the plasma membrane (Grif-
fin 1996). UV has a significant effect on the biosynthesis of primary metabolites of
fungi, in particular organic acids (Musilkova et al. 1983; Andersen et al. 2011; Prabu
et al. 2012; Vasanthabharathi et al. 2013; Tembhurkar et al. 2012).

Studies of the effects of UV and radiation on microorganisms, including algae,
bacteria and microscopic fungi, were more often carried out in the temperate and
southern zones (Robson et al. 2004; Torres et al. 2004; Palffy andVoros 2006;Ozcelik
2007; Salcedo et al. 2007; Singaravelan et al. 2008; Selbmann et al. 2005, 2014; Sid-
diqui et al. 2011). Currently, changes are observed in the stratospheric layer of ozone
and, consequently, in the intensity of ultraviolet (UV) radiation, which can lead to
various effects in ecosystems. Ultraviolet radiation is involved in complex biochem-
ical processes and leads to changes in the carbon cycle. The reactions of organisms
to changes in UV radiation and interactions with climate change are considered in a
number of papers (Zepp et al. 2007; Singh et al. 2010). Much less is known about the
effect of radiation on microscopic fungi on the surface of the primary soils and soils
of Antarctica. Antarctica is one of the most extreme habitats of our planet, character-
ized by geographic isolation, extremely low temperatures, low humidity, and ozone
“holes” causing high levels of background ultraviolet (UV) radiation. This makes
it possible to consider the microscopic fungi of Antarctica as a natural reservoir of
microorganism strains adapted to extreme conditions, including a high dose of UV
radiation (Salcedo et al. 2007; Selbmann et al. 2011; Vasilenko et al. 2010; Wynn-
Williams and Edwards 2001). Microorganisms of Antarctica are affected by various
doses of radiation, which fluctuate strongly due to seasonal changes in snow and ice
cover and other factors (Walton 1984). Microorganisms of the Antarctic continent,
develop, as a rule, on the surface or in an extremely thin layer of soil, because it
is there that the substrate is heated. However, it is there that microscopic fungi are
exposed to the strongest effects of UV irradiation.

The influence of Antarctic conditions on microscopic fungi is considered even
as analogs of cosmic conditions (Wynn-Williams and Edwards 2001; Poulet et al.
2005; Onofri et al. 2004, 2008, 2012, 2015, 2018). When preparing experiments on
the detection of life onMars (Parnell et al. 2007), it is Antarctica that is considered to
be the terrestrial analogue of expected habitats (Wynn-Williams and Edwards 2000).
Therefore, it was the isolates of the Antarctic species that were used as test models
for studying the mechanisms of the effects of vacuum ultraviolet (VUV) radiation
on the survival of microorganisms.

This radiation lies in a shorter wavelength region (10 nm < λ < 200 nm) compared
to UV one (200 nm < λ < 400 nm). It has a higher quantum energy, which causes its
large photochemical and photobiological properties. In particular, VUV irradiation
ofH2O andO2 molecules leads to the formation of highly reactive oxygen-containing
products ·OH (Heit et al. 1998) and O (1D) (Atkinson et al. 2004):

H2O + hv → H2O
∗ → ·OH + H· (32.1)
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O2 + hv → O
(
3P

) + O
(
1D

)
(32.2)

VUV radiation also has high photobiological capabilities—it is effectively
absorbed by such biologically important molecules as: DNA, proteins, sugars. VUV
irradiation of DNA molecules leads to different types of destruction than UV expo-
sure: to single- and double-stranded breaks (Michael et al. 1994). Absorption ofVUV
radiation by sugars (Dickinson and Johnson 1974) and proteins (Inagaki et al. 1975)
can lead to the destruction of the chitin cell wall and phospholipid membrane.

Inactivation of microorganisms under the action of VUV radiation can be car-
ried out either as a result of the direct effect of radiation quanta absorbed by the
target molecules or by indirect effect of VUV photolysis products: reactive oxygen-
containing species (ROS) and lipid oxidation products.

VUV radiation finds practical application in disinfection technologies using gas-
discharge plasma. It occurs in gas discharges in mixtures containing rare gases
and, together with plasma particles, participates in the inactivation of microorgan-
isms (Weltmann et al. 2010). VUV radiation is present in space, which determines
its importance in solving astrobiological problems associated with the survival of
microorganisms in space, the formation of microflora in spacecraft, the origin of life
on planets (Horneck et al. 2010).

A relatively small number of scientific papers are devoted to the effect of VUV
radiation on microorganisms. The mechanisms of inactivation of microorganisms
during VUV irradiation remain not fully understood. Among the articles in this area,
one can mention a series of works (Ito et al. 1980, 1981, 1983; Hieda et al. 1984),
where irradiation was performed at various wavelengths in the UV-VUV range of
dry (in vacuum) and wet (in water vapor) Saccharomyces cerevisiae spores. Based
on the absence of genetic changes of VUV irradiated spores and the proximity of the
shape of the water absorption curve to the sensitivity curve to VUV irradiation of wet
spores, the authors concluded that the main mechanism of VUV spore inactivation
is destruction of the cell membrane by ROS produced by VUV water photolysis.
In this series of works, it was noted that the depth of VUV radiation penetration,
due to the sharp dependence of the absorption coefficient on the wavelength, will
differ by two orders of magnitude in the long- and short-wavelength parts of the
VUV range: in the wavelength range λ = 170 nm, most of the radiation passes
through cell wall and membrane, and at a wavelength of λ = 150 nm they will
be absorbed by them (Ito et al. 1983). Thus, when the VUV microorganisms are
irradiated by the long- wavelength VUV emission, the effect on both the cell wall
and DNA should be expected, while under irradiation with short-wavelength VUV
radiation, the main role in inactivation will play cell wall destruction. The authors of
the paper (Sarantopoulou et al. 2014) have point of view that the destruction of the
cell wall of a spore is the main cause of death during VUV irradiation. In this work,
VUV irradiation of spores of Cladosporium herbarum by laser VUV radiation (λ =
157 nm) and incoherent VUV radiation (�λ = 110–180 nm) was carried out under
normal conditions in a nitrogen atmosphere and also in vacuum at low temperature
(T = 10 K). During the experiments, both the destruction of the cell wall and the
breaks in the chains of DNA molecules were detected. The article (Nakonechnyj
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et al. 1996) investigated the destruction of algal cells Chlamydomonas reinhardtii
with VUV irradiation at wavelengths of 120–130 nm, the authors, referring to the
work (Ito et al. 1983), have concluded that cell death occurs as a result of cell walls
destruction.

Most of theworks devoted to the effects ofVUVradiation onmicroorganisms have
an astrobiological orientation.Thus, in theworks (Horneck et al. 2010; Sarantopoulou
et al. 2014) it is noted that the exposure to VUV radiation, along with the action of
vacuum, is one of the factors determining the survival of microorganisms in space.

Our paper is devoted to the study of the mechanisms of exposure to radiation of
the long-wavelength region of the VUV range (�λ = 166–180 nm) on microscopic
fungi propagules and is a continuation of work (Zvereva et al. 2018).

32.1 Materials and Methods

Xenon excimer lamps developed at the S. I. Vavilov State Optical Institute were
used in the experiments. The lamps produced a surface radiation intensity of I =
1.6 mJ/cm2, the emission had bandwidth �λ = 166–180 nm with a maximum at
λ = 172 nm. The radiation was excited by means of a barrier discharge in xenon at
a pressure of P = 300 Torr, the amplitude of the supplied voltage was U = 4.4 kV,
the frequency f = 1 kHz.

The absolute intensity of theVUVradiationwasmeasuredusing aHAMAMATSU
H8025 photodetector.

In the work were used cultures of microscopic fungi from the collection of the
Komarov Botanical Institute (Cladosporium herbarum (Pers.) Link, Rhodotorula
colostri T. Castelli). These cultures were isolated from Antarctic substrates. These
species were isolated from the primary soils of Antarctica, the isolates of these
species are known as biodestructors of natural and industrial materials, as well as
pathogens. For experimental work, cultures of microfungi were grown on standard
media (Chapek). We used also Saccharomyces cerevisiae (Desm.) Meyen culture
from the St. Petersburg State University collection, which was grown on Saburo
medium. Cultivation was carried out at a temperature of 20 °C, for 8–10 days. When
studying the effect of the formation of the cell wall of microscopic fungi on their
survival, cultures were grown for a longer period (up to 2 months). A suspension
of propagules of these isolates was obtained using the method of flushing from the
surface. For Cladosporium herbarum, the suspension was divided into spores and
mycelium by filtration, conidium suspension was used for further studies.

A suspension of propagules was applied to the surface of the cover glass in an
amount of 10 μl and dried on the surfaces of the glass in the form of a monolayer.
Irradiation was carried out in air at a pressure of P = 1 atm, air temperature t =
20 °C. In order to avoid absorption of VUV radiation by air, the monolayer had
direct contact with the lamp window. After irradiation, the propagules were washed
off from the glass surface and cultured in Petri dishes in agar medium at t = 14 °C.
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After 10–15 days of cultivation, the number of colonies of fungi was counted and
the probability of survival was determined.

An atomic force microscope (AFM)NTegra Aura (NT-MDT) was used for micro-
scopic examination of the propagules surface. Surface analysis was carried out in
semicontact mode.

The FTIR FSM spectrometer (Infraspek) was used to record the infrared trans-
mission spectra of the spores.

DNA electrophoresis was performed using a Bio RAD Sub-cell Model 96 cam-
era. Statistical processing of measurement results was carried out using software
STADIA.

32.2 Experimental Results and Discussion

Determination of the survival probability of spores during VUV irradiation. In
this part of the work propagules of micromycetes of Cladosporium herbarum,
Rhodotorula colostri, Saccharomyces cerevisiae, isolated from colonies that were
in the exponential phase of growth were exposed to radiation.

According to the results of 5 experiments, regression survival curveswere obtained
for each type of spores (Fig. 32.1). From the results presented in Fig. 32.1, it can
be concluded, that despite the biological differences (the presence of a protective
pigment in the cell wall of Cladosporium herbarum, the differences of the chemical
composition and cell walls thickness), the survival curves of the different types
propagules almost coincide (the difference is observed within error limits). This fact
can be explained by the fact that in the exponential phase the propagules did not fully
achieve their distinctive characteristics: they did not accumulate significant amount
of pigment, the cell wall was not completely formed. It should be noted that the
obtained values of the survival probabilities are in good agreement with the existing
literature data. Thus, the obtained survival probabilities values of Saccharomyces

Fig. 32.1 Regression curves
of survival probability (SP)
of Cladosporium herbarum
(�SP95 = 5.5%),
Rhodotorula colostri (�SP95
= 16%), Saccharomyces
cerevisiae (�SP95 = 11%)
propagules, where �SP95 is
the 95% confidence interval
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cerevisiae spores within the 95% regression confidence interval coincide with the
results of work (Ito et al. 1983), where the values of SP = 30% (λ = 175 nm) are
achieved at a dose of I = 1.5 mJ/cm2. The survival probabilities of Cladosporium
herbarum propagules obtained in (Sarantopoulou et al. 2014), where SP = 12%
corresponds to the dose I = 8 mJ/cm2 (λ = 157 nm), also correlate with the results
of Fig. 32.1.

The influence of the cell wall on propagules survival during VUV irradiation.
To study the role of the cell wall in propagules inactivation by VUV irradiation, we
compared the survival of propagules obtained from colonies at different (exponential
and stationary) phases of development.

The survival probabilities curves of Cladosporium herbarum and Rhodotorula
colostri propagules, formed in pure cultures of different ages, are presented
in Fig. 32.2. These cultures had both exponential (8–18 days) and stationary
(25–59 days) developmental stages.

The increase of survival probabilities at stationary stage is observed in both types
of spores, but to a greater degree for Cladosporium herbarum species, which may
be due to the accumulation of melanin in the cell wall over the time.

Studies of the cell wall changes during VUV irradiation were carried out using
AFMmicroscopy and IR spectrometry. Figure 32.3 shows the results of microscopic
examination: the same area of the Rhodotorula colostri spore surface is presented
before and after irradiation with a dose of I = 100 mJ/cm2. It can be seen that
irradiation lead to the appearance of structures on the surface with a characteristic
scale of the order of 100 nm.

In Fig. 32.4 shows the IR transmission spectra of irradiated propagules of
Rhodotorula colostri at various doses of irradiation. The spectra demonstrate that
with increasing of VUV irradiation dose, a decrease in the absorption of the glucan
polysaccharide β(1–3) in the frequency region of �f = 1000–1100 cm−1 and an
increase in the absorption of proteins in the �f = 1415–1650 cm−1 region.

A decrease of absorption at the frequency f = 1239 cm−1 by the PO2 anion,
which is present in DNA and phospholipids, and an increase of the absorption of

Fig. 32.2 Survival curves of the propagules isolated from colonies of different ages:Cladosporium
herbarum (Zvereva et al. 2018) and Rhodotorula colostri
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Fig. 32.3 AFM image of the spore surface of Rhodotorula colostri before (a) and after (b) VUV
irradiation (λ = 172 nm, I = 16 mJ/cm2). AFM NTegra Aura

Fig. 32.4 IR transmittance spectra of Rhodotorula colostri propagules: a f = 1000–1200 cm−1

absorption of glucan β (1–3), b f = 1415–1650 cm−1—absorption of protein

polysaccharide at the frequency f = 966 cm−1 with increasing of VUV radiation
dose were observed in our experiments. As cell wall mainly consists of proteins and
polysaccharides (Kamzolkina and Dunaevskiy 2015), absorbing in the VUV region
(Inagaki et al. 1975; Dickinson and Johnson 1974), then changes in the IR spectra
can be attributed to its destruction.

Studies have shown that the cell wall plays important role in the inactivation
of spores during VUV irradiation. In the majority of studies on the effects of VUV
radiation onmicroorganisms (Nakonechnyj et al. 1996; Ito et al. 1983; Sarantopoulou
et al. 2014), as the main cause of inactivation were considered the destruction of
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the cell wall under the action of highly reactive photolysis products of water (·OH
radicals). This is partly justified by the fact that VUV radiation is mainly absorbed
by the water contained in the cell wall and does not pass inside a cell. However,
when considering the depth of penetration, the wavelength of the VUV radiation
should be taken into account. Thus, according to the data (Crapulli et al. 2014), the
thickness of the water layer in which 90% of the radiation is absorbed is 10 μm for
the wavelength λ = 172 nm and 0.1 μm for λ = 120–130 nm work. Considering
that the characteristic size of micromycete spores is a few microns, in the case of the
wavelength range used by us �λ = 166–180 nm, we should expect the radiation to
penetrate the internal parts of the spores and, in particular, to the DNA molecule.

DNA molecules change. DNA plays a key role in biological processes and is
considered in radiation biology as the main target molecule. It is known that the
effect of VUV radiation on DNA molecules leads to single- and, to a lesser extent,
double-stranded breaks (Michael et al. 1994). Our research confirms these results.
Electrophoresis of DNAmolecules isolated from irradiated and non-irradiated (con-
trol) propagules shows the appearance of breaks in DNA molecules during VUV
irradiation: the number of low molecular weight fragments increase in spore irra-
diated samples and a high molecular weight fragment, corresponding to a mass of
20,000 nucleotides appears as well (Fig. 32.5). The presence of DNA fragmentation
indicates a double-stranded break of the strands of this molecule as a result of VUV
irradiation.

It should be noted that a change in the structure of DNA spores during VUV
irradiation was also recorded in the work (Sarantopoulou et al. 2014): using mass
spectroscopy, where DNA photo-fragments were detected, and during electrophore-
sis, where a decrease in the intensity of the upper band of the pattern was observed
with increasing VUV dose.

It should be noted, that in a series of works (Ito et al. 1980, 1981, 1983; Hieda et al.
1984), electrophoresis of DNAmolecules was not carried out and the conclusion that
DNAwas not involved in the inactivation of microorganisms during VUV irradiation
based on the absence of genetic changes.

Fig. 32.5 Rhodotorula colostriDNAelectrophoresis results of: I—nonirradiated spores, II—VUV-
irradiated spores (I = 50 mJ/cm2), a peak of 20,000 pairs of nucleotides, b low molecular weight
fragments
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The role of indirect effects. VUV irradiation of H2O and O2 molecules leads to
the formation of such ROS as ·OH (Heit et al. 1998) and O(1D) (Atkinson et al.
2004), as well as lipid oxidation products (Kudryashov 2004), which may play a role
in the death of microorganisms.

The experiments with the use of antioxidants were made to study the role of
reactive radicals. For these purposes iodine I2 was added to cultivation media. In
alkaline environment I2 molecules is known quickly to dissociate with negative ions
I− (iodide) formation, the letter are antioxidants and scavengers of free radicals
(Winkler 2015) including ROS (Reactions 32.3 and 32.4), and phospholipid radicals
LOOH (Reaction 32.5):

2·OH + 2I− → 2OH− + I2 (32.3)

H2O2 + 2I− → H2O + I2 (32.4)

LOOH + 2H+ + 2I− → LOH + H2O + I2 (32.5)

Survival probability curves for propagules grown in iodine containing medium
and in free of iodine one are shown in the Fig. 32.6. In accordance with these curves
iodine indirect effects provide 10–15% of the survival probability.

Since the irradiation was performed in the air, it is necessary to evaluate the effect
of ozone, formed by VUV photolysis of oxygen, on spores survival probability.
Evaluation shows that the concentration of ozone in our conditions will be not more
than 1013 cm−3. In the work (Ali 2013) it was found that for 99.5% inactivation of
spores of microscopic fungi C. albicans at ozone concentrations of 3 1013 cm−3, a
time equal to 180 min were required. As irradiation time in our experiments was less
than 30 s, the effect of ozone on spores SP values can be ignored.

Fig. 32.6 Influence of
iodine on survival probability
of Rhodotorula cells: control
(cultivation medium without
I2) and spores from
cultivation medium with
0.025% I2 concentration
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32.3 Conclusion

Thus, as a result of studying of the effects of VUV radiation in the wavelength region
�λ = 166–180 nm on propagules of microscopic fungi Cladosporium herbarum,
Rhodotorula colostri, Saccharomyces cerevisiae, dependences of the survival prob-
ability of propagules on the exponential and stationary development phases were
obtained. It was found that at the exponential stage of colonies development, the
SP curves of various types of micromycetes propagules coincide within the lim-
its of error, but at the stationary phase they differ. IR spectroscopy and atomic force
microscopyof irradiated propagules indicate a change in their cellwall. Electrophore-
sis of DNA molecules irradiated by propagules proves double-stranded breaks.
Experiments with the use of an antioxidant show that the death of propagules during
VUV irradiation occurs as a result of the direct and indirect effects of radiation, with
the share of the latter being not less than 10–15%. The results obtained allow us to
conclude that the inactivation of propagules during irradiation in long-wavelength
VUV region (λ = 166–180 nm) results from both direct and indirect effects with the
destruction of both the cell wall and DNA.
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