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Abstract It is assumed that resistance to ionizing radiation,
as well as cross-resistance to other abiotic stresses, is a side
effect of the evolutionary-based adaptation of anhydrobiotic
animals to dehydration stress. Larvae of Polypedilum vander-
planki can withstand prolonged desiccation as well as high
doses of ionizing radiation exposure. For a further under-
standing of the mechanisms of cross-tolerance to both types
of stress exposure, we profiled genome-wide mRNA expres-
sion patterns using microarray techniques on the chironomid
larvae collected at different stages of desiccation and after
exposure to two types of ionizing radiation—70 Gy of high-
linear energy transfer (LET) ions (*He) and the same dose of
low-LET radiation (gamma rays). In expression profiles, a
wide transcriptional response to desiccation stress that much
exceeded the amount of up-regulated transcripts to irradiation
exposure was observed. An extensive group of coincidently
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up-regulated overlapped transcripts in response to desiccation
and ionizing radiation was found. Among this, overlapped set
of transcripts was indicated anhydrobiosis-related genes: anti-
oxidants, late embryogenesis abundant (LEA) proteins, and
heat-shock proteins. The most overexpressed group was that
of protein-L-isoaspartate/D-aspartate ~ O-methyltransferase
(PIMT), while probes, corresponding to LEA proteins, were
the most represented. Performed functional analysis showed
strongly enriched gene ontology terms associated with protein
methylation. In addition, active processes of DNA repair were
detected. We assume that the cross-tolerance of the sleeping
chironomid to both desiccation and irradiation exposure comes
from a complex mechanism of adaptation to anhydrobiosis.

Keywords Bioinformatics and evolutionary relationship
of enzymes - Molecular biology - Radiation tolerance -
Anhydrobiosis

Introduction

Among abiotic factors in extreme environments, desic-
cation is one of the most severe stresses for cells, with a
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potentially lethal outcome. Anhydrobiosis is an ametabolic
state of an organism, which occurs as a response to extreme
water loss (Leprince and Buitink 2015). Desiccation tol-
erance is common for the majority of plant seeds (Koster
and Leopold 1988; Hoekstra et al. 2001a, b), many vegeta-
tive tissues of higher plants (resurrection plants) (Hoekstra
et al. 2001a; Watanabe 2006; Gechev et al. 2012; Dinakar
and Bartels 2013; Griffiths et al. 2014; Challabathula et al.
2015), and microorganisms, for example Saccharomyces
cerevisiae (Potts et al. 2005; Calahan et al. 2011). It is also
observed among several invertebrates, such as tardigrades
(Halberg et al. 2013), bdelloid rotifers (Lapinski and Tun-
nacliffe 2003), nematodes (Shapiro-Ilan et al. 2014),
embryos of some crustaceans (Artemia, Triops) (Ito et al.
2013; Hand and Menze 2015), and the largest anhydrobi-
otic animal known today—larvae of Polypedilum vander-
planki (Diptera) or the sleeping chironomid (Hinton 1960;
Watanabe 2006). In a dehydrated state, many of these spe-
cies are able to survive for a quite extended period of time-
up to thousands of years for some plant seeds (Shen-Miller
et al. 1995; Watanabe 2006). In addition, many anhydrobi-
onts have shown an outstanding endurance to various abi-
otic stresses. Such cross-reaction manifests between des-
iccation and other negative external influences—extreme
fluctuation of temperatures, hypoxia, hydrostatic pres-
sures, chemicals, vacuum, and different types of ionizing
radiation exposure (Crowe and Crowe 1992; Somme 1996;
Watanabe 2006; Rebecchi et al. 2007; Gusev et al. 2010,
2014; McGill et al. 2015).

The larvae of P. vanderplanki enter into an anhydrobi-
otic state through an appropriate slow regime of desicca-
tion, which lasts for 2 days or longer, and recover to their
normal physiological state within an hour of rehydration
(Kikawada et al. 2005; Cornette et al. 2010). The previous
studies of high-LET and low-LET irradiation of both wet
and dehydrated larvae, apart from obvious enhanced radi-
oresistance compared with other midge species, showed a
higher tolerance of completely dehydrated larvae to both
types of radiation exposure. Nevertheless, radiotolerance
could be enhanced even in wet larvae (Watanabe et al.
2007). It has been suggested that the radioresistance mech-
anism is associated with an ability to withstand water loss
and takes place during both the induction and the recov-
ery phase of anhydrobiosis (Watanabe et al. 2007; Gusev
et al. 2010). A similar effect of simultaneous desiccation
and radiotolerance is observed among other anhydrobionts
(Billi et al. 2000; Cox and Battista 2005; Watanabe 20006;
Gladyshev and Meselson 2008; Gusev et al. 2010).

There are three, not mutually exclusive, pathways for
explaining the protective mechanisms underlying the suc-
cessful withstanding of anhydrobiosis. First, the forma-
tion of a physiological barrier and creating a glass-like
framework by replacing water via the accumulation of
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non-reducing sugar trehalose directly preserves cellular
structure and biomolecules from dehydration damage. Late
embryogenesis abundant (LEA) proteins and heat-shock
proteins (HSP) act together to prevent protein aggrega-
tion and to refold the denatured proteins. Integral mem-
brane proteins—aquaporins—contribute to water loss and
accelerate a protective vitrification of cells (Hengherr et al.
2009; Cornette and Kikawada 2011). It is worth noting that
not all anhydrobiotic animals use a strategy of accumulat-
ing non-reducing disaccharide to avoid water loss dam-
age. In tardigrades and bdelloid rotifers, no increase in the
concentration of trehalose during desiccation was detected
(Lapinski and Tunnacliffe 2003; Hengherr et al. 2008).
Second, drying stress increases the formation of reactive
oxygen species (ROS) resulting in lipid peroxidation, dena-
turation of proteins, and nucleic acid damage with severe
consequences on overall metabolism (Francga et al. 2007).
Thus, oxidative stress seems to be the most damage-gen-
erating producer for biostructures, so an effective antioxi-
dant system is quite necessary for desiccation tolerance. In
extensive studies of antioxidant activity in anhydrobionts, a
wide range of ROS scavenging tools was shown, for exam-
ple enzyme systems, such as peroxidases, superoxide dis-
mutases, catalases, and antioxidants like glutathione, etc.
(Franca et al. 2007; Cornette and Kikawada 2011; Gusev
et al. 2014). Third, high performance of nuclear DNA
lesions repair might also be responsible for successfully
undergoing to an anhydrobiotic state (Gusev et al. 2010).

Like the desiccation process, ionizing radiation affects
cells in two ways: by directly injuring cellular components
(mostly high-LET irradiation), or indirectly by generating
of ROS (mostly low-LET irradiation) (Han and Yu 2010;
Gusev et al. 2010). Hence, both hazards cause a similar
trend in molecular damage, eventually leading to severe
DNA lesions (Mattimore and Battista 1996; Musilova et al.
2015). Therefore, it can be assumed that some part of the
protective mechanisms towards anhydrobiosis confers an
incidental resistance to radiation (Musilova et al. 2015).
This question is much better investigated among prokary-
otes, especially in the famous polyextremophile bacterium
Deinococcus radiodurans, remarkable for its capacity to
resist doses of ionizing radiation, which are lethal for most
other living creatures, as well as other types of stress expo-
sure (Mattimore and Battista 1996; Tanaka et al. 2004).
However, with the increasing complexity of the organism,
the cellular machinery conformably becomes more com-
plicated. In metazoa, a more sophisticated genome and
repair system is supplemented with cell- and tissue-specific
organization (Cromie et al. 2001).

Thus, understanding the mechanism of cross-resistance to
anhydrobiosis and irradiation in animals seems to be a more
difficult task on the one hand, but more promising on the
other hand. The first steps in the clarification of the effects of
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anhydrobiosis on radiation tolerance were produced with the
sleeping chironomid P. vanderplanki by evaluating a short-
term larval survival, metamorphosis, and reproduction after
high- and low-LET irradiation between dry and hydrated lar-
vae (Watanabe et al. 2006a, b). Later, the structural changes
in the nuclear DNA of desiccated and irradiated larvae were
analyzed (Gusev et al. 2010). In this study, we focused on
alterations in expression patterns of the most renowned
stress-resistant groups of enzymes, such as LEA proteins,
antioxidants, HSPs, and DNA repair proteins.

Materials and methods
Insect rearing

P. vanderplanki were reared on a 1 % agar diet containing
2 % commercial milk under controlled light (13 h light:
11 h dark) and temperature (27-28 °C) conditions accord-
ing to the previous report (Watanabe et al. 2002). Final
instar larvae of approximately 1 mg wet body weight were
used for all experiments. The procedure of desiccation to
induce anhydrobiosis is as previously described (Watan-
abe et al. 2003). For rehydration, dry larvae were placed in
dishes with 27-28 °C distilled water. Larvae for the RNA
expression analysis were sampled according to the time (in
hours) passed from the irradiation, beginning of desiccation
and of rehydration, correspondingly.

Irradiation procedures

For gamma rays irradiation, approximately 100 hydrated
larvae were placed in a plastic vial (Sumilon MS-4503,
Sumitomo Bakelite Co., Tokyo, Japan) with 1 ml water. The
samples were irradiated with 70 Gy of gamma rays from
a %Co source at 60 Gy/min; 70 Gy is the half-inhibition
gamma-ray dose for adult emergence in hydrated larvae.
For helium-ions irradiation, hydrated larvae were placed
on the bottom of a plastic Petri dish (diameter 50 mm,
height 10 mm). The dish was covered with polyimide film
and sealed with Parafilm (Alcan Packaging, Chicago, IL)
to avoid drying. The samples were exposed to 70 Gy of a
50 MeV “He (LEToo = 16.2 keV/um) ion beam delivered
from the azimuthally varying-field (AVF) cyclotrons at the
Takasaki Ion accelerators for Advanced Radiation Applica-
tion (TIARA) facility of the Japan Atomic Energy Agency
(JAEA) (Watanabe et al. 2006a, b). Control samples were
fake irradiated and manipulated in parallel with the test
samples. Both irradiated and non-irradiated larvae were
then reared in distilled water.

The irradiation dose in both cases was equal—70 Gy. At
this dose, both types of radiation do not have any signifi-
cant inhibitory effects on the further development of larvae

(Watanabe et al. 2006b). In addition, the DNA fragmenta-
tion level in non-irradiated dried larvae after rehydration
is analogous to that of wet larvae irradiated with 70 Gy of
helium-ions (Gusev et al. 2010). We used helium ions as
the source of high-LET radiation and gamma rays for low-
LET radiation, because these types of ionizing radiation
have a similar relative biological effectiveness (RBE) for P.
vanderplanki larvae (Watanabe et al. 2006a, b).

Target cDNA for quantification

All clones of target genes used were selected by analysis of
the Pv-EST database (Cornette et al. 2010; Kikawada et al.
2006). The full-length cDNAs were subcloned into pCR-
4Blunt-TOPO vector (Invitrogen, Carlsbad, CA) and the
resulting plasmids were used as templates for the calibra-
tion controls of real-time PCR reactions. DNA sequences
were analyzed with the Vector NTI 10.3 software (Invitro-
gen) and CLC Main Workbench 6 (Qiagen Bioinformatics,
Aarhus, Denmark).

Quantitative real-time PCR

The qRT-PCR analysis was conducted using RNA samples
independent of those samples used in microarray experi-
ments. Total RNA from hydrated, dehydrating, rehydrated,
and irradiated larvae was extracted using Trizol (Invitrogen)
and the RNeasy Mini Kit (Qiagen, Hilden, Germany), and
reverse transcribed using Transcriptor First Strand cDNA
Synthesis Kit (Roche Diagnostics, Basel, Switzerland).
Real-time PCR was performed using a CFX96™ Real-
Time PCR Detection System (Bio-Rad, Hercules, CA) with
SYBR Premix Ex Taq (Tli RNaseH Plus) (TaKaRa, Ohtsu,
Japan). Amplifications were performed using 1 x SYBR
Premix Ex Taq and 10 pmol of each primer. P. vander-
planki EFl-alpha ¢cDNA served as an internal standard
for data normalization and quantification. The expression
of each gene was tested in triplicate in each of three bio-
logically independent experiments. The cycling conditions
were: 30 s activation at 95 °C, 40 cycles of 5 s at 95 °C,
and 30 s at 60 °C. Melting curves from 65 to 95 °C, rising
by 0.5 °C at each step, and pausing 5 s after each step, and
accompanying software, were used for qRT-PCR data nor-
malization and quantification. Used primer pairs are shown
in Supplementary material (Table S1).

Microarray analysis

Tissues were homogenized using disposable pestle homog-
enizers. Total RNA was isolated from each homogenized
tissue using Trizol (Invitrogen) and the RNeasy Mini Kit
(Qiagen). Two replicate samples for each treatment were
applied. The RNA quantity and purity were determined
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by NanoDrop ND-1000 spectrophotometer at 260/280 nm
(Thermo Fisher Scientific). The integrity of total RNA was
assessed with an Agilent Bioanalyzer 2100 and RNA 6000
Nano LabChip Kit (Agilent Technologies).

cRNA preparation

A 400 ng of aliquot of total RNA extracted from desic-
cating and irradiated larvae was reverse transcribed into
cDNA using the Agilent’s Quick Amp Labeling Kit. The
synthesized cDNA was transcribed into complementary
RNA (cRNA) and labeled with Cyanine 3-CTP (10 mM).
Labeled cRNA was purified with RNeasy Mini columns
(Qiagen). The quality of each cRNA sample was verified
by total yield and specificity calculated based on NanoDrop
ND-1000 spectrophotometer measurement (Thermo Fisher
Scientific).

Microarray hybridization

Custom microarrays for P. vanderplanki (4 x 44 k format)
were prepared by Agilent Technologies Japan. Probe design
for the microarrays was performed with a Web-based appli-
cation, eArray (Agilent) using 16652 genes selected from
Pv-EST database (Cornette et al. 2010). Further experi-
ments were carried out according to manufacturer’s manual
(Agilent): labeled cRNAs were used for hybridization via
the in situ hybridization kit plus (Agilent Technologies).
Arrays were incubated at 65 °C for 17 h in Agilent’s micro-
array hybridization chamber. After hybridization, arrays
were washed according to the Agilent protocol.

Image processing and data analysis

Arrays were scanned at 5-pm resolution using DNA Micro-
array Scanner with the Agilent Scan Control software. The
fluorescent intensities of each feature were extracted using
the Feature Extraction Software with default parameter.
The raw intensity data were imported to the Subio Plat-
form (v.1.19) and normalized using turning into log ratio
and global normalization. Then, the ratio-to-wet (D-cont.)
and non-irradiated samples (G-cont.; He-cont.) as a control
were produced to obtain fold change values. Identification
of differentially expressed genes was performed using fold
change threshold >3 and P value less than 0.05, obtained
by Student ¢ test.

Probe set annotation and functional analysis
Corresponding EST-sequences obtained from Pv-EST
database were added to BLASTx search against three pro-

tein databases (TrEMBL, Drosophila melanogaster, and
Caenorhabditis elegans) with e value cutoff 10e-5. Gene
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ontology (GO) mapping, merging, and summarizing anno-
tations were performed with the Blast2go software (https://
www.blast2go.com/). For the GO enrichment analysis,
we applied BinGO plugin for Cytoscape platform utilized
hypergeometric distribution test with Benjamini and Hoch-
berg correction.

Results

Primary desiccation- and irradiation-responsive gene
expression profiling

To perform a comprehensive determination of P. vander-
planki stress-driven gene expression, we profiled genome-
wide expression patterns in the chironomid larvae collected
at different stages of desiccation (D) 24, 48 h, rehydration
(R) 24 h, and after 0.5, 3, and 12 h of two types of ionizing
radiation exposure—gamma rays (G) and helium-ion irra-
diation (He).

According to the analysis of differential gene expression,
2222 (13.34 % of the total) probes were significantly up-
regulated to at least one kind of stress, and 2617 (15.72 %
of the total) probes were significantly down-regulated over-
all. Desiccation caused the largest changes in the transcrip-
tion profile of the larvae—1705 (10.24 %) probes were
found to be up-regulated, and 2211 (13.28 %) probes were
down-regulated, respectively (Fig. 1). In contrast, ioniz-
ing radiation showed a lower transcription response. Thus,
in response to gamma-ray exposure, 774 (4.65 %) probes
were up-regulated and 452 (2.71 %) down-regulated; in
helium-ion-irradiated larvae, and 286 probes (1.72 %)
were up-regulated and 147 (0.88 %) down-regulated. The
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Fig. 1 Overview of differentially (fold change >3 compared with
control samples) expressed probes among exposure of desiccation—
rehydration cycle (D and R, respectively), gamma (G) and helium-ion
(He) irradiation. Red bars present down-regulated transcripts, blue
bars up-regulated transcripts
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prevalence of down-regulated probes was specified only
during desiccation stress response in checkpoints D48 and
R24.

Remarkably, the overall number of up-regulated probes
in D48 is many times more important than in other kinds
of stress and time checkpoints. Gene response to gamma-
ray irradiation reached the maximum at 3 h and declined,
while response to helium-ion irradiation exposure showed
a slow ongoing increase. To achieve a summary list of up-
regulated expressed sequence tags (EST) of each stress
exposure, we combined significant up-regulated probes
from time checkpoints to a unified stress set—desiccation
(D), gamma rays (G), and helium-ion irradiation (He). The
comparison of the probes’ expression of stress sets revealed
104 overlapped transcripts induced in response to desicca-
tion and both types of irradiation.

To extend the set of the transcripts with similar expres-
sion patterns in different stress conditions and to inves-
tigate general trends in the activation template, we have
subjected the obtained ESTs database (16,652 probes) to
principal component analysis (PCA) (Fig. 2). The analysis
showed that the general orientation of the axes was differ-
ent between tested groups. The sum of the two first compo-
nents explained the main part of data variability—69.2 %.
The transcripts most positively correlated (with PCA scores
more than 0.015) with principal component 1 (PC1), which
explained 57.1 % of variability and was chosen for fur-
ther analysis. Among this set of transcripts, the major part
(93.21 %) showed a significant up-regulation on at least
one-time checkpoint during the desiccation time-course. A
proportion of these transcripts, which increase expression
level more than three times upon radiation exposure, was

50

less (G 45.9 %; He 19.67 %, respectively), but the general
trend in their expression—activating in response to each
type of stress, is the same. In contrast, probes positively
correlated with the second principal component (explained
12.1 %) showed another expression pattern—decreasing
expression in water loss conditions.

To understand the cross-tolerance mechanism between
desiccation and radioresistance, the list of overlapped up-
regulated transcripts and transcripts obtained from PCA
had been sorted according to the estimated function in cell
stress response. Apart from unknown genes and transcripts
corresponding to different metabolic processes, five groups
of the most important anhydrobiosis-related participants,
well characterized in the previous papers (Cornette et al.
2010; Gusev et al. 2014), were found: late embryogenesis
abundant proteins (LEA), protein-L-isoaspartate/D-aspar-
tate O-methyltransferase (PIMT), thioredoxins (TRX), glu-
tathione peroxidases (GPx), and heat-shock proteins (HSP).
The most part of these desiccation responsive genes essen-
tially showed an increase of their expression after each type
of ionizing radiation exposure. The abundance of these
stress-resistance groups is represented in Table 1.

All these groups of transcripts had a sufficient represen-
tation in both lists of significant stress-responsive probes,
especially in the case of genes encoding LEA proteins,
PIMT, and TRX (68.49, 68.18, and 41.46 %, respectively),
which could demonstrate an involvement of these groups in
the irradiation response processes.

We compared the changes in expression profiles of
five stress-responsive groups. Notably, the expression of
probes demonstrated mainly similar patterns in all kinds of
stress exposure (Fig. 3). The most significant similarity is

w, JGO.5 D48 ©
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g 0l | o
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PC1 (57.1%)

Fig. 2 Principal component analysis (PCA) based on normalized
expression values. Plot shows two first principal components which
cover 57.1 and 12.1 % of total variance, respectively. Blue asterisks

represent desiccation time-course samples, and gamma- and helium-
ion-irradiated samples are labeled as red circles and green squares,
respectively
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Table 1 Representation of

. . . Total number of probeset Selected by PCA Selected by overlapping in
transcripts, a55001ated.w1Fh D-G-He up-regulated list
well-known anhydrobiosis-
responsive genes, in different LEA 73 50 12
selections PIMT » 15 15

Thioredoxin 41 17 3
GPx 25 4 1
HSP 61 9 1
Others 11,507 170 38
Unknown 4923 162 34
Total 16,652 427 104
Desiccation Functional analysis of the response to different stresses
107 - LEA , o
.5 & = PIMT Resistance to complete deswcanor.l, as' v&'/ell ?s rem.ark—
o —— GPx able tolerance to different types of irradiation, is a unique
o 6 . . .
5 —— TRX feature of P. vanderplanki, separating it from other insect
3 4 HSP species. Since the process of desiccation and rehydration
2 2 induces DNA damage (Tanaka et al. 2004; Gusev et al.
% 2010), we assumed that some of the proteins needed to
x 0 ' ' ' repair ionizing radiation-induced damage, including oxi-
2= Wet D24 D48 R24 dation of biomolecules and double-strand breaks, would
be identical to proteins used to mend the damaging effect
Heavy ions of desiccation. The overlap in the larvae response to each
4 — LEA stress should specify gene products that directly participate
5 = PIMT in the compensation of cellular damage, potentially identi-
§ —— GPx fying novel proteins cr'itical to this.process. .
>E<' 2 - TRX .To apply the fgnctlonal analysis, GO aantatlon of all
o . HSP microarray transcripts was performed. Transcript sequences
2 obtained from Pv-EST database were subjected to a simi-
< 04 .. . larity search using BLASTx against TrEMBL, Drosoph-
& ila melanogaster (Flybase) and Caenorhabditis elegans
-1-'He-cont. He0.5H He3H He12H (Wormbase), and InterProScan. All BLASTX results were
Gamma rays mapped to the Uniprot d.atabase separa.tely to assign GO
- terms, and then merged into one resulting annotation. To
-~ LEA avoid non-specific GO terms for the Diptera family, we
.§ 3 == PIMT used filtering by taxa. Approximately 6209 sequences from
@ == GPx a total number of ESTs showed no significant similarity
E- Ca =¥ TRX across all databases, 1439 sequences had BLASTXx hits, but
o 14 HSP GO terms were not assigned. As a result, the final annota-
% tion contained 9005 ESTs with GO terms and was used as a
& 07 B m— background in the enrichment analysis.
4 To identify biological functions that occur in response to

G-cont. G 0.5H G 3H G 12H

Fig. 3 Mean expression profiles of microarray probes for stress-
responsive groups of transcripts

observed among the LEA proteins, PIMT, and TRX group.
GPx and HSP groups show a lesser degree of similarity,
especially in response to gamma rays.
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desiccation and two types of ionizing radiation exposure,
and transform wide-scale expression changes into func-
tional context, GO term enrichment analysis was accom-
plished using a set of genes acting similarly in response to
three stress factors, obtained by PCA. The list of signifi-
cantly enriched (P value <0.05) GO terms was added to
the REVIGO software to reduce redundant terms. The fil-
tered list was plotted in two-dimensional space related to
GO term semantic similarity (Fig. 4a, b). The distribution
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of GO groups in desiccating larvae was in good agreement
with our previous data, based on the estimation of total
number of EST clones and clusters (Cornette et al. 2010).

The analysis showed the presence of several closely
related clusters of enriched biological process GO terms
(Fig. 4a). The first cluster is associated with biological pro-
cesses in response to different abiotic and biotic factors.
Most of the enriched terms in this cluster are “response
to oxidative stress”, “multicellular response to stress”,
“removal superoxide radicals”, and others (Table S2).
Another cluster contains terms of biological processes
connected to protein modification: “peptidyl-aspartic acid
modification”, “protein repair”, and “protein refolding”.

Such important stress-related biological processes as
“oxidation-reduction process”, ‘“reactive oxygen species
metabolism™ and “cell redox homeostasis™ are also signifi-
cantly enriched. Overall, most of the enriched biological
processes act for neutralization of damage caused by reac-
tive oxygen forms.

The main direction of significantly enriched molecular
functions is involved in different types of antioxidant activ-
ity at various levels of GO terms: from general functions,
such as “antioxidant activity”, to more granular, such as
“protein disulfide oxidoreductase activity”” encompassed by
TRX, “superoxide-dismutase activity” and related “copper
chaperone activity”, and “copper binding”, which corre-
sponds to Cu—Zn superoxide-dismutase (Fig. 4b). Further-
more, a cluster of similar GO terms was found, reporting
to different transferase molecular functions, and the most
enriched GO term in this cluster is “protein carboxyl
O-methyltransferase activity”.

Next, we performed GO enrichment using up-regulated
transcripts of each time checkpoint of three stress exposure
sets (D, G, and He) to assess the abundance of different GO
terms during the stress time-course. The whole number of
enriched terms in biological processes and molecular func-
tions was 284 and 251, respectively. Obtained GO terms
were filtered according to their presence in at least two
stress exposure sets (Table S3). Using Venn diagrams, we
found some identical processes and functions occurring in
response to all kinds of stress (Fig. 5).

The distribution of enriched GO terms showed several
notable findings, which is similar to results obtained with
the enrichment of PCA gene set. Such expected biologi-
cal processes as “protein repair”, “peptidyl-aspartic acid
modification”, “protein methylation”, “multicellular organ-
ismal response to stress”, “protein alkylation”, “glycerol
ether metabolic process”, “cell redox homeostasis”, and
“ether metabolic process”, inducted by stress exposure,
were represented in most checkpoints. Also significantly
enriched GO terms, associated with stress response—
“response to stress”, “defense response”, “methylation”,
“macromolecule methylation”, and ‘“glyoxylate catabolic
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process”’—were either marked in at least one-time check-
point in each of the stress factor sets. Interestingly, the bio-
logical processes associated with repair of DNA lesions—
“non-recombinational repair” and “double-strand break
repair via non-homologous end joining”—were enriched
only in gamma and helium-ion irradiation gene lists.

Several enriched GO terms belonged to molecular func-
tion. The most significantly enriched GO terms in molec-
ular function, which were marked in all stress sets with
lowest P value, were associated with methyltransferase
activity. Another group of GO terms that were enriched in
all types of stress exposure was relevant to disulfide oxi-
doreductase activity. In addition, the GO term related to
trehalose synthesis was enriched in D48 (expected) and
G0.5-G3 (unexpected) time checkpoints. Some important
stress-responsive GO terms showed valued enrichment in
two stress exposure sets, for example: “heat-shock protein
binding” (D-He), “Hsp90 protein binding” (D-He), “glu-
tathione peroxidase activity” (D-G), and others.

gRT-PCR validation of microarray results

To confirm the changes in the transcriptional activity
detected for transcripts associated with LEA4, LEA7,
PIMT3, PIMT4, TRXS, and GPx (GPTX) in the microarray
experiments, qRT-PCR was used to indicate relative levels
of mRNA accumulation. Results of qRT-PCR experiments
showed strong coherence with the microarray data (Fig. 6).

Discussion

The vast majority of living organisms are extremely sen-
sitive to changes in hydration regime. Even small fluctua-
tions in water content can cause large disturbances in a cell
metabolism, osmotic shock, and finally lead to death. In
addition, cells are exposed to extensive oxidative stress that
increases the frequency of severe DNA lesions, especially
the occurrence of potentially lethal double-strand breaks.
Tonizing radiation as well as desiccation affects cells in a
very aggressive manner, provoking damage to cell structures
and biomolecules directly or indirectly according to the type
of radiation (Watanabe et al. 2006a, b). It was shown that
some radiation resistant organisms are also resistant to des-
iccation (Mattimore and Battista 1996; Billi et al. 2000),
and vice versa. P. vanderplanki larvae have an extraordinary
ability to withstand complete water loss and high-dose radi-
ation exposure (Gusev et al. 2010). Therewith, the relatively
large size of the sleeping chironomid, which is not typical of
the majority of extremophiles, implies the presence of more
complex mechanism of extended resistance. Based on the
previous theoretical and experimental data (Kikawada et al.
2005; Watanabe et al. 2006a, b; Gusev et al. 2010), in this
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work, we focused on the origin of this cross-tolerance phe-
nomenon, trying to provide a broader view of comparable
details of gene response to desiccation and two types of ion-
izing radiation.

We showed that transcriptional response in the expres-
sion profile of the desiccation-rehydration stages much
exceeded the amount of up-regulated transcripts in
response to both types of irradiation. It is quite natural,
because desiccation implies not only damage and repair
processes, but also general changes of the physiological
status. However, a wide group of overlapped transcripts,
coincidently up-regulated in each stress exposure, was allo-
cated. Among this, overlapped set of transcripts was found
the major anhydrobiosis-related groups of biomolecules:
antioxidants, late embryogenesis abundant (LEA) proteins
and heat-shock proteins. Their expression patterns were
quite similar within the same stress, which may indicate
that anhydrobiosis-related genes were activated and operate
together as connected stress-responsive machinery.

The most overexpressed group was that of the protein-
L-isoaspartate/D-aspartate  O-methyltransferase (PIMT).
Activity of these proteins is directly linked with stress
resistance and lifespan (Furuchi et al. 2010; Khare et al.
2011; Desrosiers and Fanelus 2011). The structure and the
number of methyltransferase-coding genes are a unique
feature of P. vanderplanki: 14 PIMT-coding genes (instead
of the usual 1-2), each of which is tissue-specific and has
its own functional specialization. Currently, there is no
identified homology among other insects (Gusev et al.
2014). In addition, performed functional analysis showed
strongly enrichment of GO terms, associated with protein
methylation, in response to all stress exposures. PIMT are

Fig. 5 Venn diagrams of bio-
logical processes and molecular
functions of GO terms, enriched
in at least one-time checkpoint

Gamma
irradiation

38

Biological process

probably involved in the repair of damaged proteins, which
are probably generated by both types of irradiation, as dur-
ing the desiccation process.

The most widely represented group among anhydro-
biosis-related overlapped transcripts was LEA proteins
(Table 1). During desiccation, highly hydrophilic LEA pro-
teins act together with HSP for the protection of molecular
structures against aggregation and denaturation, and also
participate as one of the general components to the for-
mation of a molecular shield as a physical guard against
negative influence. The expected role of LEA proteins after
exposure to irradiation is more ambiguous. A role of chap-
erone for damaged proteins could be expected. In addition,
LEA was proposed to act as ion scavengers and such a
function could participate to cope with ROS generated after
gamma irradiation.

Remarkably, genes involved the metabolism of another
anhydrobiosis-related physical protectant—trehalose—sig-
nificantly reacted in response to desiccation and gamma
rays, but not during helium-ion irradiation. While entering
anhydrobiosis, larvae of P. vanderplanki generate a suf-
ficient amount of trehalose for stabilizing biomolecules by
replacing water with a glass-like sugar structure. Production
of trehalose under gamma rays exposure is quite possible
due to the proposed biological effect of low-LET irradia-
tion. As a general model for the indirect action of radiation
implies, the main cause of serious radiation-induced damage
to cell is intracellular water that frequently produces ROS
(Han and Yu 2010; Mattimore and Battista 1996). It is more
typical for biological effects of low-LET radiation (gamma
rays), but not so much for high-LET radiation (helium-
ions) (Hall and Giaccia 2006). The abundance of trehalose

Molecular function
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Fig. 6 Results of quantitative
real-time PCR for transcripts 13
associated with anhydrobi- 11
osis-responsive genes. Data
represent the mean + SEM of 3
samples
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seems to possess a radioprotective action by reducing ROS
formation in an absence of intracellular water. Such shield-
ing function of trehalose against gamma rays exposure had
been suggested by Yoshinaga et al. (1997). However, this
assumption requires further studies in vitro.

Generation of ROS accompanies almost all types of
external stress influence due to dysfunction of enzymatic
reactions, eventually provoking DNA damage (Franga et al.
2007). Therefore, scavenging of rapidly increasing ROS
becomes the main goal for acceptable survival. The previous
studies (Cornette et al. 2010; Cornette and Kikawada 2011;
Gusev et al. 2014) showed enhancing antioxidant activity
with a dramatic increase in the expression level of oxida-
tive stress-responsive genes during stages of anhydrobio-
sis. Our data demonstrated the same trend: the major active
member of P. vanderplanki larvae’s antioxidant system,
which is critical for redox regulation of protein function—
the thioredoxin metabolism group, including glutathione
peroxidase—was detected in abundance throughout the
desiccation process, reaching its maximum in a completely
dehydrated state. Their representation during high—low-LET
irradiation exposure was also significant.

Despite of mostly adverse effect of ROS for cells, they
play an important role as intracellular signaling molecules
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with regulatory functions and act as a trigger for activa-
tion of gene expression and antioxidant systems (Schmitt
et al. 2014). In the case of P. vanderplanki larvae, the initial
stage of desiccation should provoke rapid accumulation of
ROS, which might induce a wide transcriptional response
of anhydrobiosis-related protectants. Possibly, drastic
increasing of ROS by ionizing radiation exposure can gen-
erate a transcriptional response similar to water loss. This
could explain the presence of highly up-regulated tran-
scripts for anhydrobiosis-related genes in larvae exposed to
gamma rays.

In addition, active DNA repair processes were detected
in response to each kind of stress exposure. While the pre-
dominant repair pathway in anhydrobiosis is still unclear,
an estimated core pathway for double-strand break repair
in both high-low-LET irradiations was performed via non-
homologous end joining (Moskalev et al. 2015).

As a conclusion, it is safe to assume that the cross-tol-
erance of the sleeping chironomid to ionizing radiation
exposure comes from the evolutionary-based anhydrobiosis-
associated mechanism of stress-resistance. This well-organ-
ized mechanism acts partially to eliminate negative effects
obtained from other types of external stress impact, which
is not typical to larvae’s living environment. According to
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the previous studies (Kikawada et al. 2005; Watanabe et al.
2006a, b; Gusev et al. 2010), we suppose that the adapta-
tion of P. vanderplanki larvae to anhydrobiosis makes
them capable to desiccate at any time or to induce multiple
anhydrobiosis-related gene associations as soon as the first
signs of stress appear. The latter seems to be more possible.
Both desiccation process and ionizing radiation exposure
are accompanied by oxidative stress. Rapid generating of
ROS could be such a first signal, which activates the stress-
resistance machinery, due to its universality and production
speed. Thus, tolerance to ionizing radiation is a side effect
of adaptation to anhydrobiosis.
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