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Aim. The study was performed to investigate the relationship between Wolbachia infection and
phenotypes that distinct from wild-type of Drosophila melanogaster from different localities in Ukraine
including those from Chornobyl Exclusion Zone during 2013-2014. Methods. We have established
isofemale lines from populations: Uman’, Inkerman, Odesa, Varva, Kyiv, Drogobych, Yaniv, Poliske,
Chornobyl, and Chornobyl Nuclear Power Plant (NPP). The ambient radiation (uSv/h) was measured in
the sample sites. The flies were reared in the laboratory through two generations. We carried out the
observation of F2 flies for visibly detectable phenotypes. According to whether the trait was inherited,
observations were separated into three categories: with deviations of posterior cross-vein (C2)
(incomplete penetrance), visible phenotypic changes (non-inherited) and mutations (inherited).
Polymerase chain reaction (PCR) with primers specific to the 16S rRNA and Wolbachia surface protein
(wsp) genes were used to determine infection presence in isofemale lines of the flies established for
each population. Results. Examination of different phenotypes indicates that the highest mutation rate
(but not C2 and not inherited changes) is in populations from Chornobyl Exclusion Zone and, therefore,
connection with ambient radiation was detected (p = 0.0241). Generalized mixed linear regression has
shown evidence that the presence of phenotypes with defects of C2 vein varies with endosymbiont
infection presence (p =0.03473) in the populations from radioactively polluted areas. Conclusion.
Wolbachia is not related to occurring phenotypes neither with phenotypic changes nor with mutations,
at least in surveyed populations. However, C2 defected phenotypes relates to the bacterial presence in
populations from the contaminated area. Nonetheless, the origin of this relationship is unknown and the
mechanisms of such a connection require further research.

Keywords: Drosophila melanogaster, Wolbachia, endosymbiont, ambient radiation, mutation,
phenotypic change, posterior cross-vein.

ntroduction. Wolbachia is an endosymbiont which infects a variety of invertebrates around

the world. These members of the alpha-proteobacteria group are known for reproductive
parasitism that has a wide range of manifestations in their hosts. Wolbachia is maternally
transmitted similarly to mitochondria, and, their interactions with host cell depend on host
genetic background (Zug, Hammerstein, 2015). It is little known about influences of host-
parasite interaction on penetrance and expressivity of mutations and induction of pheno-
copies, especially, in the natural environment. However, there is some evidence which
indicates that endosymbionts can modulate phenotypes of mutations in the model organism
Drosophila melanogaster in which infection has rather a beneficial impact than deleterious
(Zakharov et al., 2008).
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The most prominent example of Wolbachia
interruption into the fruit fly genetic program is a
fertility rescue in sxI mutants (Starr, Cline, 20022.
Clark et al. have shown that chi® (chico®)
homozygotes D. melanogaster showed lethal effect
when Wolbachia was removed (Clark et al., 2015).

However, bacteria interaction with chi
product, an insulin-receptor substrate involved in
growth regulation, is not direct as with SXL
product. Wolbachia-infected flies have reduced
activity of TEs (transposable elements), which are
a major force of mutation rate acceleration in
D. melanogaster (Teresa et al., 2015). All that
indicates omnidirectional interactions between
host-bacteria association in the context of
hologenome (Rosenberg et al.,, 2009). In these
examples, Wolbachia has positive effects on host
and can be considered as one of the possible ways
of bacteria to influence adaptation of host. In
several instances, Wolbachia had deleterious
effects on the fitness of the host. Presence of
Wolbachia reduced activity superoxide dismutase
what led to the increase of ROS that can level up
mutation rate in the host (Wang et al., 2012).
Increased level of ROS is associated with an
increase in DNA damages in spermatocyte of
sibling species D. simulans and the increase of
Wolbachia density (Brennan et al., 2012).

Nowadays, there is still a lack of knowledge
about the purpose of Wolbachia success in
spreading among natural populations  of
D. melanogaster (Serga, Kozeretska, 2013). Thus,
genetic changes within infected populations are
still far from understanding. Hunter et al. (2016)
investigating inbreed wild D. melanogaster strains
found that Wolbachia presence slightly affected
recombination rate at X chromosome. However,
another study has not shown any changes for
different loci at X chromosome (Serga et al., 2010).

As known, spontaneous mutations are an
essential process for natural selection as for evolution
at all. Considering high levels of Wolbachia in the
D. melanogaster natural populations and apparent
links with predicted and possible unknown host
phenotypes endosymbiont might be affected by
dynamics of spontaneous mutation or some of them.
It was found that Wolbachia can phenotypically as
well as genetically adjust due to the novel genetic
background of the host through three generations of
D. melanogaster mutant (Newton, Sheehan, 2015).

To find out whether Wolbachia presence
might have link with different fly phenotypes and
phenotypically detectable mutations in nature we
have surveyed populations of D.melanogaster
from Ukrainian localities including those from
Chornobyl Exclusion Zone that was chosen as an

area for which the acceleration of mutation
processes in fly’s populations under influence of
ionizing radiation can be considered.

Materials and methods

We collected flies in the summer-fall period
(August through October) in 2013-2014 from diffe-
rent localities of Ukraine:

Uman’ (48°45'45.26"N-30°14'38.97"E);

Inkerman (44°36'49"N-33°36’36"E);

Odesa (46°29'13.91"N-30°43'51.59"E);

Varva (50°29'33.30"N-32°42'50.93"E);

Kyiv (50°21°'9.06"N-30°28'57.70"E);

Drogobych (49°21°0.00"N-23°30’0.00"E);

Chornobyl Exclusion
Zone Chornobyl (51°16'21.5"N-30°13'16.9"E);

near the cooling pond
of Chornobyl NPP (51°22°23.9"N-30°08’17.9"E);

Yaniv (51°23'12.9"N-30°04'23.9"E),

Poliske (51°16°44.0"N-29°23'39.8"E).

The measurement of ambient radiation level
(MSv/h) was performed with Dosimeter-Radiometer
MKS-05 «Terra-P». The isofemale lines were
established for each population in the laboratory
conditions. The flies were reared at 25 + 1 °C and
70-80 % relative humidity on the standard nutritional
media (Roberts, 1998). The flies of each isofemale
line were carried out through two consequent
generations (F1-F2).

The observation of visible phenotypes was
performed for F2 flies. Regarding to inheritance of
observed traits, all detected phenotypic mani-
festations have been grouped into three main
categories: mutations (mut), phenotypic changes
(phen_chang), and deviations of posterior cross-
vein (C2). Mutations category (mut) consists of
phenotypically detectable and inheritable: mutant
phenotypes with bright-red eyes that composed of
scarlet, cinnabar and other known mutations;
brown mutants; mutants of L2 and L5 wing veins.
Phenotypic changes (phen_chang) comprised of
other phenotypic deviations that are rather caused
by environmental effects or recognized as not
inherited phenotypic changes (e.g. variations of
wing veins, cut on the wing, balloon-like
appearance of wing, white abdomen etc). Devi-
ations of posterior cross-vein (C2) demonstrate
incomplete penetrance that was investigated
previously for Ukrainian populations of D. melano-
gaster (Kozeretska et al., 2016) and had a high
level of presence in the current study, thus, the
phenotypes with this trait were grouped separately.
The frequencies of phenotypes have been
calculated by dividing the number of flies with
observed phenotype on the total flies’ number per
population.
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We extracted total genomic DNA by the
salting-out method from whole-bodies of 10—
12 adult flies of each isofemale line (Aljanabi,
1997). To detect Wolbachia-presence, we
performed PCR with the set of primers to bacterial
16S rRNA (O’'Neill et al., 1992) and wsp (Zhou,
Neill, 1998) genes. The PCR products were
visualized on 2 % agarose gel.

The Wolbachia infection rate calculated by
dividing the number of infected isofemale lines on
their total number in each population (Clopper-
Pearson confidence interval was used).

Statistical analysis was performed on two
groups sampling sites the group of sites for which
the ambient radiation level was measured (RadStat
«Radiation Status», 2014) and another has not
(NonRadStat «None Radiation Status», 2013).
RadStat included populations form polluted area
(Chornobyl Exclusion Zone) subset RadStat:Poll,
and without radioactive contamination (rest of the
populations) subset RadStat:Clear. We performed
hierarchical clustering analysis of phenotype
frequencies with Euclidean distance with average
linkage and visualized results with heatmap
building (Babicki et al., 2016).

Assuming that we have count data (Poisson
distribution), for further analysis of relationship

between Wolbachia and host phenotypes among
natural populations, we chose the mixed
generalized linear regression with sample site as a
random factor. Additionally, to test whether radi-
ation (Rad) has influence on the fly phenotype-
Wolbachia relationship, ambient radiation was
chosen as an additive factor (for RadStat data
only). Taking into account the localities with
different radiation levels as possible mutagen
factors, we used generalized linear regression to
test the effect of ambient radiation on phenotypes,
followed by ANOVA with Chi-square test. All
statistical operations were performed with R
version 3.5.0 using Ime4 packages (2018).

Results and discussion

The flies were sampled from 14 localities in
Ukraine. We have analyzed 12989 F2 flies from
404 isofemale lines for the presence of different
phenotypes. For populations that were sampled in
2014, Wolbachia status has been investigated in
our previous paper (Gora et al.,, 2016). However,
for this work, isofemale lines that were examined
for phenotype presence have been taken and
infection status was recalculated (fig. 1).

Wolbachia levels, %
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Fig. 1. Wolbachia infection levels in Ukrainian Drosophila melanogaster populations 2013-2014. 95 % confidence Clopper-Pearson

intervals were used. * populations from Chornobyl Exclusion Zone.

Among examined flies, phenotypes with
deviations of C2 and different phenotypic changes
were the most frequently observed (fig. 2). The
rarest phenotypes were the mutation of L2 and L5

veins (0.222 % and 0.075 % respectively). Kyiv
2014 population is not included because of the
absence of any phenotype.
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Fig. 2. The clustering of populations based on phenotype frequencies (presented in percentages within heatmap). * populations from
Chornobyl Exclusion Zone. Z-score based on Euclidean distance with average linkage.

Interesting distribution of phenotypes has a
population from Odesa 2013 presented as
separate branch (fig. 2). We have observed the
highest frequency of different phenotypic changes
comparing to other populations. Also, L5 vein
mutant phenotype has been detected only in this
population.

The highest frequency of mutant category
was in populations from Chornobyl Exclusion
Zone. On the Fig. 2, they are mostly appeared in
one cluster along with Varva 2014. However, for
Chornobyl 2014 any mutations have not been
detected. The most frequently observed mutant
phenotypes were bright-red eyes in Chornobyl
NPP 2014 (0.67 %) and brown in Yaniv 2014
(0.278 %). On the contrary, phenotypic changes

were rarer than in other populations. Additionally,
these populations had the lowest presence of C2
phenotypes, except Chornobyl NPP 2014 which
vice versa had a fairly high frequency of C2
deviated phenotypes. According to the clusters on
the fig. 2, the crucial role in the clustering has
played distribution of C2 phenotypes. Populations
of Inkerman 2013, Uman’ 2014, Chornobyl NPP
2014 and Uman’ October 2013 are gathered in one
cluster as those that have the highest C2
frequencies. Despite that Uman’ October 2013 is in
this cluster, Uman’ August 2013 is included into the
other cluster together with Drogobych and Kyiv
which had the lowest incidences of phenotypic
changes in contrast to other populations.
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Using generalized mixed Poisson regression,
we have conducted analysis whether Wolbachia
had an influence on phenotypes for populations
from all localities with/without ambient radiation as
an additive factor (table 1). Also, we investigated
whether ambient radiation influences phenotypes
in contamination free and polluted area. All dataset
was separated on subsets according to definite

phenotype presence in each population (for
instance, NonRadStat subset included those
populations that have phen_chang > 0)

For some subsets that included only one
population, the analysis was not performed (e.qg.
mut ~ Wol*Rad analysis for RadStat:Clear is
absent in table 1).

Table 1. The result of generalized regressions for phenotype-Wolbachia and phenotype-ambient radiation

relationships performed according to different dataset

Model Dataset Subset Df Chisqg P-value
All data - 1 0.0371 0.8473
- 1 0.0448 0.8324
phen_chang ~ Wol NonRadStat 1 0.9648 0.326
- phen_chang > 0* RadStat 1 3.6777 0.05515
RadStat:Poll 1 1.1429 0.285
RadStat:Clear 1 2.7725 0.0959
All data - 2 4.3441 0.1139
phen_chang ~ RadStat 2 3.2946 0.1926
WolxRad phen_chang >0 RadStat:Poll 2 0.922 0.6306
RadStat:Clear 2 3.6573 0.1606
RadStat 1 1.687 0.194
phen_chang ~Rad | phen_chang >0 RadStat:Poll 1 0.626 0.4289
RadStat:Clear 1 1.127 0.2884
All data - 1 0.1836 0.6683
- 1 0.0757 0.7832
mut ~ Wol NonRadStat 1 4e-04 0.9844
mut > 0 RadStat 1 0.1049 0.746
RadStat:Poll 1 0.6317 0.4267
RadStat:Clear 1 0.7443 0.3883
All data - 2 2.5489 0.2796
mut ~ WolxRad mut > 0 RadStat 2 2.7567 0.252
RadStat:Poll 2 2.1151 0.3473
mut ~ Rad mut > 0 RadStat 1 6.8999 0.00862**
RadStat:Poll 1 5.0875 0.0241**
All data - 1 1.1373 0.2862
- 1 0.9635 0.3263
C2 ~Wol C250 NonRadStat 1 2.0344 0.1538
RadStat 1 0.064 0.8002
RadStat:Poll 1 4.4586 0.03473**
All data - 2 0.7957 0.6718
C2 ~WolxRad 250 RadStat 2 0.7609 0.6835
RadStat:Poll 2 3.9111 0.04797**
RadStat 1 0.93476 0.3336
C2 ~Rad €2>0 RadStat:Poll 1 0.85518 0.3551

* «one of three phenotypic categories» > 0 a subset of data to have been chosen due to the presence of defined categorical

phenotype more than zero per population.
**gignificant value p < 0.05.

The statistically significant result of ANOVA (p =
0.00862) for the relationship between ambient
radiation and presence of mutations (mut ~ Rad)
indicates that for populations that we collected from
sites where ambient radiation was measured and

mutation frequency more than zero, ionizing radiation
has influences on the phenotypes manifestation of
which is related to mutant genomes. Only mutant
phenotypes of the eye were related to ambient
radiation in these localities (p = 0.0241).
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Intriguingly, a weak relationship was detected
between deviations of C2 and Wolbachia in
RadStat:Poll dataset (p = 0.03473). However, we
did not observe significant effect in the model with
ambient radiation as an additive factor (C2 ~ Wol x
Rad, RadStat:Poll dataset, p = 0.04797) and due
to insignificant influence of radiation on deviations
of posterior cross-vein (C2 ~ Rad, RadStat:Poll
dataset, p = 0.3551).

Previously, Kozeretska et al. (2016) have
been reported that the aberrant C2 vein trait in
Ukrainian populations was heritable and chara-
cterized by elevated frequencies. According to
study of Waddington in the context of genetic
assimilation, deviations of C2 can be fixed as
heritable trait through generations of flies during
influence of higher temperatures (Waddington,
1953). According to this, Kozeretska et al. (2016)
have suggested that recent elevation of summer
temperature in Ukraine can be connected to
elevation of C2 deviations caused by miRs
(Schertel et al., 2012). It is known that Wolbachia
can alter aae-miR-2940 in Aedes aegypti and
therefore lead to upregulation of arginine
methyltransferases (AaArgM1-8), silencing of
which decreases Wolbachia replication (Hussain et
al., 2011). Nonetheless, miR and Wolbachia
mechanisms of interactions remain to be investi-
gated in the future.

Rutherford and Lindquist have shown that
heat shock protein HSP90 affects development of
wing veins under environmental perturbations,
including oscillations of temperature (Rutherford,
Lindquist, 1998). Recently association between fly
temperature prevalence and Wolbachia infection
was shown indicating that infected flies prefer
lower temperature (Truitt et al., 2018). It is known
that during host-symbiont interactions Wolbachia
can affect defensive system of host and have
impact on down-regulation of some HSP genes,
e.g. HSP22 (Zheng et al., 2011).

Accounting possible indirect relationships
between aberrant C2 phenotype and Wolbachia
throughout signaling pathway in which Hsp
proteins and miRs are involved, our results, on the
one hand, can be explained in this way. We
hypothesize that phenotype changes of C2 could
be explained by interactions between Wolbachia
and some HSP proteins and/or miRs. Nonetheless,
we did not find a Wolbachia relationship with
phenotypes of other mutant genotypes.

Conclusion

For analyzed populations, we did not find the
relationship of Wolbachia presence with non-
heritable phenotypic changes and mutations. We
found that C2 defected phenotypes relates to the
bacterial presence in populations from the
contaminated area (p = 0.03473). However, the
origin of this relationship is unknown and can
depend on indirect interactions in the symbiont-
host association.
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MeTa. [JocnigMti B3aEMO3B’A30K MiXk YacToTamu iHiKy-
BaHHA Wolbachia ta 3miHeHux deHoTunie Drosophila
melanogaster 3 pisHVUX nokaniTeTiB YKpaiHu, BKIOYaouu
YopHOOWUNbCbKY 30HY BiAYYyXeHHs, npoTtsrom 2013—
2014. Metoau. bynu 3ano4aTkoBaHi i30CcaMKOBi MiHil
ana  nonynauii - Ymani, IHkepmany, Opecu, Bapsu,
Knesa, [Oporobunyy, fAHoBa Ta YOpHOOMNBCHLKOI 30HU
BigvyxeHHa (Monicbke, YopHobunb Ta YopHOGUNbCbKa
aToOMHa enekTpocTaHuis). Takox 6yno npoeegeHo 3ami-
pu choHoBOro piBHs pagiauii (Mk3B/roa) B canTax 360py.
Myxu yTpumyBanucb B nabopaTopHUX yMOBax NpoTArom
ABOX MOKOMNiHb. [N MyXx NokoniHHs F2 KoXHOI i3ocamko-
BOI NiHii OyB nNpoBefeHwi aHani3 Bi3dyarnbHO MOMITHUX
beHOTUNOBMX BIAMIHHOCTEN Big AUKOro Tuny. BuseneHi
eHOTMNOBI 3MiHM Oyno po3aineHo Ha Tpu KaTeropii:
NMOPYLUEHHAMW nonepeYqHoi Xunku kpuna C2, MOMITHI
eHOTMNOBI 3MiHM (AKi HEe yCrnadKOBYKTbCS) Ta MyTauii
(ycnagkoBytoTbcsl).  [Ona  BU3HAYEHHA  NPUCYTHOCTI
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Wolbachia B isocamkoBux niHisix 6yno nposegeHo noni-
mepasHy nadutoroy peakuito (MJIP) 3i cneundiyHumn
npanmepammn go reHie 16S rRNA ta wsp (Wolbachia
surface protein) 6aktepii. Pesynbtatn. HaveBuwuin pi-
BEHb MYTaHTHUX (PEHOTUNIB BUSBMEHO B MONyNauisax 3
YopHOOMNbCLKOT 30HM BiAYYXEHHs1, BignosigHo, 6yno
nokasaHo ixHiii 38’a30K 3 (bOHOBMM piBHEM pagiauii (p =
0.0241). PesynbTaTt 3MillaHoi reHepanisoBaHoi perpecii
nokasas, WO PeHOTMNN 3 NopyLueHHsaMU C2 KopentoTb
3 NpUCYTHICTIO eHaocuMbioHTy (p = 0.03473) B nonyns-
Liax 3 pafioakTuBHO 3abpyaHeHux TepuTopi. BucHo-
BOK. YactoTa iHikyBaHHa Wolbachia He Bnnusae Ha
4acToTy (PEHOTUNOBMX 3MIH Ta MyTauin y Aocnigxysa-
HUX nonyndAuigx. TuM He MeHLe, MoKa3aHui 3B’A30K
4YacToTW iHMIKyBaHHA GakTepiel 3 YacTOTOK MOPYLUEHb
xunkn C2 ans nonynsauin 3 3abpyaHeHWX TepuTopii,
X04a MexaHi3MW Takoro 3B’A3Ky NoTpebyioTb NogasnbLUnX
JocnigXeHb.

KniouoBi cnoBa: Drosophila melanogaster, Wolbachia,
eHOocMMOiOHT, hoHOBa pagiauisa, MmyTauis, deHoTmnosa
3MiHa, AarnbHs nonepeyHa Xurka.

CBA3b MEXAOY YACTOTON UHOULIMPOBAHUSA
WOLBACHIA U PA3NTMYHBIMUA ®EHOTUNAMU
B MPUPOOHbIX MONynNALUUAX

DROSOPHILA MELANOGASTER

N3 PAOUOAKTUBHO 3AIPA3HEHHbIX

U YUCTbIX TEPPUTOPUNA YKPAUHBDI
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Lenb. VccnepoBatbh B3aMMOCBA3b Mexay 4YactoTamm
nHUumposaHusa Wolbachia n nsmeHeHHbIx heHoTMNoB
Drosophila melanogaster ¢ pasHbix nokanMTeToB Ykpau-
Hbl, BKMoYas YepHOOLINbCKYID 30HY OTYYXAEHUS, B
TeyeHne 2013-2014. MeTtoabl. Bbinv HayaTbl nsocam-
KOBble INWHWUM Ana nonynaumn Ymanu, WHkepmaHa,
Opeccobl, Bapsbl, Knesa, Aporobbiva, AHoBa n YepHo-
ObINbCKON 30HbI OTYYXAeHMs (Monecckoe, YepHoObINb 1
YepHobbinbckasi aToMHasi anekTpocTaHuus). Takke
6bIN0 NpoBefeHO 3amepbl (DOHOBOIO YPOBHS paguvaumm
(Mk3B/4) B canTax cbopa. Myxu copepxanucb B nabo-
paTopHbIX YCIOBUSAX B TEeYeHWe AByX MNokoneHun. Ons
MyX nokoneHuss F2 kaxgow n3ocaMKoBOW NUHMM Obin
NpoBeAEeH aHanu3 BU3yarnbHO 3aMeTHbIX PeHOTUNM4ec-
KMX OTNNYmMiA OT Aaukoro tuna. OBHapyxeHHble heHoTH-
nuyeckne N3MeHeHunst 6bINy pasgeneHbl Ha TpY kaTero-
pun: HapylleHne nonepeyHon xunku kpbina C2, samet-
Hble PeHOTUNMYEeCcKMe U3MEHEHUs (He HacregylTcs) U
MyTauum (Hacnepgytotcs). na onpegeneHns npucyTcT-

Bua Wolbachia B nsocamkoBbix nuHmsax 6bino nposene-
HO nonumMepasHyto LenHyto peakuuo (MLUP) co cneuwn-
dunyeckumn npanmepammn Kk reHam 16S rRNA n wsp
(Wolbachia surface protein) Gaktepun. PesynbTtaThbl.
CaMblIli BLICOKWUI YPOBEHb MYTaHTHbIX (DEHOTUNOB 06Ha-
py>XeHo B nonynaumsx n3 YepHobbINbCKON 30HbI OTHYX-
AEeHUsi, COOTBETCTBEHHO, ObINO MoKasaHo KX CBA3b C
doHoBbLIM ypoBHeM paguaumm (p = 0.0241). PesynbtaT
CMeLLaHHON reHepanv3oBaHHOW perpeccun mnokasar,
4yTo peHoTMNM C HapyweHnamn C2 KoppenupyloT C
npucyTtcTemem eHgocumbuonTa (p = 0.03473) B nonyns-
LUUSIX C paaMoaKTUBHO 3arps3HeHHbIX Tepputopuin. Bbi-
BopA. Yactota nHdbuumposaHua Wolbachia He BnuseT Ha
YacToTy (PEHOTUNMUYECKMX MW3MEHEHWA M MyTauui B
uccregyemblx nonynsauusax. Tem He MeHee, nokasaHa
CBSI3b YaCTOThbl MHPULUMpPOBaHNS BakTepmen ¢ YacToTow
HapyLeHun xunkm C2 ans nonynsumin ¢ 3arpsi3HEHHbIX
TEPPUTOPUIA, XOTS MEeXaHW3Mbl TakoW CBA3N TpebyioT
JarnbHenLWwnx nccneaoBaHun.

KnioueBble cnoBa: Drosophila melanogaster, Wolba-
chia, eHOocumOBWOHT, doHOBas paauauusi, MmyTauus,
beHoTMNNYEeCcKkass W3MEHeHWe, [JanbHsas nornepeyHas
Xunka.
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