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Simple Summary: Wolbachia, the intracellular symbiont of insects, is of big interest and importance
for its numerous effects on the host’s life-history traits. However, the details of Wolbachia—host
interaction are still not well studied and understood. Here, we present data on the influence of two
different Wolbachia strains on the life-history traits of two different wild-type D. melanogaster lines.
The results obtained allow us to assume that the effect of Wolbachia on the flies” life-history traits
depends on the genotypes of both the host and the symbiont, but the fact of recent transfer of the
symbiont to a new host could also be a factor.

Abstract: The best-known effect of the intracellular bacterium Wolbachia is its mostly negative
influence on the reproduction of the host. However, there is evidence of a positive influence of
Wolbachia on the host’s resistance to stress, pathogens, and viruses. Here, we analyzed the effects
of two Wolbachia strains belonging to wMel and wMelCS genotypes on D. melanogaster traits, such
as fertility, survival under acute heat stress, and developmental rate. We found that D. melanogaster
lines under study differ significantly in the above-mentioned characteristics, both when the natural
infection was preserved, and when it was eliminated. One of Wolbachia strains, wMel, did not affect
any of the studied traits. Another strain, wMelPlus, had a significant effect on the development time.
Moreover, this effect is observed not only in the line in which it was discovered but also in the one
it was transferred to. When transferred to a new line, wMelPlus also caused changes in survival
under heat stress. Thus, it could be concluded that Wolbachia—Drosophila interaction depends on the
genotypes of both the host and the symbiont, but some Wolbachia effects could depend not on the
genotypes, but on the fact of recent transfer of the symbiont.
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1. Introduction

Maternally inherited alpha-proteobacterium Wolbachia pipientis, best known for its
ability to induce cytoplasmic incompatibility and manipulate host reproduction [1], occurs
in more than 40% of arthropod species, including Drosophila melanogaster [2,3]. According to
its effect on reproductive biology of the host, Wolbachia has long been considered a parasite,
but now a lot of data have been accumulated indicating that the host, in turn, can benefit
from Wolbachia infection [4].

Another positive aspect of this symbiosis is the possibility of using Wolbachia in
the control of insect pests. Wolbachia have two main uses in this regard: incompatible
insect technique (IIT) based on cytoplasmic incompatibility (CI) caused by Wolbachia in
many insect species [5], and pathogen blocking technique (PBT) based on the ability of
Wolbachia to provide antiviral protection to their host and to spread in a wild population
due to Cl-provided fitness advantages of Wolbachia-infected females [6,7]. IIT achieves a
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suppression of insect pests’ populations due to Wolbachia-infected males’ failure to produce
viable embryos by mating with wild-type uninfected females [8]. PBT blocks the spread of
distinct human pathogens, including Zika, Dengue, Yellow fever and West Nile viruses,
the Plasmodium parasites that cause malaria, and filarial worms in insect vectors such
as Aedes aegypti and Ae. albopictus [7,9]. The combination of IIT and female sterilization
with ionizing radiation was recently used for the population suppression of a fruit pest,
Drosophila suzukii [10,11], making D. melanogaster a valid model for Wolbachia studies.

In the members of the Drosophila genus, some evidence concerning the role of the
genetic features of both bacterium and its host in their interaction was obtained. The
antiviral protection of Wolbachia strains transferred to the same genetic background of
D. simulans from different Drosophila species depends on the Wolbachia genotype [12].
Various Wolbachia genotypes transferred to the same genetic background of D. melanogaster
also demonstrate different effects on the host’s hormonal status and survival under heat
stress [13,14]. On the other hand, the positive effect of Wolbachia infection on D. melanogaster
longevity [15] as well as fitness benefits caused by a Wolbachia infection in population cage
experiments in D. simulans [16] depend on the fly genotype.

In D. melanogaster, Wolbachia genotypes are classified into two groups, wMel and
wMelCS, based on polymorphic markers [17-19]. The wMel group is dominant all over the
world and thus could be considered as giving more benefits to its host [17,20]. However,
we have earlier discovered a Wolbachia strain, wMelPlus, which belongs to the wMelCS
group of genotypes but differs from other described members of this group by a large
inversion [21], and found out that this strain changes host fertility [14] and heat stress
resistance [22]. The positive effect of the wMelPlus strain on D. melanogaster survival
under acute heat stress was demonstrated on two different lines, Bi90T and Canton S,
after infection transfer from donor w153 line to them by 10-20 generations of backcross
with corresponding males [22]. On the other hand, the effect of wMelPlus Wolbachia on
its “native” host, D. melanogaster line w153, was never studied. At the same time, the
uninfected Bi90T line obtained by tetracycline treatment from wild type line Bi90, which
carried wMel Wolbachia from the beginning, did not differ from it in heat stress resistance
and fertility level [13].

So we could not be certain if the previously discovered effects of wMelPlus Wolbachia
on the host’s fitness depends only on the strain’s characteristics and not on the effect of
Wolbachia transfer from line to line. In order to clarify this question, we performed the
present study of fertility level, developmental rate, and stress resistance in two pairs of
D. melanoguaster lines: Bi90-Bi90T and w153-w153T, infected and uninfected with wMel
and wMelPlus Wolbachia genotypes, respectively. The characteristics of line Big0VMelPlus
carrying the wMelPlus strain on the Bi90T line’s genetic background were also investigated
when the effect of the strain on the trait under study was found in the “native” host line,
w153, compared to the tetracycline-treated w153 line.

2. Materials and Methods
2.1. Drosophila Lines and Rearing

The females of the following D. melanogaster lines were used in the study: isofemale
lines w153, carrying Wolbachia infection of wMelPlus genotype, and Bi90 carrying infection
of wMel genotype, established as full-sib families from a single inseminated wild-caught
female from Tashkent (Uzbekistan) and Bishkek (Kyrgystan), correspondingly [19]; the
corresponding uninfected lines, w153 and Bi907, treated with tetracycline for three genera-
tions no less than 10 generations prior to the start of the experiments; and line Bi9Q"MelPlus,
obtained as a result of wMelPlus strain transfer to the Bi90T line by backcrossing with Bi90T
males for 20 generations as described earlier [22].

Flies were maintained on standard food (agar-agar, 7 g/L; corn grits, 50 g/L; dry
yeast, 18 g/L; sugar, 40 g/L) in a MIR-554 incubator (Sanyo, Osaka, Japan) at 25 °C under a
12:12 h light-dark cycle.
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2.2. Developmental Rate Analysis

Males and females with a difference in age no more than 4-5 h since eclosion were
chosen as parents; as they reached 3 days of age, flies were placed into vials (3-5 parent
pairs; 10 vials per experiment group), where they laid eggs for 24 h. Eclosed progeny
(imagoes) were counted every 12 h, at 9 am. and 9 p.m., up to the eclosion of the last
descendant. Developmental rate was presented as a percentage of the total number of
eclosed progeny for every period of measurement.

2.3. Fertility Analysis

To measure fertility, 3 or 5 pairs of young females and males with a difference in age
no more than 4-5 h since eclosion were placed into vials (10 vials per experiment group),
where they laid eggs under standard conditions. For 10 days, the flies were placed into
new vials every 24 h for oviposition. Fertility was measured as the number of progeny
(imagoes) eclosed from the eggs laid every 24 h per female.

2.4. Viability Analysis

To estimate viability under acute heat stress, the vials with flies of all groups (10-15 vials
with 5 females and 5 males each per group) at the age of 6 days were transferred from 25 °C
to 38 °C for 4 h. Then they were returned to 25 °C and the surviving females were counted
24 h later. The survival rates were calculated as the percentage of survivors in each vial.

2.5. Statistical Analyses
2.5.1. Fertility

Each culture vial was considered as a separate case, and the fertility in it per female per
day was considered as a separate trait. Euclidean distance was used to estimate differences
between vials by fertility over a range of days. The matrix of pairwise Euclidean distances
by fertility between all vials of all considered lines was processed by the principal coordinate
method (PCoA). For Euclidean distances, this method is equivalent to principal component
analysis (PCA) [23]. As a rule, differences between lines manifested themselves in one of
the first two principal components, which together accounted for more than half of the total
variance. The significance of the differences between each pair of lines for each principal
component was assessed using a two-sample t-test, applying the Benjamini-Hochberg P
adjustment to correct for multiple testing [24].

Some inconvenience of the Benjamini-Hochberg P adjustment is that it is neces-
sary, in addition to each sample’s p;-value, to calculate the corresponding standard pBH;-
adjustment for comparison. However, the calculation can be greatly simplified by multiply-
ing both indicators by N/i. Then the indicator Np; = p;-value x N/i must be compared
with NpBH; = pBH;-adjustment x N/i=ix/Nx N/i = «, that is, with the standard tabular
level to which everyone is accustomed. It is simple, but very convenient. For i = 1, this
technique also works for the Bonferroni method [25].

For convenience of calculation and presentation of results, each pair of lines compared
by one quantitative characteristic (for example, by the principal component) was combined
into one sample and a dichotomous variable was additionally formed for it so that each
value of the quantitative sample was marked 0 for one of the lines, 1 for another. The
Pearson correlation coefficient r was calculated between the quantitative variable and the
dichotomous one. It is known [26] that calculating the significance of this point-biserial
correlation coefficient r is equivalent to calculating the significance of Student’s f-test used
to compare the means of two normal populations with equal variance. Additionally, the
squared correlation coefficient (r?) is an estimate of the currently recommended effect
size [27], so we also present it in the tables.

2.5.2. Developmental Rate

Every 12 h, the number of emerging flies was recorded for each vial. After the end
of the experiment, the resulting dynamics were normalized to the total number of all
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eclosed flies. Euclidean distance was used to assess differences in developmental rates
for each pair of vials. Next, just as for fertility, the principal components were calculated
by the Gower principal coordinate method and the lines were compared with each other
according to the first two principal components by ¢-test, applying the Benjamini-Hochberg
P adjustment [24] (see the previous section).

2.5.3. Viability

Survival rates were calculated as the percentage of survivors in each vial. The groups
were compared on this trait using the t-test by the Benjamini-Hochberg method [24].

3. Results
3.1. Fertility of D. melanogaster Lines w153 and Bi90 Infected with the wMelPlus and wMel
Wolbachia Strains, Correspondingly, and Control Uninfected Lines w153 and Bi90T

Earlier, we had shown that the wMelPlus strain of Wolbachia being transferred to Bi90T
line of D. melanogaster caused significant changes in host fertility level [14], so the first
thing to study was the fertility of the “native” wMelPlus line w153 in comparison with the
uninfected (tetracycline-treated) line w1537 (Figure 1).
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Figure 1. The fertility of D. melanogaster wild type lines Bi90 (infected with wMel Wolbachia strain),
w153 (infected with wMelPlus Wolbachia strain), Bi90T (uninfected), w1537 (uninfected). Each point
represents an average value of 9-10 replicates (3 females per test) as means + s.e.m.

The Bi90T line, together with its precursor, the Bi90 line naturally infected with the
wMel strain, were taken into analysis as well (Figure 1). Analysis of the fertility curve
shows that, according to the level of fertility, this period can be divided into 2 sub-periods:
(1) typical fertility peak reached between 2 and 4 days after eclosion [28] and (2) subsequent
decrease in fertility level from 5 to 7 days after eclosion. In the first sub-period, lines with
different genetic backgrounds (originating from the Bi90 line and originating from the
w153 line) strongly differ from each other. In the second sub-period, the differences are
smoothed out. We analyzed the differences between all four lines in these sub-periods
using the principal component method (Figure 2).
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Figure 2. PCA plot showing variability of the fertility level per female per day in the Bi90 (infected
with wMel Wolbachia strain), w153 (infected with wMelPlus Wolbachia strain), Bi90T (uninfected),
w1537 (uninfected) lines of D. melanogaster: (a) days 2—4 after eclosion; (b) days 5-7 after eclosion.
Each data point represents one biological replicate (three females per replicate).

In the first sub-period, lines Bi90 and Bi90T clearly differ from lines w153 and w153T,
implying differences in fertility caused by the genetic component of the host, i.e., by
D. melanogaster genotype (Figure 2a). However, there are no differences observed between
both the wMel-infected Bi90 line and the uninfected line Bi90T, and between the wMelPlus-
infected w153 line and the uninfected line w153". In other words, component analysis did
not reveal any differences in fertility for this period resulting from the presence/absence of
both Wolbachia strains under study.

Statistical assessment of the fertility level for days 2—4 is given in Tables S1 and S2,
presenting a pairwise comparison of all lines under study using the t-test (below the
diagonal) by the Benjamini-Hochberg method (above the diagonal). There is a high
significance level for PC1 of the differences between the lines of Bi90 genotype compared
with the lines of w153 genotype (Table S1); there are no significant differences for PC2
(Table S2).

The results of comparing fertility levels of the Bi90 (infected with wMel Wolbachia
strain), w153 (infected with wMelPlus Wolbachia strain), Bi90T (uninfected), and w153
(uninfected) lines in the second sub-period (days 5-7) by the principal component method
are presented in Figure 2b. Significant differences between lines can be seen, just as in
the first sub-period. However, they are less prominent, which is evidenced by minimal
(but significant) t-test by the Benjamini—-Hochberg method for PC1 (Table S3). For PC2,
differences are insignificant (Table 54).

3.2. Developmental Rate of D. melanogaster Lines w153 and Bi90 Infected with the wMelPlus and
wMel Wolbachia Strains, Correspondingly, and Control Uninfected Lines w153T and Bi90T

Working with the Bi9%0 and w153 D. melanogaster lines infected with wMel and-
wMelPlus Wolbachia strains, correspondingly, we have noted that eclosion in the w153 line
occurs one day later than in the Bi90 line. For this reason, we analyzed the developmental
rates of these two lines as well as their uninfected versions, Bi90! and w153". Figure 3
presents developmental rate curves expressed as a percentage of the number of eclosed
flies: from the first to the last, counted at equal 12-h intervals. In the wMel-infected Bi90 line
and the uninfected Bi90T line, developmental rate curves almost match; in the wMelPlus-
infected w153 line, the eclosion peak is delayed by 24 h compared to the Bi90 and Bi90T
lines, and the peak in the uninfected line w153 is close to that of w153.
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Figure 3. The developmental rate of D. melanogaster wild type lines Bi90 (infected with wMel Wolbachia
strain), w153 (infected with wMelPlus Wolbachia strain), Bi90T (uninfected), w153T (uninfected). Each
point represents the percentage of flies eclosed during 12 h (9-10 biological replicates per point;

five flies in each replicate, means + s.e.m.

Developmental rate analysis by the principal component method shows that while
lines with the same genetic background (Bi90 and Bi90T) do not differ from each other, they
differ by PC1 from lines with a different genetic background (w153 and w153") with a high

significance level (Figure 4).
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Figure 4. PCA plot showing the variability of developmental rate in the Bi90 (infected with wMel
Wolbachia strain), w153 (infected with wMelPlus Wolbachia strain), Bi90T (uninfected), w153T (unin-
fected) lines of D. melanogaster: Each point (one replicate) represents the percentage of flies eclosed

during 12 h (five flies in each replicate).
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Tables S5 and S6 show t-test by the Benjamini-Hochberg method for PC1 and PC2,
correspondingly. The significance is very high: for NpBH, it is exponential. Notably,
developmental rates also significantly differ between lines w153 and w153" both by PC1
(Table S5) and by PC2 (Table S6), which may imply that the Wolbachia strain wMelPlus
influences the developmental rate of the w153 line.

3.3. Developmental Rate of the D. melanogaster Line Bi90 Infected with the wMelPlus Wolbachia
Strain in Comparison with the Control Uninfected Line Bi90T

In order to verify our assumption concerning the effect of the wMelPlus strain on host
developmental rate, we studied this trait in the Bi90WMelPlus Jine which carries wMelPlus
Wolbachia on Bi90T nuclear background, in comparison with the uninfected line Bi90®
(Figure 5).
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Figure 5. The developmental rate of D. melanogaster uninfected line Bi90T and line Bi90WMelPlus,
carrying Wolbachia strain wMelPlus from line w153 on nuclear background of line Bi90T. Each point
represents the percentage of flies eclosed during 12 h (10 biological replicates per line; five flies in
each replicate) as means + s.e.m.

The PCA plot (Figure 6) allowed us to determine that the differences in developmental
rate between the Bi90“WMeIPus and Big0T lines are significant in both PC1 and PC2 (Table S7);
or significant at t = 3.73, NpBH = 0.00168 if we rotate the PCA plot by 30° (Figure S1).

3.4. Survival under Acute Heat Stress of D. melanogaster Lines w153 and Bi90 Infected with the
wMelPlus and wMel Wolbachia Strains, Correspondingly, and the Bi90 Line Infected with the

wMelPlus Strain in Comparrison with Control Uninfected Lines Bi90T and w1537

Earlier, we showed that the Bi90WMelPlus Jine is characterized by increased viability un-
der acute heat stress compared with the Bi90 lines infected with other Wolbachia strains [22],
so it was of interest to find out if the wMelPlus strain causes the same effect in its “native”
host, line w153. The analysis of survival under heat stress (38 °C, 4 h) carried out in the
Bi90, Bi90T, Bi90WMelPlus 1153 and w153 lines demonstrated that the line pairs Bi90-Bio0T
and w153-w153T did not differ in stress resistance within the pairs (Figure 7, Table S8).
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Figure 6. PCA plot showing the variability of developmental rate in D. melanogaster uninfected line
Bi90T and line Bi90“WMelPlus carrying Wolbachia strain wMelPlus from line w153 on nuclear back-
ground of line Bi90T. Each point represents the percentage of flies eclosed during 12 h (one biological

replicates per point; five flies in each replicate).
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Figure 7. Survival under heat stress (38 °C, 4 h) of D. melanogaster females of lines Bi90 (infected
with wMel Wolbachia strain), w153 (infected with wMelPlus Wolbachia strain), Bi90T (uninfected),
w1537 (uninfected). Each point represents an average value of 30-35 tests (N = 4 or 5 for each test) as
means £ s.e.m. The asterisk indicates significant differences between the lines (**, p < 0.01; *, p < 0.05).
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However, survival rate under heat stress in both lines with nuclear background of the
wMelPlus-infected w153 line was significantly higher than that of the wMel-infected Bi90
line, and w153%’s survival rate was higher than that of Bi90T (Figure 7, Table S8), which
suggests a strong effect of the D. melanogaster genotype on the trait under study. On the
other hand, the maximum survival rate was demonstrated by the BigowMelPlus jne differing
significantly from the Bi90 and Bi90" lines (Figure 7, Table S8), which could be evidence
of Wolbachia genotype input to the trait value. At the same time, it should be noted that
there was no significant difference in stress resistance between the Bi90“MePIUs Jine and the
w153 and w153T lines (Figure 7, Table S8).

4. Discussion

Most studies performed on D. melanogaster have used only a few “wild-type” strains,
representing very little genetic diversity. However, it is the genetic variation that is one of
the main drivers of the evolution of life-history traits. Major life-history traits, which are
subject to evolution by natural selection and are therefore vital to understanding adaptation,
include developmental rate, size at eclosion, progeny number, life span, and various
stress resistance traits [28]. Here, we present data on two wild-caught isofemale lines
demonstrating significant differences in three life-history traits, namely, developmental
rate, fertility (estimated as progeny per female), and survival under acute heat stress. We
found out that lines Bi90T and w153" differ significantly in all traits under study. It was
shown that fertility level could be highly variable among both laboratory lines and wild
populations measured in the laboratory [29-31] but correlations between progeny number
and developmental rate were usually positive [28]. However, females of the w1537 line
demonstrated a higher fertility level and a lower developmental rate compared to the
Bi90T line (see Figures 1, 2a, 3 and 4), i.e., these two traits were negatively correlated,
which was rather unexpected for us. Moreover, reduced fertility observed in the Bi90T line
(compared to the w153" line) was shown to correlate to increased resistance to such types
of stressors as desiccation and starvation [32,33], but in our experiments it went together
with decreased resistance to heat stress (see Figure 7). This could mean the existence
of a different mechanism of resistance to different types of stress, the specificity of lines
under study, or even both. The fact that stands for the uniqueness of one of the studied
lines, w1537, is that it carries the rather unique Wolbachia strain wMelPlus, which not only
alters its “native” host’s developmental rate (see Figures 3 and 4), but also changes the
fertility level, starvation, and heat stress resistance of the host when transferred to a new
D. melanogaster line [14,22,34]. It should be noted that for other Wolbachia strains (except
the well-known pathogenic strain wMelPop [35]) no such effects were found either in the
“native” host or following transfer to a new one [13,14,22].

There is evidence that the interaction between Wolbachia and Drosophila has a complex
nature. For example, it was found that a single Wolbachia strain wHa being transferred into
three genetically distinct isofemale lines of Drosophila simulans with the use of microinjection
methodology caused a dramatic fitness benefit in one of these lines and did not affect the
fitness of two others [16]. The transfection of a single Wolbachia strain of wMel genotype into
two different Drosophila species, D. melanogaster and D. nigrosparsa, resulted in completely
different changes in the differential expression of genes [36].

On the other hand, different Wolbachia strains being transferred to the same D. melanogaster
line Bi90T caused different effects on fertility level, dopamine metabolism, and resistance
to heat stress [13,14,22]. The results obtained in the present paper correspond with these
data: the wMelPlus strain, which belongs to the wMelCS Wolbachia genotype and is shown
to affect the fertility of females of line Bi90"WMelCS [14], does not influence this trait in its
“native” host, the D. melanogaster line w153 (see Figures 1 and 2, Tables S1 and S2). Similarly,
the wMelPlus strain increases resistance to acute heat stress when transferred to the Canton
S or Bi90! lines [22], but does not affect it in w153 (see Figure 7).

Several attempts to shed light on the molecular mechanisms of the effect of Wolbachia on
host’s physiology have been made. The transcriptome analyses of infected D. melanogaster
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females performed recently demonstrated changes in differential gene expression, which
allowed to relate them to the Gene Ontology terms Iron ion binding and Oxidation—reduction
process [36] or to create protein—protein interaction networks in STRING with the strongest
interactions including Metabolism, Ubiquitin, RNA binding and processing, Transcription and
translation and Stress [37]. The latter correlates with our findings concerning increased stress
resistance of wMelPlus-infected females, and data on changes in metabolism correspond
with results on increased lipid and glucose content found in both Bi90 and Bi90wMelPlus
females [34]. However, it is not obvious how the findings made in transcriptome analyses
are connected with the effect of Wolbachia on fertility or developmental rate.

It is well-known that effects of many mutations found in one genetic background are
often suppressed or enhanced in other backgrounds [38]. According to the data obtained
here and presented in other investigations, it seems possible to suggest that an epistatic
interaction of this kind could be discovered in genetic interaction between a host and a
symbiotic bacterium, Wolbachia in particular.

However, not all effects of the wMelPlus strain depend on the host genotype: one
can see that it slows down developmental rate and postpones eclosion in both w153 and
Bi90WMeICS Jines (see Figures 3—6). It was shown in the end of the last century and the
beginning of the present one that considerable variation in egg-to-adult development time
could occur among wild-type strains of various Drosophila species [39,40]. As testing flies
for the presence of Wolbachia was not common practice at the time, and Drosophila has
been shown to have high rates of infection [2], one cannot be sure that at least part of
the variables observed in these studies were not caused by Wolbachia. Another possible
explanation for our findings could be the uniqueness of the wMelPlus Wolbachia strain,
which is the only one to be found to increase resistance to acute heat stress [14,22] and to
change the host’s developmental rate (see Figures 3—6). The latter assumption is indirectly
confirmed by the data of Strunov et al. [41], who found that the wMelCS type of infection
and the wMel type did not influence any developmental life-history traits.

It should be noted that the results which demonstrate that wMelCS-infected flies
were more fertile than wMel-infected flies, while the latter did not differ in fertility from
uninfected flies [41], also agree with our data showing that the wMel Wolbachia strain,
which infected the Bi90 line, does not cause any effects on the life-history traits under
study. No changes in fertility level, developmental rate, and stress resistance in the Bi90
line compared to the uninfected Bi90" line were observed, while the w153 line infected
with Wolbachia of the wMelCS type has increased early life fertility level compared to the
Bi90 and Bi90" lines (Figures 1-7). Increased usefulness of the wMelCS type of Wolbachia
compared to the wMel type in terms of enhancing the host’s fertility was also demonstrated
in the experiments with fertility rescue in flies with the bag of marbles (bam) hypomorphic
mutation [42]. Moreover, wMelCS-like Wolbachia variants were shown to provide stronger
protection against Drosophila Flock House and C viruses compared to wMel-like variants as
well [43].

Thus, it could be concluded that Wolbachia—Drosophila interaction depends on the
genotypes of both the host and the symbiont. However, taking into account that some of
wMelPlus effects on life-history traits occur in the infected Bi90 and Canton S lines and
not in the “native” line for this strain, w153, it could be hypothesized that at least some of
the effects which occur in a D. melanogaster host infected with Wolbachia depend not on the
genotype of the symbiont, but on the fact of its recent transfer. And one more supposition
is possible as the w153T line is characterized by increased early life fertility and stress
resistance (see Figures 1, 2 and 7) even in the absence of the wMelPlus Wolbachia strain (see
Figures 1, 2 and 7). We suppose that it could be an evidence of a successful co-evolution
of the host line w153 and the symbiont Wolbachia strain wMelPlus. It can also be said that
our data provides some insight into the prospects for the use of Wolbachia in pest control,
indicating the need for thorough genetic studies of Wolbachia strains in pest species, such as
D. suzuki or mosquitoes of the Aedes genus, aimed at finding the genetic variations of the
bacterium most suitable for IIT and PBT.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/insects14120928 /s1, Table S1. Significance level for PC1 of the
fertility differences between the Bi90 (infected with wMel Wolbachia strain), w153 (infected with
wMelPlus strain), Bi90T (uninfected), w153 (uninfected) lines for days 2—4 after eclosion using
the t-test by the Benjamini-Hochberg method. Table S2. Significance level for PC2 of the fertility
differences between the Bi90 (infected with wMel Wolbachia strain), w153 (infected with wMelPlus
strain), Bi90T (uninfected), w1537 (uninfected) lines for days 2—4 after eclosion using the t-test by
the Benjamini-Hochberg method. Table S3. Significance level for PC1 of the fertility differences
between the Bi90 (infected with wMel Wolbachia strain), w153 (infected with wMelPlus strain),
Bi90T (uninfected), w153T (uninfected) lines for days 5-7 after eclosion using the t-test by the
Benjamini-Hochberg method. Table S4. Significance level for PC2 of the fertility differences between
Bi90 (infected with wMel Wolbachia strain), w153 (infected with wMelPlus strain), Bi90T (uninfected),
w1537 (uninfected) lines for days 5-7 after eclosion using the t-test by the Benjamini-Hochberg
method. Table S5. Significance level for PC1 of the differences in developmental rate between the
Bi90 (infected with wMel Wolbachia strain), w153 (infected with wMelPlus strain), Bi90T (uninfected),
w1537 (uninfected) lines with the t-test by the Benjamini-Hochberg method. Table S6. Significance
level for PC2 of the differences in developmental rate between the Bi90 (infected with wMel Wolbachia
strain), w153 (infected with wMelPlus strain), Bi90T (uninfected), w1537 (uninfected) lines using
the t-test by the Benjamini-Hochberg method. Table S7. Significance level for PC1 and PC2 of the
differences in developmental rate between the Bi90T and Bi90WMeIPIus Jines using the t-test by the
Benjamini-Hochberg method. Figure S1. PCA plot (after a 30° rotation) showing the variability
of developmental rate in the Bi90T and Bi90WMeIPlus Jines of D. melanogaster. Each point represents
the percentage of flies eclosed during 12 h (one biological replicates per point; five flies in each
replicate). Table S8. Significance level of the differences in survival under acute heat stress between
the Bi90 (infected with wMel Wolbachia strain), w153 (infected with wMelPlus Wolbachia strain), Bi90T
(uninfected), w1537 (uninfected) lines using the t-test by the Benjamini-Hochberg method.

Author Contributions: Conceptualization, N.V.A. and N.E.G.; methodology, N.V.A. and VM.E,;
software, VML.E.,; validation, VM.E.; formal analysis, N.E.G. and V.M.E,; investigation, N.V.A ;
writing—original draft preparation, N.V.A., VM.E. and N.E.G.; writing—review and editing, N.E.G.;
visualization, N.V.A. and VM.E; supervision, N.E.G.; project administration, N.E.G.; funding acquisi-
tion, N.E.G. All authors have read and agreed to the published version of the manuscript.

Funding: The study is supported by RSF grant No. 21-14-00090.
Data Availability Statement: Data are contained within the article.

Acknowledgments: The maintenance of experimental D. melanogaster lines was carried out in the
Drosophila collection of the Institute of Cytology and Genetics SB RAS and was supported by BP
#FWNR-2022-0019 of the Ministry of Science and Higher Education of the Russian Federation. We
thank Darya Kochetova for language editing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Werren, ].H.; Baldo, L.; Clarkm, M.E. Wolbachia: Master manipulators of invertebrate biology. Nat. Rev. Microbiol. 2008, 6, 741-751.
[CrossRef] [PubMed]

2. Kriesner, P.; Conner, W.R.; Weeks, A.R.; Turelli, M.; Hoffmann, A.A. Persistence of a Wolbachia infection frequency cline in
Drosophila melanogaster and the possible role of reproductive dormancy. Evolution 2016, 70, 979-997. [CrossRef] [PubMed]

3. Zug, R.; Hammerstein, P. Still a host of hosts for Wolbachia: Analysis of recent data suggests that 40% of terrestrial arthropod
species are infected. PLoS ONE 2012, 7, €38544. [CrossRef] [PubMed]

4. Burdina, E.V;; Gruntenko, N.E. Physiological Aspects of Wolbachia pipientis—Drosophila melanogaster Relationship. J. Evol. Biochem.
Phys. 2022, 58, 303-317. [CrossRef]

5. Shropshire, ].D.; Leigh, B.; Bordenstein, S.R. Symbiont-mediated cytoplasmic incompatibility: What have we learned in 50 years?
eLife 2020, 9, 61989. [CrossRef]

6. Pimentel, A.C.; Cesar, C.S.; Martins, M.; Cogni, R. The antiviral effects of the symbiont bacteria Wolbachia in insects. Front.
Immunol. 2020, 11, 626329. [CrossRef]

7.  Caragata, E.P.; Dutra, H.L.C.; Sucupira, PH.F,; Ferreira, A.G.A.; Moreira, L.A. Wolbachia as translational science: Controlling

mosquitoborne pathogens. Trends Parasitol. 2021, 37, 1050-1067. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/insects14120928/s1
https://www.mdpi.com/article/10.3390/insects14120928/s1
https://doi.org/10.1038/nrmicro1969
https://www.ncbi.nlm.nih.gov/pubmed/18794912
https://doi.org/10.1111/evo.12923
https://www.ncbi.nlm.nih.gov/pubmed/27076356
https://doi.org/10.1371/journal.pone.0038544
https://www.ncbi.nlm.nih.gov/pubmed/22685581
https://doi.org/10.1134/S0022093022020016
https://doi.org/10.7554/eLife.61989
https://doi.org/10.3389/fimmu.2020.626329
https://doi.org/10.1016/j.pt.2021.06.007
https://www.ncbi.nlm.nih.gov/pubmed/34303627

Insects 2023, 14, 928 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

Kaur, R.; Shropshire, J.D.; Cross, K.L.; Leigh, B.; Mansueto, A.J.; Stewart, V.; Bordenstein, S.R.; Bordenstein, S.R. Living in the
endosymbiotic world of Wolbachia: A centennial review. Cell Host. Microbe 2021, 29, 879-893. [CrossRef]

Gong, ].T.; Li, T.P,; Wang, M.K; Hong, X.Y. Wolbachia-based strategies for control of agricultural pests. Curr. Opin. Insect. Sci. 2023,
57,101039. [CrossRef]

Nikolouli, K.; Colinet, H.; Renault, D.; Enriquez, T.; Mouton, L.; Gibert, P.; Sassu, E.; Céceres, C.; Stauffer, C.; Pereira, R.; et al.
Sterile insect technique and Wolbachia symbiosis as potential tools for the control of the invasive species Drosophila suzukii. ]. Pest
Sci. 2018, 91, 489-503. [CrossRef] [PubMed]

Nikolouli, K.; Sassu, F; Mouton, L.; Stauffer, C.; Bourtzis, K. Combining sterile and incompatible insect techniques for the
population suppression of Drosophila suzukii. J. Pest Sci. 2020, 93, 647-661. [CrossRef] [PubMed]

Martinez, J.; Tolosana, I.; Ok, S.; Smith, S.; Snoeck, K.; Day, ].P,; Jiggins, EM. Symbiont strain is the main determinant of variation
in Wolbachia-mediated protection against viruses across Drosophila species. Mol. Ecol. 2017, 26, 4072-4084. [CrossRef] [PubMed]
Gruntenko, N.E.; Ilinsky, Y.Y.; Adonyeva, N.V,; Burdina, E.V.; Bykov, R.A.; Menshanov, PN.; Rauschenbach, 1.Y. Various Wolbachia
genotypes differently influence host Drosophila dopamine metabolism and survival under heat stress conditions. BMC Evol. Biol.
2017, 28 (Suppl. S2), 252. [CrossRef] [PubMed]

Gruntenko, N.E.; Karpova, E.K.; Adonyeva, N.V.; Andreenkova, O.V,; Burdina, E.V,; llinsky, Y.Y.; Bykov, R.A.; Menshanov, PN.;
Rauschenbach, 1.Y. Drosophila female fertility and juvenile hormone metabolism depends on the type of Wolbachia infection. J. Exp.
Biol. 2019, 22, jeb195347. [CrossRef] [PubMed]

Fry, AJ.; Rand, D.M. Wolbachia interactions that determine Drosophila melanogaster survival. Evolution 2002, 56, 1976-1981.
[PubMed]

Dean, M.D. A Wolbachia-associated fitness benefit depends on genetic background in Drosophila simulans. Proc. R. Soc. B Biol. Sci.
2006, 273, 1415-1420. [CrossRef]

Riegler, M.; Sidhu, M.; Miller, W.J.; O’Neill, S.L. Evidence for a global Wolbachia replacement in Drosophila melanogaster. Curr. Biol.
2005, 15, 1428-1433. [CrossRef]

Nunes, M.D.; Nolte, V.; Schlotterer, C. Nonrandom Wolbachia infection status of Drosophila melanogaster strains with different
mtDNA haplotypes. Mol. Biol. Evol. 2008, 25, 2493-2498. [CrossRef] [PubMed]

Ilinsky, Y.Y. Coevolution of Drosophila melanogaster mtDNA and Wolbachia genotypes. PLoS ONE 2013, 8, e54373. [CrossRef]
[PubMed]

Richardson, M.F.; Weinert, L.A.; Welch, ] J.; Linheiro, R.S.; Magwire, M.M.; Jiggins, EM.; Bergman, C.M. Population genomics of
the Wolbachia endosymbiont in Drosophila melanogaster. PLoS Genet. 2012, 8, €1003129. [CrossRef] [PubMed]

Korenskaia, A.E.; Shishkina, O.D.; Klimenko, A.I; Andreenkova, O.V.; Bobrovskikh, M.A.; Shatskaya, N.V,; Vasiliev, G.V.; Grun-
tenko, N.E. New Wolbachia pipientis Genotype Increasing Heat Stress Resistance of Drosophila melanogaster Host Is Characterized
by a Large Chromosomal Inversion. Int. J. Mol. Sci. 2022, 23, 16212. [CrossRef] [PubMed]

Burdina, E.V.; Bykov, R.A.; Menshanov, PN; Ilinsky, Y.Y.; Gruntenko, N.E. Unique Wolbachia strain wMelPlus increases heat stress
resistance in Drosophila melanogaster. Arch. Insect. Biochem. Physiol. 2021, 106, €21776. [CrossRef] [PubMed]

Gower, J.C. Some distance properties of latent root and vector methods used in multivariate analysis. Biometrika 1966, 53, 238-325.
[CrossRef]

Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat.
Soc. Ser. B Methodol. 1995, 57, 289-300. [CrossRef]

Narkevich, A.N.; Vinogradov, K.A.; Grjibovski, A.M. Multiple Comparisons in Biomedical Research: The Problem and its
Solutions. Ekol. Cheloveka 2020, 10, 55-64. [CrossRef]

Kendall, M.G.; Stuart, A. The Advanced Theory of Statistics: Inference and Relationship, 2nd ed.; C. Griffin: London, UK, 1961;
Volume 2, p. 312, paragraph 26.35.

Wasserstein, R.L.; Schirm, A.L.; Lazar, N.A. Moving to a world beyond “p < 0.05”. Am. Stat. 2019, 73 (Suppl. S1), 1-19.

Flatt, T. Life-History Evolution and the Genetics of Fitness Components in Drosophila melanogaster. Genetics 2020, 214, 3-48.
[CrossRef]

Klepsatel, P.; Galikova, M.; De Maio, N.; Ricci, S.; Schlétterer, C.; Flatt, T. Reproductive and post-reproductive life history of
wild-caught Drosophila melanogaster under laboratory conditions. J. Evol. Biol. 2013, 26, 1508-1520. [CrossRef]

Durham, M.E; Magwire, M.M.; Stone, E.A.; Leips, ]. Genome-wide analysis in Drosophila reveals age-specific effects of SNPs on
fitness traits. Nat. Commun. 2014, 5, 4338. [CrossRef] [PubMed]

Fabian, D.K.; Lack, ].B.; Mathur, V,; Schlétterer, C.; Schmidt, P.S.; Pool, J.E.; Flatt, T. Spatially varying selection shapes life history
clines among populations of Drosophila melanogaster from sub-Saharan Africa. J. Evol. Biol. 2015, 28, 826-840. [CrossRef]
Hoffmann, A.A.; Harshman, L.G. Desiccation and starvation resistance in Drosophila: Patterns of variation at the species,
population and intrapopulation levels. Heredity 1999, 83 (Pt 6), 637-643. [CrossRef]

Rion, S.; Kawecki, T.J. Evolutionary biology of starvation resistance: What we have learned from Drosophila. ]. Evol. Biol. 2007,
20, 1655-1664. [CrossRef] [PubMed]

Karpova, EXK.; Bobrovskikh, M.A.; Deryuzhenko, M.A.; Shishkina, O.D.; Gruntenko, N.E. Wolbachia Effect on Drosophila
melanogaster Lipid and Carbohydrate Metabolism. Insects 2023, 14, 357. [CrossRef] [PubMed]

Min, K.T.; Benzer, S. Wolbachia, normally a symbiont of Drosophila, can be virulent, causing degeneration and early death. Proc.
Natl. Acad. Sci. USA 1997, 94, 10792-10796. [CrossRef] [PubMed]


https://doi.org/10.1016/j.chom.2021.03.006
https://doi.org/10.1016/j.cois.2023.101039
https://doi.org/10.1007/s10340-017-0944-y
https://www.ncbi.nlm.nih.gov/pubmed/29568248
https://doi.org/10.1007/s10340-020-01199-6
https://www.ncbi.nlm.nih.gov/pubmed/32132880
https://doi.org/10.1111/mec.14164
https://www.ncbi.nlm.nih.gov/pubmed/28464440
https://doi.org/10.1186/s12862-017-1104-y
https://www.ncbi.nlm.nih.gov/pubmed/29297293
https://doi.org/10.1242/jeb.195347
https://www.ncbi.nlm.nih.gov/pubmed/30679245
https://www.ncbi.nlm.nih.gov/pubmed/12449484
https://doi.org/10.1098/rspb.2005.3453
https://doi.org/10.1016/j.cub.2005.06.069
https://doi.org/10.1093/molbev/msn199
https://www.ncbi.nlm.nih.gov/pubmed/18780877
https://doi.org/10.1371/journal.pone.0054373
https://www.ncbi.nlm.nih.gov/pubmed/23349865
https://doi.org/10.1371/journal.pgen.1003129
https://www.ncbi.nlm.nih.gov/pubmed/23284297
https://doi.org/10.3390/ijms232416212
https://www.ncbi.nlm.nih.gov/pubmed/36555851
https://doi.org/10.1002/arch.21776
https://www.ncbi.nlm.nih.gov/pubmed/33644932
https://doi.org/10.1093/biomet/53.3-4.325
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.33396/1728-0869-2020-10-55-64
https://doi.org/10.1534/genetics.119.300160
https://doi.org/10.1111/jeb.12155
https://doi.org/10.1038/ncomms5338
https://www.ncbi.nlm.nih.gov/pubmed/25000897
https://doi.org/10.1111/jeb.12607
https://doi.org/10.1046/j.1365-2540.1999.00649.x
https://doi.org/10.1111/j.1420-9101.2007.01405.x
https://www.ncbi.nlm.nih.gov/pubmed/17714282
https://doi.org/10.3390/insects14040357
https://www.ncbi.nlm.nih.gov/pubmed/37103172
https://doi.org/10.1073/pnas.94.20.10792
https://www.ncbi.nlm.nih.gov/pubmed/9380712

Insects 2023, 14, 928 13 of 13

36.

37.

38.

39.

40.

41.

42.

43.

Detcharoen, M.; Schilling, M.P.,; Arthofer, W.; Schlick-Steiner, B.C.; Steiner, EM. Differential gene expression in Drosophila
melanogaster and D. nigrosparsa infected with the same Wolbachia strain. Sci. Rep. 2021, 11, 11336. [CrossRef] [PubMed]

Lindsey, A.R.L; Bhattacharya, T.; Hardy, R.W.; Newton, I.L.G. Wolbachia and Virus Alter the Host Transcriptome at the Interface
of Nucleotide Metabolism Pathways. mBio 2021, 12, e03472-20. [CrossRef]

Mackay, T.E.C. Epistasis and quantitative traits: Using model organisms to study gene-gene interactions. Nat. Rev. Genet. 2014,
15, 22-33. [CrossRef]

Welbergen, P.; Sokolowski, M.B. Development time and pupation behavior in the Drosophila melanogaster subgroup (Diptera:
Drosophilidae). J. Insect. Behav. 1994, 7, 263-277. [CrossRef]

Flatt, T.; Kawecki, T.J. Pleiotropic effects of methoprene-tolerant (Met), a gene involved in juvenile hormone metabolism, on life
history traits in Drosophila melanogaster. Genetica 2004, 122, 141-160. [CrossRef]

Strunov, A.; Lerch, S.; Blanckenhorn, W.U.; Miller, W.J.; Kapun, M. Complex effects of environment and Wolbachia infections on
the life history of Drosophila melanogaster hosts. J. Evol. Biol. 2022, 35, 788-802. [CrossRef]

Bubnell, J.E.; Fernandez-Begne, P.; Ulbing, C.K.S.; Aquadro, C.F. Diverse wMel variants of Wolbachia pipientis differentially
rescue fertility and cytological defects of the bag of marbles partial loss of function mutation in Drosophila melanogaster. G3 2021,
11, jkab312. [CrossRef] [PubMed]

Chrostek, E.; Marialva, M.S.; Esteves, S.S.; Weinert, L.A.; Martinez, J.; Jiggins, EM.; Teixeira, L. Wolbachia variants induce
differential protection to viruses in Drosophila melanogaster: A phenotypic and phylogenomic analysis. PLoS Genet. 2013,
9, €1003896. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41598-021-90857-5
https://www.ncbi.nlm.nih.gov/pubmed/34059765
https://doi.org/10.1128/mBio.03472-20
https://doi.org/10.1038/nrg3627
https://doi.org/10.1007/BF01989734
https://doi.org/10.1023/B:GENE.0000041000.22998.92
https://doi.org/10.1111/jeb.14016
https://doi.org/10.1093/g3journal/jkab312
https://www.ncbi.nlm.nih.gov/pubmed/34580706
https://doi.org/10.1371/journal.pgen.1003896
https://www.ncbi.nlm.nih.gov/pubmed/24348259

	Introduction 
	Materials and Methods 
	Drosophila Lines and Rearing 
	Developmental Rate Analysis 
	Fertility Analysis 
	Viability Analysis 
	Statistical Analyses 
	Fertility 
	Developmental Rate 
	Viability 


	Results 
	Fertility of D. melanogaster Lines w153 and Bi90 Infected with the wMelPlus and wMel Wolbachia Strains, Correspondingly, and Control Uninfected Lines w153T and Bi90T 
	Developmental Rate of D. melanogaster Lines w153 and Bi90 Infected with the wMelPlus and wMel Wolbachia Strains, Correspondingly, and Control Uninfected Lines w153T and Bi90T 
	Developmental Rate of the D. melanogaster Line Bi90 Infected with the wMelPlus Wolbachia Strain in Comparison with the Control Uninfected Line Bi90T 
	Survival under Acute Heat Stress of D. melanogaster Lines w153 and Bi90 Infected with the wMelPlus and wMel Wolbachia Strains, Correspondingly, and the Bi90 Line Infected with the wMelPlus Strain in Comparrison with Control Uninfected Lines Bi90T and w153T 

	Discussion 
	References

