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Abstract

Background: Symbiotic interactions between microbes and animals are common in nature. Symbiotic organisms
are particularly common in insects and, in some cases, they may protect their hosts from pathogenic infections.
Wolbachia and Spiroplasma endosymbionts naturally inhabit various insects including Drosophila melanogaster fruit
flies. Therefore, this symbiotic association is considered an excellent model to investigate whether endosymbiotic
bacteria participate in host immune processes against certain pathogens. Here we have investigated whether the
presence of Wolbachia alone or together with Spiroplasma endosymbionts in D. melanogaster adult flies affects the
immune response against the virulent insect pathogen Photorhabdus luminescens and against non-pathogenic
Escherichia coli bacteria.

Results: We found that D. melanogaster flies carrying no endosymbionts, those carrying both Wolbachia and
Spiroplasma, and those containing Wolbachia only had similar survival rates after infection with P. luminescens or
Escherichia coli bacteria. However, flies carrying both endosymbionts or Wolbachia only contained higher numbers
of E coli cells at early time-points post infection than flies without endosymbiotic bacteria. Interestingly, flies
containing Wolbachia only had lower titers of this endosymbiont upon infection with the pathogen P. luminescens
than uninfected flies of the same strain. We further found that the presence of Wolbachia and Spiroplasma in D.
melanogaster up-regulated certain immune-related genes upon infection with P. luminescens or E. coli bacteria, but
it failed to alter the phagocytic ability of the flies toward E. coli inactive bioparticles.

Conclusion: Our results suggest that the presence of Wolbachia and Spiroplasma in D. melanogaster can modulate
immune signaling against infection by certain insect pathogenic and non-pathogenic bacteria. Results from such
studies are important for understanding the molecular basis of the interactions between endosymbiotic bacteria of
insects and exogenous microbes.
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Background

The insect innate immune system includes a variety of
defense mechanisms that individually or in tandem prevent
foreign microoorganisms from invading the insect body or
suppressing pathogen growth and proliferation [1, 2]. The
main insect defense mechanisms include the expression of
antimicrobial peptides (AMP) by the fat body (equivalent to
mammalian liver) into the hemolymph (equivalent to mam-
malian blood) [3], cellular responses by insect hemocytes
(equivalent to mammalian white blood cells) [4], melaniza-
tion and coagulation responses in the hemolymph [5], and
generation of reactive oxygen species and nitric oxide in
epithelial cells [6, 7]. These immune functions have
been well characterized in the common fruit fly Dros-
ophila melanogaster, which is an excellent model for
studying the molecular and functional basis of the in-
nate immune response [8, 9].

In addition to interactions with exogenous microbes, in-
sects also interact with their endosymbiotic bacteria that
are able to manipulate various physiological functions and
the reproductive properties of their hosts [10]. Two of the
most widespread and widely studied endosymbionts are
Wolbachia and Spiroplasma, the first are carried by
between 20 % and 70 % of all insect species [11, 12]. Wol-
bachia is a genus of maternally-transmitted, intracellular,
Gram-negative, o-proteobacteria which is known to in-
duce parthenogenesis, male-killing, feminization, and
cytoplasmic incompatibility (sperm-egg incompatibility) in
their insect hosts [13, 14]. Spiroplasma is a genus of wall-
less, motile, helical, Gram-positive bacteria which interact
endo- and extracellularly with various insect species. Some
strains of Spiroplasma can cause female-biased sex ratios
through selective death of male offspring in their insect
hosts [15]. Wolbachia and Spiroplasma have developed
strategies to evade inherent insect host immune defenses
in order to ensure survival and transmission and as a re-
sult, insect hosts have accordingly developed mechanisms
to regulate endosymbiont populations to prevent fitness
costs [16—19].

Although relationships between insects and their endo-
symbiotic bacteria have been studied most commonly
with respect to nutritional effects on the host, recent stud-
ies have shown that some endosymbionts can protect their
insect hosts from infections by certain pathogens [20].
Interestingly, D. melanogaster flies naturally contain Wol-
bachia and Spiroplasma endosymbionts, and they there-
fore constitute a convenient experimental model to
investigate the impact of endosymbionts on the regulation
of host immune function [12, 21]. Previous studies have
shown that the presence of certain Wolbachia strains in
D. melanogaster flies although it does not alter immune
gene transcription [22], it can greatly enhance survival to
infection by certain RNA viruses [23-31] and parasitoid
wasps [32-34], but not to bacterial infections [35, 36].
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The presence of Spiroplasma endosymbionts in D. mel-
anogaster flies does not activate the immune system,
but induction of Toll or immune deficiency (Imd) im-
mune signaling increases Spiroplasma titer in the fly
hemolymph. Also, D. melanogaster flies carrying Spiro-
plasma endosymbionts are more sensitive to some
Gram-negative bacterial pathogens [37].

The Photorhabdus genus of entomopathogenic bac-
teria is a member of the Enterobacteriaceae family. In
addition to being a highly virulent pathogen of insects,
Photorhabdus maintains a mutualistic relationship with
nematodes in the Heterorhabditidiae family [38]. P.
luminescens bacteria are found in the gut of the infective
juvenile (I]) stage of the nematode Heterorhabditis bac-
teriophora [39]. The IJ stage is an obligate part of the
nematode life-cycle that is required for infection of vari-
ous insect species. Once inside the insect, the IJ regurgi-
tates P. [uminescens into the hemolymph where the
bacteria begin to divide exponentially producing a wide
range of toxins and hydrolytic enzymes that result in in-
sect death within a few days [40]. Previous studies have
shown that P. [uminescens has evolved strategies for ac-
tively suppressing humoral and cellular immunity in in-
fected insects to facilitate its successful replication and
spread into the host [41].

The goal of this study was to investigate for the first
time the participation of Wolbachia endosymbionts
alone or in combination with Spiroplasma in the im-
mune response of D. melanogaster adult flies against the
virulent insect pathogen P. luminescens and a non-
pathogenic strain of Escherichia coli. For this, we used
D. melanogaster strains carrying different combinations
of Wolbachia and Spiroplasma endosymbionts and
found that although the survival response of flies with or
without endosymbionts was unaffected upon infection
with the pathogen P. luminescens or the non-pathogen E.
coli, there were changes in bacterial load and endosymbi-
ont titers in the infected flies. Interestingly, we further
found significant induction of certain immune-related
genes in flies carrying both endosymbionts following in-
fection with the pathogenic or the non-pathogenic bac-
teria. This study shows that D. melanogaster and its
endosymbiotic microbes form a particularly useful system
to understand the impact of endosymbiosis on host im-
mune activation and function against virulent pathogens
as well as against non-pathogenic microorganisms.

Methods

Fly strains

D. melanogaster flies carrying both Wolbachia pipientis
(strain wMel) and Spiroplasma poulsonii (strain MSRO)
endosymbionts (designated as W + S+), no endosymbi-
otic bacteria (W-S-), or Wolbachia only (W +S-) were
used in all experiments. All three types were derived
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from a single isofemale line collected in Uganda by John
Pool. The original wild-caught female was infected with
both endosymbionts (W + S+); a sub-strain carrying only
Wolbachia (W + S-) was obtained as a result of imper-
fect maternal transmission of Spiroplasma during lab
culture; and a symbiont-free sub-strain (W-S-) was ob-
tained by raising flies on medium containing tetracycline
(final concentration of 0.25 mg/mL media) for one gen-
erations, followed by >10 generations of growth on
tetracycline-free medium to allow recovery from tetra-
cycline treatment. Because Spiroplasma is a male-killer
[42], W + S+ strain produces a few or no males; so main-
taining this strain entails mating its females to males
from the W-S- strain every generation. All D. melanoga-
ster strains were amplified for experimentation with ap-
proximately 2.5 g of Carolina Formula 4-24 Instant
Drosophila media (Carolina Biological Supply), 10 mL of
deionized water, and a dash (approximately 0.003 g) of
dry baker’s yeast granules. All stocks were maintained at
25 °C and a 12:12-h light:dark photoperiodic cycle. Adult
female flies aged 7-10 day old were used in infection as-
says with bacteria.

Endosymbiont status of fly strains

Presence of endosymbionts in D. melanogaster strains was
confirmed by performing diagnostic PCR on at least ten in-
dividual flies per strain. DNA from flies was isolated using
DNeasy Blood & Tissue Kit (Qiagen). PCR amplifications
of Wolbachia and Spiroplasma sequences were performed
using the following sets of primers: Wsp (Wolbachia), For-
ward: CATTGGTGTTGGTGTTGGTG and Reverse: AC
CGAAATAACGAGCTCCAG [43]; and DnaA (Spiro-
plasma), Forward: TTAAGAGCAGTTTCAAAATCGGG
and Reverse: TGAAAAAAACAAACAACAAATTGTTA
TTACTTC [44] Each reaction was carried out in 50 pl
volume containing 20 pl of 5-Prime Hot Master mix, 1 pl
each of forward and reverse primer (10 pM), 27 pl of nu-
clease free water and 1 pl of DNA (100-300 ng/pl). PCR
amplifications were performed using a Bio-Rad T100
Thermal Cycler with the following cycling conditions:
94 °C for 2 min, 34 cycles of 94 °C for 30 s, 59 °C (Wsp
primers) or 56.7 °C (DnaA primers) for 1 min and 72 °C
for 30 s, and 72 °C for 5 min. PCR control reactions for
ribosopmal protein L32 (RpL32) gene were performed
using the primers Rp49, Forward: GATGACCATCCGCC
CAGCA and Reverse: CGGACCGACAGCTGCTTGGC
with annealing temperature of 61 °C [45]. PCR samples
were run on a 0.8 % agarose gel DNA bands were visual-
ized using a Molecular Image Chemidoc XRS (Bio-Rad).

Bacterial strains

The insect pathogenic bacterium P. [uminescens subsp. lau-
mondii (strain TTO1) and the non-pathogenic bacterium
Escherichia coli (strain K12) were used for fly infections.
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Bacterial cultures (10 ml) were prepared in sterile Luria-
Bertani (LB) broth and grown for approximately 18—24 h at
30 °C on a rotary shaker at 280 rpm. Bacterial cultures were
centrifuged at 885 g or 3,000 rpm and 4 °C for 5 min and
the resulting bacterial pellets were washed and re-
suspended in 1X sterile phosphate-buffered saline (PBS,
Sigma Aldrich). Bacterial cell concentration of the final
solution was analyzed using a spectrophotometer
(NanoDropTM 2000c — Thermo Fisher Scientific), and
concentration was adjusted to Optical Density (260 nm)
of 0.1, for P. luminescens and 0.015 for E. coli.

Fly survival

Fly infections were carried out by injection of 18.4 nl of
a bacterial suspension (P. luminescens or E. coli) using a
Nanoject II apparatus (Drummond Scientific) equipped
with glass capillaries prepared with the use of a Micro-
pipette Puller (Sutter Instruments). Flies were handled
using a stereomicroscope outfitted with lights and the
Ultimate Flypad (Flystuff). Injections were performed
into the thorax of 7-10 day old adult flies that were pre-
viously anesthetized briefly with carbon dioxide. Injec-
tion of the same volume of PBS was used as a control.
After infections, flies from each D. melanogaster strain
were transferred to fresh vials with instant media at 25 °
C and survival was scored at 6-h intervals and up to
1 day. Two replicates of ten flies were used for each
treatment and each assay was replicated three times.

Cloning of plasmid DNA and generation of standard
curves

DNA from Wolbachia and Spiroplasma was extracted
from 7-10 day old uninfected W + S+ flies. DNA from E.
coli and P. luminescens was extracted from bacterial over-
night cultures. DNA samples were isolated using the
Dneasy Blood and Tissue kit (Qiagen) and PCR amplifica-
tions were performed using the primers Mcf-1 (P. lumi-
nescens), Forward: TTGGCGGGGTGGTAGTCG and
Reverse: CAGTTCAGCTTCCTTCTCTAA; 16S rRNA
(E. coli), Forward: GGAAGAAGCTTGCTTCTTTGCTG
AC and Reverse: AGCCCGGGGATTTCACATCTGAC
TTA; as well as Wsp and DnaA primers with the mix con-
ditions that were described above. PCR amplifications for
Mcf-1 and 16 s rRNA sequences were performed using the
following cycling conditions: 94 °C for 2 min, 34 cycles of
94 °C for 30 s, 61 °C for 1 min and 72 °C for 30 s,
and 72 °C for 5 min. The PCR products were cloned into
Strataclone cloning vector (Agilent Technologies) and E.
coli competent cells were transformed and then grown
overnight in LB broth at 37 °C. Plasmids were isolated
using GenElute™ Plasmid Miniprep Kit (Sigma Aldrich)
and then eluted in 40 pl of nuclease-free water. Dilutions
were made for each plasmid to generate the standard
curves. The reactions contained 5 pl of the diluted
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plasmid with 10 pl of SYBR® GreenER with Premixed
ROX (Invitrogen), 4.2 pl of nuclease free water and 10
pmol of each forward and reverse primer. The generated
standard curves were used for estimating bacterial load
(Colony Forming Units, CFU) and endosymbiont titers.

Bacterial load and endosymbiont titers

Five adult flies from each strain were injected with E.
coli, P. luminescens, or 1x sterile PBS (septic-injury con-
trol), and then frozen at 0, 6 and 18 h post infection.
DNA samples were eluted in 40 pl of elution buffer and
concentrations were measured using a NanoDrop. Each
PCR reaction included 10 pl of EXPRESS SYBR®
GreenER with Premixed ROX (Invitrogen), 10 puM of
each forward and reverse primer sets (Mcf-1, 16 s rRNA,
Wsp and DnaA) and 350 ng of each DNA sample. Cyc-
ling conditions for estimating E. coli and P. luminescens
load were 50 °C for 2 min, 95 °C for 2 min, 40 cycles of
95 °C for 15 s and an annealing step of 61 °C for 15 s.
Cycling conditions for estimating Spiroplasma titers
were the same except for the annealing step which was
56.7 °C. For estimating Wolbachia titers, cycling condi-
tions were 50 °C for 2 min, 95 °C for 10 min, 40 cycles
of 95 °C for 30 s, 59 °C for 1 min, and 72 °C for 30 s. All
samples were run in duplicates and the experiments
were repeated three times.

Gene trascription

Four adult flies from each strain were injected with P.
luminescens TTO01, E. coli K12 or PBS, and frozen at 0,
6, and 18 h after infection. Total RNA was extracted
using the PrepEase RNA spin kit (Affymetrix USB) and
samples were suspended in 40 pL of sterile nuclease-free
water. Complementary DNA (cDNA) synthesis was
carried out using the High Capacity ¢cDNA Reverse
Transcription Kit (Applied Biosystems, USA), 1 pl of Re-
combinant RNasin® Ribonuclease Inhibitor (Promega,
USA) and 140 ng of RNA sample as starting material in
a total reaction volume of 20 pl. PCR cycles included
25 °C for 10 min, 37 °C for 2 h, and 85 °C for 5 min.
Resulting cDNA samples were diluted 1:10 in nuclease-
free water and 1 pl was used as a template for quantita-
tive RT-PCR experiments using the EXPRESS SYBR®
GreenER kit with Premixed ROX (Invitrogen) on a Mas-
tercycler® ep realplex® (Eppendorf). The reactions were
carried out in a total reaction volume of 20 pl and tech-
nical duplicates were run for each sample and set of
primers (Table 1). The cycling program was: 50 °C for
2 min, 95 °C for 2 min, 40 cycles of 95 °C for 15 s and
an annealing step for 15 s. For each sample, the amount
of mRNA detected was normalized to mRNA values of
the control housekeeping gene RpL32. Normalized data
were used to quantify the relative level of a given mRNA
according to cycling threshold analysis (ACt), and the
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Table 1 Primers used for qRT-PCR analysis

Gene Accession Primer  Sequence Tm (°Q)
No

Cecropin-Al  CG1365  Forward TCTTCGTTTTCGTCGCTCTC 60
Reverse  CTTGTTGAGCGATTCCCAGT

Defensin CG1385  Forward CGCATAGAAGCGAGCCACATG 56
Reverse  GCAGTAGCCGCCTTTGAACC

Turandot M CG14027 Forward GCTGGGAAAGGTAAATGCTG 61
Reverse  AGGCGCTGTTTTTCTGTGAC

Puckered CG7850  Forward GGCCTACAAGCTGGTGAAAG 61
Reverse  AGTTCAGATTGGGCGAGATG

RpL32 CG7939  Forward GATGACCATCCGCCCAGCA 61
Reverse  CGGACCGACAGCTGCTTGGC

All sequences read 5' to 3’ left to right

data were expressed as the ratio of 2€T®RPL32)/ 5CT(gene)
Data are presented as the ratio of infected flies to PBS
injected flies (negative controls for bacterial infections).
Results represent the mean values and standard devia-
tions of relative values from three biological repetitions.

Hemocyte phagocytosis

Adult flies were injected in the abdomen with 15.6 nl of
1 mg/ml lipophilized pHrodo-labeled E. coli particles
(Molecular Probes, P35361) reconstituted in 1 ml sterile,
Diethylpyrocarbonate (DEPC) treated water. Injected flies
were then affixed dorsally/wing side down to a glass
microscope slide using clear nail polish and living flies
were observed at 30, 45, and 60 min post infection using a
fluorescent microscope outfitted with a pHrodo red filter
at 10x magnification. Resulting images were processed
using Image] software and background fluorescence was
measured. Relative amounts of fluorescence were mea-
sured by applying Shanbhag thresholding to images and
measuring the resulting area, mean fluorescence of
background and integrated density. Corrected total
fluorescence was determined using the following equation:
Corrected total fluorescence = Integrated Density —
(Area * Mean fluorescence of background). Data were
statistically analyzed via GraphPad Prism5 software
and the Chi square test. Each experiment was re-
peated three times with 6-12 flies per treatment.

Statistical analysis

Statistics were performed using the GraphPad Prism5
software. Statistical analysis of data from survival experi-
ments was conducted using a log-rank (Mantel-Cox)
and Chi square tests. P values below 0.05 were consid-
ered statistically significant. Unpaired two-tailed ¢-test
was performed for analyzing bacterial load and endo-
symbiont titers. Means were compared using a one-way
analysis of variance (ANOVA) with a Tukey post-hoc
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test for multiple comparisons. All figures were also gen-
erated using GraphPad Prism5 software.

Results

Presence of Wolbachia and Spiroplasma in D.
melanogaster strains

We used PCR to document the presence of Wolbachia
and Spiroplasma in the three D. melanogater strains used
in our experiments (Fig. 1). We used gene-specific primers
to amplify nucleotide sequences of the gene coding for the
Wolbachia surface protein (Wsp) (160 bp) [43], and the
Spiroplasma gene DnaA (138 bp) [44]. We also performed
PCR control reactions to amplify a 360 bp fragment of the
D. melanogaster housekeeping gene RpL32 [45]. We con-
firmed that one D. melanogaster strain contained both
Wolbachia and Spiroplasma endosymbionts (W + S+), one
strain contained Wolbachia bacteria only (W +S-), and
one strain contained no endosymbiotic bacteria (W-S-).

Wolbachia and Spiroplasma do not affect the survival
response of D. melanogaster to P. luminescens infection
We initially investigated the survival response of D. mel-
anogaster flies carrying or lacking endosymbionts to in-
fection by P. luminescens bacteria. We also performed
injections with non-pathogenic E. coli and PBS buffer
(Fig. 2). For flies injected with either E. coli or PBS, sur-
vival at the 24-h time-point was very high and not af-
fected by the endosymbiont status of the flies (W + S+,
W +S-, or W-S-; log-rank test, P >0.05 in both cases;
Fig. 2a and b). Infection with the insect pathogenic bac-
terium P. [uminescens resulted in death of all strains
within 24 h, but again, there was no significant effect of
the endosymbionts on fly survival (log-rank test, P>
0.05; Fig. 2c). These results show that the presence of
Wolbachia alone or together with Spiroplasma in D.
melanogaster does not affect survival of the flies in

W+S+ W-S- W+S-
WsD s s - 8 160 bp
DnaA wsa e 138 bp

RPL32 s amms smms aww GSmn S 360 bp

Fig. 1 PCR diagnostic for the presence or absence of endosymbionts
in D. melanogaster strains. Amplification of Wsp and DnaA gene
sequences from 7-10 day old flies carrying both Wolbachia and
Spiroplasma (W + S+), flies lacking both endosymbionts (W-S-), and flies
carrying Wolbachia only (W + S-). The sizes of the PCR products are
indicated. Two replicate experiments (different flies) are shown for each
D. melanogaster strain. PCR ampilification of the constitutively expressed
gene Rpl32 is used as loading control
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response to infection with either non-pathogenic E. coli
bacteria nor the entomopathogen P. luminescens.

Presence of endosymbionts can alter bacterial load in D.
melanogaster following infection with non-pathogenic
bacteria

To examine changes in bacterial load following infection
with a non-pathogenic strain of E. coli, we injected E.
coli K12 cells into W + S+, W + S-, and W-S- adult flies
and estimated number of CFU at 6 and 18 h post infec-
tion. We found that at 6 h there were signiflcantly
higher numbers of E. coli cells in W+ S+ and W + S-
flies than in W-S- flies (P < 0.05, Fig. 3a), although there
were no significant differences in E. coli numbers among
the different strains at 0 and 18 h time-points (P > 0.05,
Fig. 3a).

We then tested whether infection with non-pathogenic
E. coli bacteria affects the number of Wolbachia and
Spiroplasma endosymbionts in D. melanogaster flies.
Using the same samples and a PCR approach, we found
no significant differences in Wolbachia numbers be-
tween the E. coli infected strains and the PBS injected
controls for any of the time-points used in the experi-
ments (P > 0.05, Fig. 3b). We also estimated Spiroplasma
numbers in W+ S+ flies injected with PBS buffer or
non-pathogenic E. coli bacteria, and we found no signifi-
cant changes at any time-point (P > 0.05, Fig. 3c).

Presence of endosymbionts does not alter bacterial load
in D. melanogaster following P. luminescens infection

To test whether the presence of Wolbachia and Spiro-
plasma in D. melanogaster affects replication of insect
pathogenic bacteria, we injected adult flies with P. lumi-
nescens and monitored bacterial load at two time-points
post infection. Although we found that P. luminescens
CFU increased steadily at 6 and 18 h post infection,
there were no significant differences in P. [uminescens
numbers among the W + S+, W + S-, and W-S- fly strains
(P > 0.05, Fig. 4a). We also evaluated numbers of Wolba-
chia endosymbionts in P. [uminescens infected flies and
PBS injected flies and found that at 18 h post injection,
W +S- flies contained significantly higher numbers of
Wolbachia than the uninfected controls (P < 0.05, Fig. 4b).
However, there were no significant changes in Spiro-
plasma numbers in the W + S+ strain upon injection with
PBS or the pathogenic bacteria (P > 0.05, Fig. 4c).

Changes in immune gene transcription in D. melanogaster
flies carrying Wolbachia and Spiroplasma upon bacterial
infection

An important aspect of the innate immune system of D.
melanogaster is the transcriptional induction of AMP genes
in response to bacterial infections. The Imd pathway is acti-
vated by diaminopimelic acid (DAP)-type peptidoglycan
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that is found in all Gram-negative and certain Gram-
positive bacteria, while the Toll pathway is activated by Lys-
type peptidoglycan found in most other Gram-positive
bacteria [46]. Here we used qRT-PCR to determine the in-
duction of immune signaling pathways in Drosophila
strains carrying or lacking endosymbionts at the time of in-
jection with E. coli or P. luminescens and at two time-
points post bacterial infection (Fig. 5). For this, we used
gene-specific primers to estimate the transcription of
Cecropin-Al as a readout for the Imd pathway, Defensin
for the Toll pathway, Turandot M (TotM) for the Janus
kinase and signal transducer and activator of transcription
(Jak/Stat) pathway and Puckered for the c-Jun N-terminal
kinase (JNK) pathway [47-50]. The non-pathogenic
bacteria E. coli altered gene transcription in all three
D. melanogaster strains compared to uninfected con-
trols (Fig. 5a, ¢, e, g). We also found that transcription of
Defensin in flies containing Wolbachia and Spiroplasma
was significantly higher at 18 h post-infection compared to
the 0 h time-point (P < 0.05, Fig. 5c). However, Defensin
transcription was significantly higher in flies containing
both endosymbionts compared to those containing

Wolbachia only at 18 h post infection (P < 0.05, Fig. 5¢).
For gene transcription in flies infected with the pathogen
P. luminescens, we found that Cecropin-Al transcription
significantly increased at 18 h post infection in flies lack-
ing endosymbionts (P < 0.01, Fig. 5b) and in those con-
taining both Wolbachia and Spiroplasma (P < 0.0001,
Fig. 5b). Also, at 18 h post infection with P. luminescens,
flies carrying both endosymbionts showed significantly
stronger Cecropin-Al transcription compared to those
containing Wolbachia only (P < 0.0001, Fig. 5b). TotM
transcription in flies carrying both endosymbionts was sig-
nificantly higher at 6 h post infection with P. luminescens
compared to the other two time-points (P < 0.05, Fig. 5f).
In addition, TotM transcription was significantly higher in
flies containing both Wolbachia and Spiroplasma com-
pared to flies containing Wolbachia only or no endosym-
bionts at 6 h post-infection (P < 0.05, Fig. 5f). There were
no significant differences in Defensin and Puckered gene
transcription between the three fly strains following infec-
tion with P. luminescens bacteria at any of the time-points
tested in this study (P > 0.05, Fig. 5b, d, h). These results
suggest that the presence of both Wolbachia and
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Fig. 3 £. coli load and endosymbiont titers in infected D. melanogaster flies carrying or lacking endosymbionts. E. coli bacteria (strain K12) or
1x sterile PBS were injected into D. melanogaster flies lacking Wolbachia and Spiroplasma (W-S-), flies carrying both endosymbionts (W + S+), and
flies carrying Wolbachia only (W + S-). a Colony Forming Units (CFUs) for E. coli, (b) number of cells for Wolbachia, and (c) number of cells for
Spiroplasma at 0, 6 and 18 h after infection were determined by quantitative PCR. Data analysis was performed by unpaired two-tailed t-test and
significant differences are indicated by an asterisk (*P < 0.05). Bars show the means from three independent experiments and error bars represent
standard deviations

Spiroplasma endosymbionts in D. melanogaster flies can
alter the transcription of certain immune-related genes
following infection with non-pathogenic bacteria or the
insect-specific pathogen P. luminescens.

Wolbachia and Spiroplasma do not alter phagocytosis in
D. melanogaster

We estimated phagocytic ingestion in D. melanogaster
strains carrying or lacking endosymbionts by injecting
inactivated unopsonized fluorogenic E. coli particles into
adult flies and using fluorescence microscopy (Fig. 6a).
We found that phagocytosis of E. coli particles in D.
melanogaster flies was not significantly affected by the
presence of Wolbachia endosymbionts alone or in com-
bination with Spiroplasma endosymbionts at any time-
point after injection of the fluorescent particles (P > 0.5,
Fig. 6b). However, we noticed that regardless of whether

flies contained Wolbachia only or both Wolbachia and
Spiroplasma, phagocytosis levels were significantly
higher (P values ranged from < 0.1 to < 0.0001) at 30 min
after injection of the E. coli particles compared to the 45
and 60 min time-points. These results support the no-
tion that Wolbachia and Spiroplasma endosymbionts do
not affect the phagocytic function of D. melanogaster
adult flies.

Discussion

Recent studies have examined the involvement of endo-
symbiotic bacteria in the immune response of different
Drosophila species against infections by various bacterial
pathogens [35—37]; however, here we investigated for the
first time changes in immune signalling and function in
D. melanogaster flies against the virulent insect-specific
pathogen P. luminescens. These bacteria are known to
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be extremely pathogenic to a wide range of insect spe-
cies because they can secrete a vast array of toxins and
they can employ mechanisms to disarm the insect im-
mune system [38, 41]. Current survival results are in
agreement with recent findings reporting that D. melano-
gaster flies carrying or lacking Wolbachia endosymbionts
were able to survive similarly upon infection with the
Gram-negative bacteria Pseudomonas aeruginosa, Serratia
marcescens, and Erwinia carotovora [35]; however, D, mel-
anogaster flies carrying a naturally occurring strain of
Spiroplasma and without the presence of other ensosym-
bionts proved more sensitive to the Gram-negative patho-
gens E. carotovora and Enterobacter cloacae, but not to
the Gram-positive pathogen Enterococcus faecalis [37].
Although Wolbachia alone or in combination with
Spiroplasma endosymbionts failed to provide protection
to D. melanogaster against P. luminescens infection, we

investigated whether the pathogens replicated at similar
or different rates in the three fly strains and whether dif-
ferential replication of these bacteria would affect endo-
symbiont titers in the infected flies. We were unable to
find changes in P. luminescens load among the different
strains, which shows that Wolbachia does not influence
the growth of this pathogen in the fly. Previous studies
have also failed to find significant differences in patho-
gen load between fly strains carrying or lacking Wolba-
chia endosymbionts [35-37]. Our data also suggest that
the presence of Spiroplasma in D. melanogaster in
addition to Wolbachia endosymbionts does not affect the
replication of P. luminescens and therefore the presence of
those endosymbiotic microbes in the fly is not essential
for altering the growth of this pathogen. Strikingly, there
was a drop in Wolbachia titers in flies carrying those en-
dosymbionts alone after infection with P. luminescens,
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(See figure on previous page.)

Fig. 5 Transcription of immune signaling pathway genes in flies carrying or lacking endosymbionts following bacterial infection. Gene
transcription levels for Cecropin-AT (a, b), Defensin (c, d), Turandot (Tot) M (e, f) and Puckered (g, h) in D. melanogaster adult flies without
Wolbachia and Spiroplasma (W-S-), with both endosymbionts (W + S+), and with Wolbachia only (W +S-) at 0, 6 and 18 h after infection with £
coli (strain K12) or P. luminescens (strain TT01). Gene transcription levels are shown as relative abundance of transcripts normalized to gene Rpl32
and expressed as a ratio compared to flies injected with sterile PBS (negative control). Values represent the means from three biological replicates
and error bars represent standard deviations. ***P < 0.0001; **P < 0.01; *P < 0.05 (one way analysis of variance with a Tukey post hoc test,
GraphPad Prism5 software)
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Fig. 6 Phagocytosis in D. melanogaster flies carrying or lacking endosymbiotic bacteria. a Representative images of phagocytosis in D.
melanogaster adult flies without Wolbachia and Spiroplasma (W-S-), with both endosymbionts (W + S+), and with Wolbachia only (W + S-) at 30,
45 and 60 min after injection of lipophilized pHrodo-labeled E. coli particles. Control treatments involved injections with DEPC-treated water.
Images were taken using fluorescence microscopy and 10x magnification. b Corrected total fluorescence in the three D. melanogaster flies at 30,
45 and 60 min following injection of pHrodo-labeled E. coli. Images were processed in Imagel) and corrected total fluorescence was estimated by
measuring relative amounts of fluorescence, which included estimations of the resulting area, mean fluorescence of background and integrated
density. The experiment was repeated three times with 6-12 flies for each treatment. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05 (one way
analysis of variance with a Tukey post hoc test, GraphPad Prism5 software)
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which could imply that these endosymbiotic bacteria can
be directly or indirectly targeted by the pathogen.

Reduced numbers of E. coli cells in flies with no endo-
symbionts compared to flies containing both endosymbi-
onts or Wolbachia only at early times after infection
indicates that the absence of endosymbiotic bacteria may
control more efficiently the early stages of an infection
by non-pathogenic bacteria. Alternatively, the presence
of endosymbionts in the fly could provide a favorable
environment that could promote the early replication of
exogenous non-pathogenic bacteria, which do not affect
insect survival and they are ultimately cleared by the fly
immne system [51]. The increase in E. coli numbers in
flies containing endosymbiotic bacteria at 6 h post infec-
tion is not accompanied by changes in the numbers of
Wolbachia cells. These results imply that although the
existence of Wolbachia in D. melanogaster may confer a
positive effect on the replication of exogenous non-
pathogenic bacteria, this effect is not reciprocal as it fails
to stimulate the propagation of those endosymbionts in
the fly. Previously, clean injury of wild-type flies or infec-
tion with the Gram-positive Micrococcus luteus or the
Gram-negative E. carotovora stimulated Spiroplasma
growth [37]; however, in our experiments we did not ob-
serve any changes in Spiroplasma cell numbers in flies
injected with the bacteria or PBS. Therefore, we con-
clude that distinct types of bacterial infections can differ-
entially influence the titers of certain endosymbionts in
D. melanogaster flies.

Our current results show that Wolbachia endosymbi-
onts in combination with Spiroplasma significantly in-
duce the activation of Imd signaling, but not Toll and
JNK signaling, in D. melanogaster upon injection with P.
luminescens bacteria. Activation of the Imd pathway in
flies carrying Wolbachia and Spiroplasma upon infection
with P. luminescens, but not in flies containing Wolba-
chia only or no endosymbionts suggests that the pres-
ence of both endosymbiotic bacteria is essential to
trigger Imd signaling in response to the pathogen. Inter-
estingly, previous studies have shown lack of Imd path-
way activation in flies containing Spiroplasma only upon
infection with the Gram-negative bacteria E. carotovora
[37], or Wolbachia only upon infection with three
Gram-negative bacterial pathogens [35]. We speculate
that Imd upregulation in flies carrying both Wolbachia
and Spiroplasma in response to P. luminescens infection
is probably a distinct effect to this pathogen and possibly
to other insect-specific pathogenic bacteria. The molecu-
lar basis of this effect is currently unclear and will be a
subject of our future research. In addition, we have pre-
viously observed low levels of Defensin mRNA in P.
luminescens infected flies [52], which is in agreement
with the inability of Gram-negative bacteria containing
DAP-type peptidoglycan to induce Toll signaling in D.
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melanogaster [46]. Here we were curious to know
whether the presence of endosymbionts could alter the
transcriptional levels of Defensin that is partially regu-
lated by the Toll pathway. Our current findings confirm
our previous results that Defensin is transcribed at low
levels upon infection with P. luminescens [52], and add-
itionally show that the presence of Wolbachia alone or
together with Spiroplasma bacteria does not affect Toll
signaling in response to this pathogen. Up-regulation of
Defensin by E. coli in flies containing both Wolbachia and
Spiroplasma but not in those containing either Wolbachia
only or no endosymbiotic bacteria is an unexpected yet in-
triguing result, because it suggests that Spiroplasma endo-
symbionts that lack a cell wall and the molecular patterns
that trigger immune pathway activation are somehow able
to induce Toll signaling upon challenge with non-
pathogenic bacteria. The molecular processes that lead to
Toll activation in Spiroplasma-containing flies are cur-
rently unknown and beg for further investigation. In con-
trast to our findings, previous studies have failed to show
activation of a systemic immune response by Spiroplasma
endosymbionts in infected or uninfected D. melanogaster
adult flies [37, 53, 54]. We further suspect that P. lumines-
cens infection in combination with the occurrence of both
endosymbionts in these flies is likely to increase stress
conditions that could lead to early overactivation of
Jak/Stat signaling, although induction of this pathway
in W + S+ flies does not alter pathogen load and the
survival response of the flies to the pathogen.

We then examined the potential effect of endosymbionts
on the D. melanogaster cellular immune response, which
mainly involves the activity of circulating macrophage-like
insect blood cells called hemocytes that engulf microbes
through phagocytosis [55]. We did not perform infections
with stained P. luminescens cells because this pathogen
has been shown previously to interfere with the cellular
immune response by disrupting phagocytosis and other
hemocyte-related immune functions such as hemocyte ag-
gregation, nodulation and encapsulation [41]. We found
no evidence that Wolbachia endosymbionts alone or to-
gether with Spiroplasma affect phagocytosis of E. coli par-
ticles in D. melanogaster flies. Because Wolbachia are
intracellular bacteria that are found in various tissues but
mainly occupy the reproductive organs of their hosts
[13, 19], it would be rather unlikely that these endo-
symbionts can interact with insect hemocytes to alter the
phagocytic ability of their host. However, Spiroplasma en-
dosymbionts are primarily found in the hemolymph [12],
and although they could come into contact with phago-
cytic cells, their potential interaction does not seem to
affect phagocytosis of inactive bacterial particles. It has
also been shown earlier that genetic ablation of phagocytes
in D. melanogaster adult flies does not reduce Spiro-
plasma titers in the hemolymph [37].
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Future work will focus on the role of endosymbiotic
bacteria in the immune response of D. melanogaster flies
against infection by the mutualistic partner of P. [umi-
nescens bacteria, the parasitic nematode H. bacterio-
phora [39]. Interestingly, recent studies have shown that
the mushroom-feeding flies D. neotestacea harboring
Spiroplasma endosymbionts have increased tolerance to
their natural nematode parasite Howardula aoronym-
phium [56], and that the number of worms decreases in
flies carrying Spiroplasma, but not in those lacking the en-
dosymbionts [57]. In addition, it will be of particular inter-
est to test the participation of endosymbionts against
entomopathogenic nematodes and their associated bac-
teria in D. melanogaster larvae, which have a distinct im-
mune response compared to the adult fly [58, 59].

Conclusions

In this study we demonstrate that injection of the virulent
entomopathogenic bacterium P. [uminescens into D. mela-
nogaster adult flies carrying Wolbachia endosymbionts
alone or Wolbachia and Spiroplasma bacteria together
can affect the transcriptional activation of certain
immune-related genes and Wolbachia titers, but not
pathogen load. However, infection of D. melanogaster flies
carrying both endosymbionts with a non-pathogenic
strain of E. coli can affect the transcriptional activation of
AMP genes and bacterial burden, but not endosymbiont
numbers. We further show that the presence of endosym-
biotic bacteria in the fly does not alter phagocytosis of in-
active bioparticles. Finally we find that changes in AMP
gene transcription and bacterial load do not change the
survival of D. melanogaster strains containing Wolbachia
only or both endosymbiotic bacteria compared to those
lacking the endosymbionts following infection with P.
luminescens or E. coli.
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