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Abstract

Cytoplasmic incompatibility (Cl) is a conditional sterility induced by the bacterium Wolbachia
pipientis that infects reproductive tissues in many arthropods. Although CI provides a potential
tool to control insect vectors of arthropod-borne diseases, the molecular basis for Cl induction is
unknown. We hypothesized that a Wolbachia-encoded, Cl-inducing factor would be enriched in
sperm recovered from spermathecae of female mosquitoes. Using SDS-PAGE and mass
spectrometry, we detected peptides from the 56 kDa hypothetical protein, encoded by wPip_0282,
associated with sperm transferred to females by Wo/lbachia infected males. We also detected
peptides from the same protein in Wolbachia infected ovaries. Homologs of wPip_0282 and the
co-transcribed downstream gene, wPip_0283, occur as multiple divergent copies in genomes of
Cl-inducing strains of Wolbachia. The operon is located in a genomic context that includes mobile
genetic elements. The absence of wPip_0282 and wPip_0283 homologs from genomes of
Wolbachia in filarial nematodes, as well as other members of the Rickettsiales, suggests a role as a
candidate ClI effector.

Keywords
Wolbachia, Cytoplasmic Incompatibility; Mosquito; Culex pipiens, 0282; Mass Spectrometry

1. INTRODUCTION

Wolbachia are Gram-negative, alpha proteobacteria (family Anaplasmataceae, order
Rickettsiales) that infect a high percentage of arthropod species, up to 76% in one survey
(Jeyaprakash and Hoy 2000). Wolbachia are also mutualistic endosymbionts of the
nematodes Brugia malayiand Onchocerca volvulus, which in humans cause lymphatic
filariasis and onchocerciasis, respectively (Taylor et al., 2012). Recently, it has been shown
that Wolbachia can cause significant immune responses in humans when liberated from
microfilariae (Brattig et al., 2004; Shiny et al., 2011; Bazzocchi et al., 2007). In mosquitoes,
Wolbachia represent a potential means of controlling vector populations because they
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manipulate and distort reproduction, causing cytoplasmic incompatibility (ClI). ClI skews
offspring ratios in a way that provides a reproductive advantage to females infected by
Wolbachia, facilitating the organism’s spread through naive insect populations (Serbus et al.,
2008) and providing a gene drive system for population replacement (Rasgon et al., 2006).
In addition, some Wolbachia infections shorten vector life spans (McMeniman et al., 2009),
reduce vector competence (Frentiu et al., 2010; Vavre and Charlat 2012), and interfere with
immune mechanisms that facilitate maintenance of pathogens (Teixeira et al., 2008).
Elucidation of the molecular mechanisms that cause CI would represent an important
advance towards use of Wolbachia for biological control of insect pest populations and
vector-borne disease.

Cl occurs when sperm from Wolbachia-infected males fertilize eggs from uninfected
females. Clark et al (2003) suggest that during development in Wolbachia-infected testes,
spermatocytes acquire a Wolbachia strain-specific modification that can be rescued if the
male pronucleus matures in cytoplasm of eggs infected with the same (compatible) strain of
Wolbachia. However, if a modified sperm matures in cytoplasm of eggs from uninfected
females, the modification cannot be corrected, and developing embryos show disruptions in
cell cycle synchrony (Serbus et al., 2008; Callaini et al., 1997); in diploid insects such as
mosquitoes, eggs from a ClI cross fail to hatch. Cl is complex, and in Culex pipiens
mosquitoes, 17 different cytotypes have been described, with both unidirectional and
bidirectional mating incompatibilities among mosquitoes from different geographical
locations (Laven, 1967). Thus far, mechanisms by which Wolbachia strains cause the
incompatibility patterns observed in crossing experiments are unknown, and recent
comparisons of Wolbachia genomes from geographically isolated strains of Culex pipiens
from Johannesburg (JHB) and Sri Lanka (Pel) have uncovered few differences that might
account for CI (Klasson et al., 2006; Salzberg et al., 2008).

Several lines of evidence are consistent with the hypothesis that Wolbachia secrete one or
more effector protein(s) that associates with sperm DNA and interferes with male pronuclear
chromatin architecture. The streamlined Wo/lbachia genomes have retained genes encoding
all of the components for a functional bacterial type IV secretion system (T4SS), which is
known to mediate extracellular export of proteins and DNA (Rances et al. 2008). Moreover,
in developing sperm and in ovarian tissues, Wolbachiahave been shown to localize around
the nucleus and directly contact the nuclear envelope, consistent with the possibility that
they secrete molecules into the nucleus (Ferree et al., 2005; Clark et al., 2002; 2003).
Presgraves (2000) demonstrated that in Drosophila, Cl is induced by an unknown
modification on paternal chromatin; more recently, Landmann et al. (2009) reported
impaired maternal histone deposition on male pronuclear chromatin in Drosophila. Severity
of the CI phenotype is associated with high Wolbachiatiters in the testes (Clark et al., 2002;
2003; Veneti et al., 2003; 2004), while increased mating decreases Cl penetrance within
Drosophila simulans, implying depletion of an effector chemical that must have time to
accumulate in developing sperm (Karr et al., 1998).

We recently undertook extensive proteomic studies with the goal of identifying potential Cl
inducing protein candidates in mosquito reproductive organs, including the Wolbachia DNA
binding protein HU beta (Beckmann et al., 2013). To extend these studies, we hypothesized
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that CI effector proteins might be expressed at levels sufficient for detection by mass
spectrometry in mature spermatozoa recovered from the spermathecae of female
mosquitoes. Unlike the diverse developmental stages of sperm recovered from dissected
testes, mature spermatozoa, transferred to a female during mating and stored in her
spermathecae, are free of Wolbachia itself, which are discarded in “waste bags” that
eliminate excess cytoplasmic material as the spermatids elongate (Serbus et al., 2008). Thus,
we reasoned that dissected spermathecae would be enriched for secreted Wolbachia proteins
accumulated during spermatogenesis and retained by virtue of association with organelles or
nuclear DNA, but would not include Wolbachia structural proteins, or proteins involved in
Wolbachia replication and maintenance. Using SDS polyacrylamide gel electrophoresis
(SDS PAGE) and mass spectrometry we identified peptides encoded by wPip_0282 in Culex
pipiens spermathecae as well as in ovarian tissues. In-silico analysis revealed that
wPRip_0282 is expressed from a two-gene operon, which has undergone duplication and
divergence in Wolbachia genomes for which data are available. RT-PCR data confirmed
polycistronic translation of the operon and its duplicate homolog as one mRNA.
Intriguingly, wPip_0282/0283 operons occur only in insect-associated, Cl-inducing
Wolbachia, and map to genomic regions characterized by mobile genomic elements, ankyrin
repeats, and WO phage genes.

2. MATERIALS AND METHODS

2.1 Mosquito Colonies and Maintenence

Colonies of Culex pipiens pipiens (Buckeye strain) mosquitoes were maintained at 25°C as
described previously (Beckmann and Fallon, 2012). Larvae were fed pulverized rat chow
and yeast. Adults were allowed to feed on 10% sucrose in water. C. pipiens mosquitoes are
naturally infected with wPip. A cured colony of mosquitoes was established by tetracycline
treatment. Infection status was verified by PCR as detailed previously (Beckmann and
Fallon, 2012). Aedes albopictus mosquitoes (Houston strain, doubly infected with wAIbA
and wAIbB) were generously provided by Dr. S. L. Dobson (University of Kentucky).

2.2 Cell lines

An Aedes albopictus cell line infected with Wolbachia strain wAIbB was a persistently
infected subpopulation, TW-2800, derived from the TW-280 cells described previously
(Fallon and Witthuhn, 2009).

2.3 Protein Extraction

Mosquito protein extracts were prepared as previously described (Beckmann et al. 2013).
Spermathecae (2400 lobes, from 800 mosquitoes) or ovaries (30) were dissected in 100%
ethanol and collected in a 1.5 ml tube filled with 100% ethanol, which prevented tissues
from sticking to the metal dissecting tools. Pooled tissues were sonicated at 40 mA for 10
seconds in a Kontes GE 70.1 ultrasonic processor, and trichloroacetic acid (TCA) was added
to a final concentration of 10% (v/v). After centrifugation at 13,000 rpm in a
microcentrifuge, the resulting pellets were washed with acetone:water (9:1), dried, and
stored at —20°C. Representative samples of spermathecae were examined by microscopy to
confirm that that the mosquitoes had mated and that Wolbachia were absent from the
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spermathecal tissues. A mixture of 50 uM Syto 13 (Invitrogen, Carlsbad, CA) and 50 uM
propidium iodide (5 pL) was added to individual spermathecae (which were dissected in
PBS). Samples were then crushed with a glass coverslip and viewed with an Olympus 1X70
fluorescent microscope.

2.4 SDS PAGE and mass spectrometry

Protein samples were reconstituted in SDS sample buffer and boiled prior to electrophoresis,
which was usually conducted on 8-18% gradient polyacrylamide gels. Protein gels were
submitted to the University of Minnesota’s Center for Mass Spectrometry and Proteomics
for gel staining with Deep Purple (GE Healthcare), imaging, and in-gel trypsin digestion as
described by Anderson et al. (2010) and detailed in Beckmann et al. (2013). Briefly, tryptic
peptides were rehydrated in water/acetonitrile, passed through a Paradigm Platinum Peptide
Nanotrap (Michrom Bioresources, Inc.) pre-column, followed by an analytical capillary
column (100 umx12 cm) packed with C18 resin (5 um, 200 A MagicC18AG, Michrom
Bioresources, Inc.) at a flow rate of 250 nl/min. Peptides were fractionated on a 60 min (10—
40% ACN) gradient on a MS4 flow splitter (Michrom Bioresources, Inc.). Mass
spectrometry (MS) was performed on an LTQ (Thermo Electron Corp., San Jose, CA) as
described previously (Beckmann et al., 2013). Tandem mass spectra were extracted by
Sequest (Thermo Fisher Scientific, San Jose, CA, USA; version 27, rev. 12) and searched
against an rs_wolbachia_aedes v200808_cRAP_flavivirusREV database (containing protein
entries from sequenced Wolbachia genomes, the Aedes aegypti genome, and flavivirus
genomes available as of July, 2011, 74570 entries) assuming the digestion enzyme trypsin
and specifying two missed trypsin cleavage sites and one non-tryptic terminus. Protein
probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003) using
previously described criteria (Beckmann et al., 2013). As a negative control a decoy-
database was searched with all samples resulting in a 0.0% False Discovery Rate under the
settings of 3 minimum peptides per protein at a 95% minimum protein threshold.

2.5 DNA extraction, Polymerase Chain Reaction (PCR), RNA extraction, DNase treatment
and Reverse Transcriptase (RT) PCR

DNA was extracted from decapitated mosquitoes according to Beckmann and Fallon, 2012.
RNA extracts were produced from cultured cells and mosquitoes as follows: Cultured cells
were pelleted by centrifugation at 800 rpm for 10 minutes, washed in phosphate-buffered
saline, pelleted again by centrifugation at 800 rpm for 10 minutes and resuspended in ice
cold lysis buffer (50 mM Tris-HCI, pH 8.0, 200 mM NaCl, 5 mM MgCls, 0.5% (v/v)
Nonidet P-40). Pools of 15 decapitated mosquitoes were frozen in liquid nitrogen and
ground to powder. The powder was resuspended in 375 pl ice cold lysis buffer and held on
ice for 5 minutes. Particulate material was pelleted by centrifugation at 4°C, 13,000 rpm and
the supernatant was placed into a new tube. SDS (4 pl of a 20% stock) was added (a final
concentration of 0.2%) and immediately mixed into the extract. Proteinase K (2.5 pl of 20
mg/ml stock) was added (a final concentration of 120 pg/ml) and incubated at 37°C for 15
minutes. RNA was then extracted twice with 400 ul phenol/chloroform/isoamyl alcohol
(25:24:1) and once with chloroform/isoamy! alcohol (24:1). The aqueous phase was
recovered, and 40 ul of 3 M sodium acetate, pH 5.2 was added, followed by 2 volumes of
100% ethanol. A precipitate was allowed to form overnight at —20°C, and recovered by
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centrifugation. Pellets were washed in 70% ethanol, dried, and resuspended in water.
Immediately prior to RT-PCR, samples were treated with Promega’s RQ1 RNase-Free
DNase (catalog # M610A), according to the manufacturer’s instructions (Promega
Corporation, Madison, WI.) RT-PCR was carried out as described in the Applied Biosystems
GeneAmp RNA PCR kit (catalog # N808-0017) with slight modifications. The initial
annealing step for the reverse transcriptase reactions was done at 50°C for 5 min, the
extension step was at 42°C for 1 h, and the reaction was terminated by heating at 99°C for 5
min. Reverse primers were used in the initial reverse transcriptase reaction to make cDNA.
PCR reactions had an initial denaturation at 94°C for 5 min, then 35 cycles of 94°C
denaturing for 1 min, annealing for 1 min (see table S1 for temperatures), and extension at
72°C for 1 min. All primers and primer specifications are listed in Table S1.

Infection status of mosquitoes was monitored by PCR amplification with primers S12F and
S7R as detailed previously (Beckmann and Fallon, 2012); PCR and RT-PCR products were
electrophoresed on 2% agarose gels and visualized by ethidium bromide staining. PCR and
RT-PCR products were sequenced at the University of Minnesota Biomedical Genomics
Center.

2.6 Sequence Alignments and BlastP Analysis

Experimentally obtained DNA sequences were translated using the EXPASYy translate tool,
http://web.expasy.org/translate/, from the SIB Swiss Institute of Bioinformatics. Amino acid
sequence alignments were constructed under default settings using clustalW2 from the
EMBL-EBI website, http://www.ebi.ac.uk/Tools/msa/clustalw2/. Conserved protein domains
were identified using the NCBI’s Conserved Domain Database in conjunction with BlastP
and also independently verified using EMBL-EBI’s InterProScan (Zdobnov and Apweiler,
2001). BlastP analysis was conducted using the NCBI BlastP program.

3. RESULTS
3.1 Detection of WPIP0282 in Spermathecae and Ovaries

To search for Wolbachia proteins in sperm enriched extracts we dissected sperm-filled
spermathecae (approximately 2400, from 800 female mosquitoes per lane; each individual
mosquito contains 3 round spermathecal lobes that individually store sperm), and total
protein was extracted for analysis by SDS-PAGE. Analysis showed two bands that migrated
between 45 and 66 kDa in protein from spermathecae filled with Wolbachia modified sperm
(Fig 1, lane 1), relative to unmodified sperm from tetracycline cured males (Fig 1, lane 2).
Similarly, two bands between 45 and 66 kDa were seen in infected ovarian extracts (Fig 1,
lane 3), but not in cured ovarian extracts (Fig 1, lane 4). One of these bands appeared to be
the same molecular weight in both ovarian and spermathecal extracts, but the others
appeared to be of different sizes. Aside from these two unique bands in spermathecal and
ovarian tissues, there were few differences in the overall banding pattern of spermathecal,
ovarian, and testicular extracts. This is similar to the case described previously for extracts
from mosquito ovaries and testes (Beckmann et al., 2013). Spermathecal extracts also lacked
the characteristic 24 kDa band associated with the Wolbachia surface protein, consistent
with the exclusion of Wolbachia from mature sperm; this is in contrast to extracts from
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Wolbachia-infected ovaries (Fig 1, lane 3 white arrow), testes (Beckmann et al., 2013) and
infected cultured cells (Fallon et al., 2013).

When analyzed by MS/MS, the bands from Wolbachia-modified sperm contained 4 unique
peptides from the hypothetical 56 kDa translation product originating from the uPip_0282
gene gi|190570728; (Fig 2; note the four peptides shaded in black; we will refer to the
corresponding protein as WPIP0282). Ovarian bands (designated by solid arrows in Fig 1,
lane 3) analyzed by MS/MS, also included the same four spermathecal Wolbachia peptides
and an additional 14 unique peptides derived from the predicted translation product of
wPip_0282 in the annotated genome wPip (Pel) endosymbiont of Culex pipiens
quinquefasciatus (shaded grey in Fig 2). Sequence coverage of WPIP0282 among four
independent SDS-PAGE and mass spectrometry experiments ranged from 7-54%, with lower
coverage in extracts from spermathecae (7-9%) and higher coverage in ovaries (9-54%),
which harbor both intact Wolbachia as well as putative Wolbachia-secreted proteins. While
the magnitude of differential expression based on visual inspection of SDS-PAGE gels
varied among biological replicates, WPIP0282 peptides were identified with a protein
identity probability of 100% in two independent dissections of spermathecae and two
independent dissections of infected ovaries. We note that the protein was detected in
multiple bands which themselves migrated at different theoretical molecular weights in both
spermathecae and ovarian extracts. Such banding shifts can be the result of post-translational
modifications and/or peptide cleavage. However at this time the physiological cause of these
banding patterns is unknown.

3.2 Homologs of WPIP0282 in Wolbachia from Culex and Aedes Mosquitoes

We used PCR-based approaches to sequence the wPip_0282 homolog (KF114896) from the
Buckeye strain of Culex pipiens maintained in our lab (see Beckmann and Fallon, 2012) in
order to evaluate identity and compare amino acid sequences between the deduced
translation product and WPIP0282 from the genome of uPip (Pel). The deduced protein
sequence [designated uPip (Buckeye) in Fig 2] had four amino acid differences over 491
residues (boxed in Fig. 2) relative to the protein encoded by wPip (Pel)_0282 in the
annotated genome of Wolbachia pipientis Pel (endosymbiont of Culex pipiens
quinquefasciatus mosquitoes from Sri Lanka; see Klasson et al., 2008; hereafter we refer to
both proteins interchangeably as WPIP0282). We then used BlastP analysis to determine the
copy number of the gene within the various wPip genomes in Culex mosquitoes. The wPip
strain JHB (from Culex pipiens quinquefasciatus from Johannesburg, South Africa, Salzberg
et al., 2008) encodes a full-length homolog of WPIP0282 [491 residues, ZP_03335575.1,
designated wPip (JHB)2 in Fig 2] and two partial homologs, one of which [394 residues,
ZP_03335681.1, designated wPip (JHB)1 in Fig 2] is nearly complete. The third
homologous accession (ZP_03335652.1) in wPip (JHB) has only 67 residues, and will not
be discussed further here. Deduced sequences of wPip (JHB) proteins were largely identical
to each other, and to WPIP0282 in the Pel and Buckeye strains, with the exception of a block
of diversity spanning ~ 20 residues in nPip (JHB)2, located approximately 120 residues
downstream of the N-terminus (underlined in Fig 2) and a single A/V substitution at residue
255. The three homologs clearly indicate that the wPip (JHB) genome encodes at least two
close homologs of uPip (Pel) 0282. Moreover, as will be described in further detail below,
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BlastP analysis using uPip (Pel) 0282 sequence as the subject query uncovered two
accessions with ~ 34% identity in wAIbB (ZP_09542503.1 and ZP_09542120.1; see Fig 3),
a strain of Wolbachia found in the Culicine mosquito, Aedes albopictus. Finally, as shown in
the bottom entry of the alignment in Fig 2, BlastP uncovered a more divergent homolog,
wPip_0294 (YP_001975095) in the annotated wPip (Pel) genome. With introduction of
gaps, the 0294 protein had low homology to WPIP0282, with 132/410 (32%) conserved
residues and 210/410 (51%) similarities.

Subsequently, using the nPip (Pel)_0294 homolog sequence as the BlastP subject query, we
found that wAIbB protein (ZP_09542120.1) had 97% identity, but among JHB accessions,
wPip (Pel)_0294 had no match closer than wPip_0282 (Fig 2). Overall these comparisons
demonstrated that at least two homologs of the WPIP0282 protein exist within Wolbachia
from both C. pipiensand A. albopictus mosquitoes. In all three bacterial genomes: uPip
(Pel), wPip (JHB), and wAIbB, one of these variants retains close resemblance to the
WPIP0282 sequence identified by mass spectrometry, while the other more closely
resembles the divergent 0294-like variant in wPip (Pel) and shares a pattern of consensus
amino acids suggestive of duplication and divergence from an ancestral gene.

3.3 Homologs of WPIP0282 are Unique to Cl-inducing Wolbachia

To evaluate whether WPIP0282 might participate in Cl and to compile a list of homologs
and their relationships, we used BlastP analysis to search for homologs more broadly among
the Rickettsiales. Interestingly, we found that WPIP0282 homologs were unique to the genus
Wolbachia, and absent from the Rickettsia, Anaplasma, and Ehrlichia. Furthermore, within
the Wolbachia, homologs occur only in insect-associated, Cl-inducing strains such as wPip,
uRi, wMel, wSim, WVitB, nHa, ulNo, and wAlbB; WPIP0282 homologs were consistently
absent from the Wolbachia genomes of non-Cl-inducing, obligate mutualistic nematode
strains wBm and wOo.

Among Wolbachiathat infect insects, genomes have been fully annotated for wPip (Pel), and
from two strains that infect Drosophila. wMel (Drosophila melanogaster) and uRi
(Riverside strain of Drosophila simulans). As summarized in Fig 3, the nRi genome encodes
three well-conserved homologs of uPip_0282 while the uMel genome encodes only one,
wMel_0631. Alignment of WPIP0282 with those homologs from Drosophila associated
Wolbachia strains (Fig 4) showed an overall conservation of 36% identities (179/491
residues) among all homologs, and sites that differed from WPIP0282 in wMel or uRi are
identical in the two Drosophila strains, with the exception of greater divergence in
WRi_006720. The longest region of conservation occurs in the center of the protein, whereas
the N-terminal region, including the ~ 20 residue divergent span noted previously for
WPIP0282 proteins in C. pipiens strains (underlined in Fig 2 and Fig 4) may be evolving
more quickly and/or may be less important for protein function. Near the C-terminus, the
homologs of Wolbachia associated with Drosophila have a strong region of positive charge
(HKKRK) partially conserved in the Cu/ex homologs, with the exception of the more
divergent protein encoded by wPip_0294 (compare Figs 2 and 4). These analyses further
verify the presence of multiple versions of the WPIP0282 protein in at least one Wolbachia
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strain in Drosophila (WRi) and again suggest the gene has undergone distinct patterns of
divergence among the Wolbachia lineages associated with Drosophilaand Culicines.

3.4 wPip_0282 is Part of a Conserved, Two Gene Operon that has Undergone Gene

Duplication

On the wPip (Pel) chromosome, nPip_0282 and its more distant relative, wPip_0294, are
separated by only a few genes. To evaluate whether these homologs diverged following a
gene duplication event, we compared their immediate genomic environment in the available
annotated Wolbachia genomes, and in Wolbachia accessions from the mosquito Aedes
albopictus (Fig 3). Both uPip_0282 and wPip_0294 are each members of two gene operons:
wPRip_0282 is immediately upstream of uPip_0283, which encodes a 1174 residue protein,
with a predicted mass of 134 kDa, and pl of 5.83. uPip_0282/0283 genes are oriented in the
same direction, and are separated by only 54 nucleotides. Moreover, the closest homolog
(Blast) to wPip_0283 is wiMel_0632, which lies immediately downstream of the uPip_0282
homolog encoded by nMel_0631 (Fig 3). Thus, in the genomes of wPip (Pel) and nMel, the
0282/0283 and 0631/0632 gene pairs are homologous and arranged in the same order.
Similarly, wPip_0282 homologs in uRi (uRi_005370, nRi_006720, and wRi_010030) are
each followed by a homolog of nPip_0283. Moreover, homologous protein accessions
(BlastP) from the un-annotated genomes of wPip (JHB) (accessions ZP_03335574 and
ZP_03335382; not shown) and wAIbB (ZP_09542121, ZP09542504; Fig 3) further support
broad conservation of the 0282/0283 gene pair. Likewise, the distant homolog of wPip_0282
encoded by nPip_0294 also appears to be part of a two-gene operon, separated by only 7
nucleotides from wPip_0295 (Fig 3), which is distantly related (BlastP) to uPip_0283 (Fig
3) with introduction of gaps. Thus, in the genome of wPip (Pel), the 0282/0283 and
0294/0295 gene pairs are homologous. However, nwPip_0295 entirely lacks 384 residues at
the C-terminus (Fig 5). Alignments of the second gene in the operons within the genome of
wPip (Pel) are shown in Fig 5.

Adding even more complexity is the fact that the 384-residue C terminus of the protein
encoded by nPip (Pel) 0283 (and absent from the wPip_0295 homolog) is represented in its
entirety by wPip_1291, with a single L/M replacement at its N-terminus (see the black circle
followed by a blackened entry in Figure 5; white dots on a black background indicate amino
acid identity). Both WPIP0283 and WPIP1291 share in common a 90 amino acid motif that
corresponds to a sentrin/SUMO specific protease domain in the Ulp1 protease family
(pfam02902) (Fig 5, denoted by asterisks) as determined by NCBI’s Conserved Domain
Database and EMBL-EBI’s InterProScan (Zdobnov and Apweiler, 2001) and maintain
conservation of the essential catalytic histidine, aspartic acid, glutamine, and cysteine
residues identified by Li and Hochstrasser (1999) and by Mossessova and Lima (2000) (Fig
5 upward black arrows). Finally, downstream of this conserved domain, the adjacent
wPRip_1292 encodes a 118 amino acid sequence with homology to the extreme C-terminus
encoded by nPip (Pel) 0283 (Fig 5, see the entry boxed in grey and preceded by a grey,
filled circle). In summary, there is one full (uwPip_0283) and three partial copies of the
second operon gene (WPip_0295, uPkip_1291, and nPip_1292) within the genome of nPip
(Pel) and two of those genes (uPip_0283 and wPip_1291) have SUMO protease domains.
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3.5 Gene pairs 0282/0283 and 0294/0295 are expressed as operons in Wolbachia-infected

mosquitoes

3.6 Express

We hypothesized that the wPip (Pel)_0282/0283 gene pair and their more distant homologs
0294/0295 are organized as operons because they are adjacent, oriented in the same
direction, and are separated by fewer than 60 nucleotides. We used Reverse Transcriptase
(RT)-PCR to verify expression of WPIP0282 at the mRNA level, and to explore whether
0282 and 0283 are transcribed as one polycistronic mMRNA molecule. Primers that spanned
the intergenic regions between genes 0282/0283, produced the predicted products, while
products corresponding to flanking genes (pseudogene 0281 and distal 0284) were not
produced (Fig 6A). We detected expression of the 0282/0283 operon in both male and
female Culex pipiens Buckeye mosquitoes, indicating transcription in testes and ovaries. We
note that another 150 base pair RT-PCR band was produced with the op2 primers. This band
was likely a product of primers binding to another RNA sequence in the mosquitoes as the
band appeared in both infected and uninfected host samples.

Similarly wPip (Pel)_0294/0295, were also polycistronic, and transcribed separately from
flanking, wPip (Pel)_0293 and 0296 genes (Fig 6B). Again, we detected expression of the
0294-0295 polycistronic mRNA in both male and female mosquitoes, indicating that
expression occurs in testes and ovaries. RNA quality was verified by amplifying RNA
extracts with primers for the mosquito ribosomal protein RpS3 (Fig 6C).

ion in cultured cells

After we had defined the 0282/0283 and 0294/0295 operons we sought to determine if they
were expressed in a tissue specific manner or also in cell culture. Unfortunately, wPip has
not been cultivated in cell culture, whereas WAIbB has. As shown in Fig 3, wAlbB homologs
of WPIP0282: ZP_09542503.1 which is closer (BlastP) to WPIP0282 and ZP_09542120.1
which is more similar to WPIP0294. We designed primers for both wAlbB homologs and
performed RT-PCR analysis in both TW-280 cells infected with wAIbB and a colony of
Aedes albopictus mosquitoes dually infected with wAIbA and wAIbB. Both the 0282 and
0294 homologs were expressed in both cell culture and within the male and female
mosquitoes, suggesting that the wAIbB 0282 and 0294 homologs are not expressed in a
gonadal specific manner (data not shown).

3.7 Genomic context of wPip_0282/0283 homologs

Finally, although their relative positions vary in available annotated Wo/lbachia genomes (Fig
7A), the 0282/0283 gene pairs in uPip (Pel) and their homologs in WRi (summarized in Fig
3) are immediately surrounded by maobile genetic elements (MGE’s) that potentially encode
integrase (I)/recombinase (RC)/transposase (T) and/or reverse transcriptase (RT) proteins
(Fig 7B, open arrows), all of which are embedded near a cluster of WO-phage genes. The
distal wPip 0294/0295 pair is immediately surrounded by ankyrin repeat genes, which are
thought to have been acquired from a eukaryotic host and potentially interact with host
proteins (Siozios et al., 2013). In the genomes of uMel and WRi, we note similar
associations with genes that encode phage proteins and ankyrin repeats. Curiously, in wMel,
there are fewer MGE’s in close proximity to the single copy operon, but in wPip and uRi,
where MGE’s are present in abundance and flank the operon, there are two and three copies
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of the operon respectively. Of particular interest, with respect to nPip_0283, are the
pseudogenes wRi_p005380 (nucleotides 573202 to 576723 in NC_012416.1) and
uRi_p010040 (nucleotides 1079661 to 1083182; Fig 7B, indicated by broken lines in the
WRi accessions). Curiously, Blast comparisons of nucleotide sequences indicate complete
identity over 3522 residues, which is unusual if these are unexpressed pseudogenes. To
investigate these accessions more closely, we translated nucleotides 573202 to 576723 in
NC_012416.1. One of the reading frames contains a single stop codon interrupting the
putative translation product encoded by wRi_p005380. Upstream of the stop codon is an
open reading frame encoding 105 amino acid residues (including the FAD-binding,
phosphate-binding motif indicated in Fig 3), followed by a 29 codon, untranslated region,
and a second, in-frame Methionine, that begins an open reading frame encoding 950
residues and a fully conserved Ulpl C48 SUMO protease domain. Based on these
characteristics, we hypothesize that these putative pseudogenes are in fact expressed.

4. DISCUSSION
4.1 Wolbachia pipientis 0282 as a Cl Effector Candidate

We initiated these studies to explore whether the Wolbachia-encoded DNA binding protein,
HU beta (Beckmann et al., 2013), was enriched in mature sperm from Wolbachia infected
male Culex pipiens. To do this we dissected spermathecae from females mated with infected
males and subjected protein extracts to SDS PAGE and mass spectrometry. We did not detect
the presence of the HU beta in the spermathecal extracts, but we did detect peptides from a
56 kDa hypothetical protein encoded by nPip_0282. Searches using available protein
domain identifiers, including NCBI’s conserved domain database and EMBL-EBI’s
InterProScan did not identify conserved domains or other features that would suggest a
function for WPIP0282. However, pDomTHREADER (Lobley et al. 2009) predicted that
both WPIP0282 and WPIP0294 proteins show folding similarities resembling the crystal
structure of Cullin-1. Cullin proteins are subunits of the large SCF (Skp, Cullin, F-box
containing) ubiquitin ligase complex that interacts with numerous substrates within the cell.
One particularly interesting homolog of Cullin, Apc2, is part of the anaphase-promoting
complex, which functions in chromatid segregation during the metaphase/anaphase
transition by ubiquitin-mediated proteolysis (Deshaies 1999). We also note that the predicted
secondary structure of WPIP0282 includes multiple helical domains, and that the sequence
contains 77 basic, as well as 77 acidic amino acid residues, with a predicted pl near
neutrality.

To date, WPIP0282 is the only Wolbachia-encoded protein to be detected in mosquito
sperm-filled spermathecae. Because Wolbachiais not known to reside in or near the
spermathecae its presence among spermathecal proteins strongly suggests that WP1P0282
was secreted by Wolbachia in the testes and retained in mature mosquito sperm after
elimination of Wolbachiain “waste bags” during spermatid elongation. Its association with
sperm is compatible with a potential role in Cl induction, and the gene appears to have been
eliminated from the non-Cl-inducing Wolbachia strains that are mutualistic endosymbionts
in filarial nematodes. In infected insects, a range of CI potency has been experimentally
observed (Bourtzis et al. 1996). We note that the copy humber of 0282 homologs is higher in
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uRi than in wMel, and that uRi causes a more severe Cl phenotype than does nwMel within
their respective natural hosts (Clark et al. 2003). Despite evidence for variation in gene copy
number and sequence divergence, the potential role of WPIP0282 and/or WPI1P0283
warrants further investigation. We are particularly interested in learning whether these
proteins interact with the HU beta protein described previously (Beckmann et al. 2013).

4.2 Mechanisms of Mobility

Our in silico analysis of the 0282/0283 operon clearly demonstrated genome proximity to
MGE’s such as reverse transcriptases, transposases, integrases, recombinases, and resolvases
as well as with genes encoding WO phage proteins. Because Wolbachiahas a high
percentage of MGE’s, especially transposases (Bordenstein and Reznikoff 2005), it brings
into question whether the association is simply coincidental or of some functional
consequence. While many other genes are near mobile elements, gene duplication events in
the reduced genomes of Wolbachia seem to be relatively rare. We envision that this operon is
unique and its sequence divergence and duplications within Wolbachia genomes may have
significant physiological consequences and associated evolutionary roles. Such a hypothesis
could explain why there are so many different incompatible species of Culex pipiens
mosquitoes, all of which seem to harbor taxonomically similar Wo/lbachia strains (Klassen et
al., 2008; Salzberg et al., 2008) yet are unable to produce viable offspring when crossed
(Laven 1967, Magnin et al. 1987).

How the operon is duplicated is not clear. Mobile elements that “copy and paste,” usually do
so by means of an RNA intermediate (Benjamin et al., 2007). These elements are usually
bounded by long terminal repeats which do not appear to be present near the operon.
However, a group Il intron-like reverse transcriptase gene, wPip_0280, and an integrase
gene, wPip_0285, are both present near the operon, which makes it feasible that the entire
operon might be contained within a large class | retro-element. An alternative theory is that
operon duplications might simply be a by-product of the activity of adjacent reverse
transcriptase genes and transposases, such as uPip_0280 and wuPip_0291. The genes might
also have been duplicated by virtue of their association with the WO phage; phages can act
as shuttle vectors for other mobile elements (Bordenstein and Reznikoff, 2005). All three
Wolbachia strains have operons bordering the edges of a WO phage (Fig 7). Interestingly,
Ishmael et al. 2009 specifically highlighted the regions immediately surrounding the operon
and near the WO phage as regions characterized by, “Rampant lateral phage transfer
between diverse strains of Wolbachia.”

4.3 Insights from Duplicate Operons and Extrapolations to Cl Functionality

We demonstrated by RT-PCR that nPip_0282 is transcribed with uPip_0283 as a
polycistronic mRNA, as are the more divergent uPip_0294/0295 pair. Although in-silico
analysis of the amino acid sequences of WPIP0282 and WPIP0294 did not provide insight
as to the function of the operon, analysis of the second gene in each operon provided
interesting clues to potential functionalities. WPIP0283 contains a eukaryotic Ulpl C48
SUMO protease domain (pfam02902) which was likely acquired by a horizontal transfer
from a eukaryotic host because bacteria are not known to use SUMOylation, except in cases
where intracellular pathogens must interact with host protein machinery (Wimmer et al.,
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2012). Specifically, in Yersinia, another Ulpl SUMO protease-like protein, YopJ, has been
shown to play a regulatory role in the host cell’s MAPK signaling pathway by decreasing
levels of SUMO-1-conjugated proteins (Orth et al., 2000; Cornelis and Denecker, 2001).
Ulpl SUMO proteases were originally described in yeast, where it was shown that
alterations in their functionality can lead to G2/M arrest and cell lethality (Li and
Hochstrasser, 1999). Interestingly, Ulpl C48 SUMO protease proteins are also commonly
associated with architectural chromatin proteins such as SMC, (Structural Maintenance of
Chromosome) proteins and histones which themselves become SUMOylated (Lee et al.,
2011; McAleenan et al., 2012; Cubenas-Potts and Matunis, 2013). Alterations in the
SUMOylation status of host SMC proteins and/or histones might contribute to induction/
rescue of known CI chromatin disruption phenotypes. If the Ulpl SUMO protease domain
was indeed horizontally transferred the most likely donor candidates were flies, as the
closest eukaryotic similarities outside of Wolbachia for the C-terminus of WPIP0283 occur
in both Drosophila virilis (gi|195393912) and Drosophila willistoni (gi|195448669)
homologs. Horizontally transfered DNA encoding this protein domain also strengthens the
hypothesis that the gene participates with MGE’s, which can import and retain host protein
domains when beneficial. In uPip portions of 0283 have been duplicated in the genes
wPRip_1291, and 1292; the former of which contains an identical copy of the Ulp1 C48
SUMO protease domain harbored in wPip_0283. In uRi, the two close homologs of this
gene are labeled as pseudogenes (WRi_p005380 and wRi_p010040), but they maintain an
extremely large open reading frame (950 residues) with a fully conserved and recognizable
Ulpl C48 SUMO protease domain; if these genes were truly pseudogenes it would be
unlikely that they would maintain such large, fully conserved open reading frames. If
wPRip_0283 is involved with Cl, variations in its copy humber and sequence may be
responsible for not only variations in CI potency, but also for strains of Wolbachia that can
rescue CI but not induce it. A deletion in uPip_0282, that left wPip_0283 intact could
disrupt the operon and conceivably create such a strain of Wolbachia if WPIP0283 was a
rescue factor.

WPIP0283 is not the only protein that includes an interesting functional domain. Its partially
duplicated homolog, wPip_0295, while not having a SUMO protease domain, encodes a
DUF 1703 protein domain that is also present in another selfish genetic element, named the
“Medea element”, which is associated with very similar CI like phenotypes and embryonic
death in 7ribolium castaneum (Lorenzen et al. 2008). The DUF 1703 domain is likely to be
a nuclease within the PD-(D/E)XK family (Knizewski et al. 2007) and the Medea element is
part of a large Tc1 mariner transposon, which reinforces similarities between Medea and the
Wolbachia operon.

If the 0282-0283 operon is involved in Cl it logically gives rise to the hypothesis of Cl
induction/rescue as the result of a two gene operon where one gene induces and another
rescues Cl. This hypothesis is supported by the structural similarity of WPIP0282 to
Cullin-1 which aides in ligating ubiquitin substrates, whereas the WPIP0283 protein
contains the ubiquitin-like SUMO protease which may counteract the function of the former
protein by a precisely opposite mechanism. A system such as this would be strikingly
similar to toxin-antidote operons or “addiction genes” which are commonly incorporated
into mobile elements to increase segregation persistence (Rankin et al. 2011). Like CI, such
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systems are in fact often linked to chromatin functionality; many well studied toxin antidote
operons target enzymes such as DNA gyrase and helicase genes which exhibit their effects
on chromatin (Yamaguchi et al. 2011). If a Cl inducing/rescue system was as simple as a
two gene operon it would have profound impacts on the application of Cl for genetic control
of insects. One would no longer have to struggle with infecting mosquitoes with Wolbachia
for the purposes of reproductive manipulation. The operon could potentially be cloned under
a mosquito gonad-specific promoter to create a Cl inducing strain of transformed mosquito
and accomplish gene drive simply by the activities of the operon. CI induction/rescue by a
two gene operon in a MGE also brings forth new hypotheses as to the evolution and origin
of CI. Like the “Medea element,” CI might be a remnant of a bacterial selfish genetic
element whose gene product(s) interact with chromosome maintenance machinery encoded
by the host genome of the Wolbachia-infected arthropod. Further work must be done to
elucidate the operon’s possible role in Cl, but this work highlights the most intriguing ClI-
inducing protein candidates from Wolbachiathus far. We have cloned the gene and are
working on these studies currently.
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HIGHLIGHTS
- Peptides encoded by wPip_0282 occur in sperm from dissected mosquito spermathecae
- Homologs of nPip_0282 are only present in Cl-inducing Wolbachia strains

- wWPip_0282 and wPip_0283 comprise a two gene operon that has duplicated and
diverged

- wPip_0283 encodes a C-terminal, eukaryotic SUMO protease domain
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spermathecae ovaries

Figure 1.
SDS-PAGE analysis of protein extracted from reproductive tissues from Wolbachia- infected

and uninfected Culex pipiens mosquitoes. Lane M, molecular mass markers (kDa); lanes 1
and 2, 2400 dissected spermathecal lobes; lanes 3 and 4, 30 ovaries. Positive (+) and
negative () symbols below the lanes indicate tissue derived from Wolbachia infected
mosquitoes and tetracycline cured mosquitoes, respectively. Black arrows indicate bands
containing at least three peptides from the WPIP0282 protein. The white arrow in lane 3
indicates the Wolbachia WSP protein band in infected ovaries (see Beckmann et al., 2013)
which is absent from spermathecal extracts (lane 1). Microscopic examination of
spermathecae was used to confirm that that the mosquitoes had mated and that Wolbachia
were absent from the spermathecal tissues.
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Figure 2.
Total mass spectrometry detected peptide coverage of WPIP0282 and a sequence alignment

of homologs from Culex pipiens strains of Wolbachia. Dots indicate amino acid identities
with respect to uPip(Buckeye). Black shaded residues indicate peptides detected by mass
spectrometry in both spermathecal and ovarian samples. Grey shaded residues indicate
peptides detected only in ovarian samples. In uPip (Pel)_0282 homologs, vertical boxes
indicate regions of divergence with respect to uPip(Buckeye). The bold black underline
indicates a region of divergence in WPip(JHB)2. uPip (Pel) 0294 is a distant homolog of
wPip (Pel)_0282. Asterisks indicate fully conserved residues.
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wPip(Pel) Operon Characteristics

—
H 0282 0283 0294 0295 1291 1292
A W Pip(Pel)
61190570728 61190570729 61:190570737 1 G1:190571665 61:190571666
Amino Acid residues 491 1174 445 732 353 118
Domains £A0-binding, phosphate-binding] oUF-1703 peptidase ca; plamo290
peptidase CA8; pfam02902
Homology to 0282/0283 to WPIP0282 to WPIP0283 to WPIP0282 to WPIP0283 to WPIP0283 (C-term) | to WPIP0283 (C-term)|
(identity%/similarity%) 100/100 100/100 34/53 23/42 99/99 38/54
E Value 0.0 0.0 2e-44 le-24 0.0 de-05
Homolog BLASTp Comparisons
Homology to: 0282 0294 0295 1291 1292
wMel Operon wMel 0631  wMel_0632 wMel 0631  wMel_0632 w Mel_0632 wMel_0632
B residue overlap 488 1180 376 552 353 108
identity%/similarity% _|66/77 76/83 30/51 23/42 87/92 45/56
E Value 0.0 0.0 4e-41 6e-19 0.0 6e-07
\WRi Operon w Ri_005370 wRi_p05380 w Ri_005370 wRi_p05380 wRi_p05380 wRi_p05380
residue overlap 488 950 376 557 353 108
identity%/similarity% 66/77 74/82 30/51 22/42 86/92 45/56
E Value 0.0 0.0 le-41 le-15 0.0 6e-08
wRi Operon wRi_010030  wRi_p010040 wRi_010030  wRi_p010040 wRi_p010040 WRi_p010040
residue overlap 488 950 376 557 353 108
identity%/similarity% 66/77 74/82 30/51 22/42 86/92 45/56
E Value 0.0 0.0 le-41 le-15 0.0 6e-08
\WRi Operon wRi_006720 ‘wRi_006710 wRi_006720 wRi_006710 none none
residue overlap 495 802 460 729
identity%/similarity% 44/60 30/45 30/51 31/51
E Value |1e7120 9e-61 le-47 de-78
wAIbB Operon ZP_09542503  ZP_09542504 Zp_09542503  zP_09542504 none none
residue overlap 402 778 375 727
identity%/similarity% __|35/49 30/47 28/45 31/51
E Value 4e-45 7e-63 [9e-23 9e-73
wAIbB Operon ZP_09542120  ZP_09542121 ZP_09542120  ZP_09542121 none none
residue overlap 440 784 445 732
idemig%/similariix% 32/50 2/42 97/98 98/98
E Value 4e-43 3e-26 0.0 0.0

Figure 3.

Tabled array of various protein homologs analyzed in this study. A. Organization,

Page 19

characteristics, and BlastP comparisons of all the proteins encoded by the genome of uPip
(Pel): WPIP0282/0283, WPIP0294/0295, WPIP1291 and WPIP1292. Arrows at top indicate
organization of genes and direction of transcription. Grey-shaded arrows and boxes indicate
homologs of wPip_0282; black arrows and unshaded text indicate homologs of uPip_0283.
Identity, similarity, and E values are based on amino acid residues. B. BlastP comparisons of
homologs in various Wolbachia strains queried against homologs in uPip (Pel).
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Figure 4.

Protein alignments of other WPA0282 homologs within wiMel and uRi. Dots indicate
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identities with respect to uPip(Buckeye) and asterisks indicate fully conserved residues. The
bold black underline highlights the region of divergence corresponding to that shown for
wPip(JHB)2 in Fig 2. Black shaded residues are conserved C-terminal positively charged

residues.
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WPip(Pel) 0283 --------] MSNGDGLIRSLVDGDLEGFRQGFESFLDQCPSFLYHVSAGRFLPVFFFSMFS
(wPip(Pe1)_0295  MPSNVKPLELVQLL.M.NKSKDEFLD.QKR.Q..IN.S....HS.GKPG.F.S...G..A |
wPip(Pel)_0283 TAHDANILNAN-- ERVYFRFDNHGVNPRNGENRNTANLKVAVYRDGQQVVRCYSISDRPN

wPi E(Pe] )_0283 SD-GLRFSTRERNALVQEIRRONPNLREEDLNFEQYKVCMHGKGKSQGEATATVFEVIRE
wPi E(Pel )_0283 KDRQGRDKFAKYSASEVHFLRQLFRNHRLTIKETEGRQLNQNQLRQLGRSVNFTRVE--P

wPip(Pel) 0283 GQQRIDNFMEMLASNQRQDVRDSLRGDILEYVTDTYNNYRAQTENNTEGRSQKFESHGFL
p(Pe1)_0295 DLESLTSK. SNQDFEE . K-KNARRMFN. T EKETL----FSGKESSH

wPip(Pel)_0283 LGFLANFSHRYTIGVDLDLSPRNSHVA- -FLVR-HQVERENIPIVINLATRAPPYIALNR

Pip(Pel)_0283 ARSHAERL - - - HVFSFTPTHTE SRNTVCVGLNFNLNLDPFS -VDTVGL - QQDRFPLVQRL

|

p(Pe1)_0295 YKRGKET TVENKKFKAA . SKATES . --KYDDYKK.. . E. . .HI.H. FKS
wpii(PeD,uzaz TINVNSEDKFRSILHGTFYASDN-PYKVLAMYKVGQTYSLKRGQEEEGERVILTRITEQR

wPip(Pel) 0283 LDLLLLRQPRENDLDTHPIGYVLRLANNAEEVGQQQNDARQEIGRLKKQHRGFIPITSGN
Pip(Pel 5 VINATDQKKEYP. V. IE.KF.KKG. -LDKKEK. .KDQLK. Y. E-GEAYKV. .D

wPip(Pel) 0283 EVVLFPIVFNRDAHEAGNL ILFPEGIGREEHVHRLDRHVRSSRPGGLVGPESVIDENPPE

wPip(Pel)_0283 GLLSDQTRENFRRFYEEKAPGQNSTFLLDIGDNLHVPFSYLQGTRAQVIETLKSRIRGGG
m °
© [N

|

wPip(Pel)_0283

wPip(Pel)_1291

wPip(Pel)_0283 DRRRDISQLLQNDPNLPSRRSDLIQAHPGIQHEIDPLLLQFLGLQYPQRGGGGALQLGGE
wPip(Pel)_1291 TS

Figure 5.
Protein alignments of the second gene in the operon, nPip0283, and its homologs in

wPip(Pel). Dots indicate identities with respect to nPip (Pel)_0283. Grey shaded residues
show the C-terminally truncated homolog, wPip0295; its terminus is indicated by a grey
circle. Black shaded residues show N-terminally truncated homolog, WPip1291; its N-
terminus is indicated by a black circle. At the bottom of the alignment dark grey boxed
residues show the second N-terminally truncated homolog, wPip1292; its N-terminus is
shown by the dark grey circle. Asterisks indicate the eukaryotic Ulp1 Ubiquitin-like C48
SUMO protease domain (pfam02902) with conserved catalytic residues identified by
upward black arrows (Li and Hochstrasser, 1999; Mossessova and Lima, 2000). We note that
the N-terminus of wPip_1291 begins downstream of the C-terminus of uPip_0295.
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Figure 6.
RT-PCR confirmation of operon structure and expression within Wolbachia infected female

and male Culex pipiens mosquitoes. A. RT-PCR analysis of 0282-0283 operon. M is a DNA
marker. D is a Wolbachia DNA positive PCR control. At the top of the gels, Plus (+) and
minus (-) signify Wolbachia infection status. Negative controls were performed using
uninfected (=) female and male mosquitoes; and lanes labeled —RT on bottom signify a
reaction without reverse transcriptase as a control for DNA contamination of RNA samples.
Positions of primers are indicated by horizontal bars labeled op1, op2, and op3. Bands were
excised, sequenced, and determined to be the correct PCR/RT-PCR product. B. RT-PCR
analysis of 0294-0295 operon. Symbols are as in A. Bands were excised, sequenced, and
determined to be the correct PCR/RT-PCR product. C. Quality of RNA samples assayed by
RT-PCR using primers for the mosquito ribosomal protein RpS3. Primer attributes are listed
in table S1.
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Figure 7.
Operon structure and synteny within the three Wolbachia strains, wPip endosymbiont of

Culex quinquefaciatus, wMel endosymbiont of Drosophila melanogaster, and nRi
endosymbiont of Drosophila simulans. A. Genomes of the three strains with locations of the
duplicated operon elements labeled as black dots. In wPip, the operon has been fully
duplicated one time with parts of 0283 also being duplicated another two times to 1291 and
1292. In wMel the operon only occurs once. In uRi the operon has been duplicated three
times throughout the genome. B. Expanded genome regions including the respective operon
elements in the various species. Genes WRi_005380 and uRi_010040 are labeled as pseudo
genes within the genome, but still encode a large open reading frame. Genes wPip_0283,
wPRip _1291, wMel_0632, nRi_p005380, and nRi_p010040 all have a conserved eukaryotic
C48 sumo protease protein domain. Gene sizes are not to scale. Vertical shading indicates
synteny among genome regions.
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