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Abstract  25 

Cytoplasmic incompatibility is a selfish reproductive manipulation induced by the 26 

endosymbiont Wolbachia in arthropods. In males Wolbachia modifies sperm, leading to 27 

embryonic mortality in crosses with Wolbachia-free females. In females, Wolbachia rescues 28 

the cross and allows development to proceed normally. This provides a reproductive 29 

advantage to infected females, allowing the maternally-transmitted symbiont to spread 30 

rapidly through host populations. We identified homologs of the genes underlying this 31 

phenotype, cifA and cifB, in 52 of 71 new and published Wolbachia genomes sequences. 32 

They are strongly associated with cytoplasmic incompatibility. There are up to seven copies 33 

of the genes in each genome, and phylogenetic analysis shows that Wolbachia frequently 34 

acquires new copies due to pervasive horizontal transfer between strains. In many cases the 35 

genes have subsequently acquired loss-of-function mutations to become pseudogenes. As 36 

predicted by theory, this tends to occur first in cifB, whose sole function is to modify sperm, 37 

and then in cifA, which is required to rescue the cross in females. Although cif genes 38 

recombine, recombination is largely restricted to closely related homologs. This is predicted 39 

under a model of coevolution between sperm modification and embryonic rescue, where 40 

recombination between distantly related pairs of genes would create a self-incompatible 41 

strain. Together, these patterns of gene gain, loss and recombination support evolutionary 42 

models of cytoplasmic incompatibility. 43 

 44 

Introduction 45 

Maternally-transmitted bacteria in the genus Wolbachia commonly manipulate the 46 

reproduction of their arthropod hosts by inducing cytoplasmic incompatibility (CI). In the 47 

simplest case, CI causes embryonic mortality in crosses between symbiont-infected males 48 

and uninfected females (unidirectional CI). Because Wolbachia-infected females can still 49 

reproduce successfully with infected males, this provides them with a fitness advantage. 50 

Above a certain threshold in Wolbachia frequency, CI allows the infection to rapidly spread in 51 

the host population, even if it induces moderate fitness costs (Turelli et al. 1992). This is 52 

thought to have contributed to the remarkable evolutionary success of Wolbachia, which is 53 

estimated to infect around half of terrestrial arthropod species (Weinert et al. 2015). 54 

Cytological studies have revealed that CI results from cytogenetic defects affecting the 55 

paternal chromosomes in early embryogenesis (Callaini et al. 1997; Tram and Sullivan 56 

2002). As Wolbachia is not present in mature sperm, this suggests that Wolbachia modifies 57 

the sperm of infected males during spermatogenesis (the modification function). This leads 58 
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to development failing unless the zygote inherits a Wolbachia from the mother that is able to 59 

rescue embryonic development (the rescue function) (Callaini et al. 1997; Tram and Sullivan 60 

2002). When the male and female parents are infected with different Wolbachia strains, it is 61 

also common to find that the cross is incompatible (bidirectional CI) (O’Neill and Karr 1990; 62 

Bordenstein et al. 2001; Atyame et al. 2014). This suggests the modification and rescue 63 

factors must match each other for development to proceed normally (Poinsot et al. 2003). 64 

Recent work on the Wolbachia strains wMel and wPip from Drosophila melanogaster and 65 

Culex pipiens has found that the bacterial genes cifA and cifB are sufficient to induce CI 66 

(Beckmann et al. 2017; Lepage et al. 2017; Chen et al. 2019; Shropshire and Bordenstein 67 

2019). In both strains cifA is located directly upstream of cifB, and it is thought that cifA and 68 

cifB are transcribed as a single operon (Beckmann et al. 2017) (although this has been 69 

questioned by Shropshire and Bordenstein 2019). In both Wolbachia genomes the genes 70 

are found within a prophage called WO, and the proteins encoded by the two genes bind 71 

each other (Beckmann et al. 2017; Chen et al. 2019). 72 

In Drosophila, expressing cifAwMel in the female germline rescues CI in crosses with wMel-73 

infected males (Shropshire et al. 2018; Shropshire and Bordenstein 2019). Unexpectedly, in 74 

transgenic flies the modification of sperm requires both cifAwMel and cifBwMel to be expressed 75 

in the male germline (Lepage et al. 2017; Shropshire and Bordenstein 2019; Shropshire et 76 

al. 2020). This suggests that both genes are required for the modification function but only 77 

one gene for rescue and has been referred to as the ‘two-by-one’ model of CI by some 78 

authors (Shropshire & Bordenstein, 2019). One hypothesis to explain this is that cifA and 79 

cifB together modify sperm in a way that is lethal unless reversed by cifA in the early 80 

embryo. Other authors have proposed that cifB may be the only toxin in sperm and that cifA 81 

could act as an antitoxin both in embryos and in sperm (Beckmann, Bonneau, et al. 2019). In 82 

this model, the requirement of cifA in sperm would be due to the fact that it protects maturing 83 

sperm cells from the toxic effect of cifB (Beckmann, Bonneau, et al. 2019). This model 84 

requires further validation as experiments have so far failed to detect cifB being transferred 85 

to females on mating (Beckmann and Fallon 2013).   86 

There appear to be at least two distinct molecular mechanisms by which these genes cause 87 

CI, which are illustrated by two paralogous pairs of cifA-cifB genes in wPip. In one case cifB 88 

has two PD-(D/E)XK domains, which encode DNase activity and are required for the 89 

modification of sperm (Chen et al. 2019). The other cifB paralog in wPip has two PD-90 

(D/E)XK domains that lack the residues required for nuclease activity (Chen et al. 2019). 91 

Instead, a deubiquitylating domain, which cleaves ubiquitin from proteins, is required for 92 

the sperm modification function (Beckmann et al. 2017; Beckmann, Sharma, et al. 93 
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2019). Based on these distinct molecular functions, cif genes with DNase activity are also 94 

known as cinA and cinB, and cif genes with deubiquitinase activity are known as cidA and 95 

cidB (Beckmann, Bonneau, et al. 2019). Following Beckmann, Bonneau, et al. (2019), we 96 

use the cif terminology to refer to cytoplasmic incompatibility factors regardless of their mode 97 

of action. 98 

Homologs of cifA and cifB have been discovered in other Wolbachia genomes, allowing us 99 

to address questions around their evolution (Lepage et al. 2017; Lindsey et al. 2018). The 100 

cifA and cifB phylogenies are strongly congruent, which is compatible with a model where 101 

modification and rescue factors must be matched (Lindsey et al. 2018). In contrast, the cif 102 

gene and Wolbachia phylogenies are incongruent indicating that these genes are often 103 

transferred between Wolbachia genomes (Lindsey et al. 2018). CI genes are also commonly 104 

associated with prophage sequences on the Wolbachia chromosome, suggesting that 105 

phage-mediated transfer may underlie their mobility (Lepage et al. 2017; Lindsey et al. 106 

2018). Additionally, Wolbachia genomes often contain multiple pairs of the cifA and cifB 107 

genes, which may explain complex patterns of bidirectional incompatibility (Bonneau et al. 108 

2018). Finally, homologs of cifA and cifB frequently display signs of pseudogenization, 109 

carrying mutations that disrupt their open reading frame or introduce premature stop codons 110 

(Asselin et al. 2018; Meany et al. 2018; Turelli et al. 2018). Therefore, the evolution of CI 111 

genes appears to be highly dynamic, being punctuated with acquisition events through 112 

horizontal transfer and losses by pseudogenization. However, the rate at which these events 113 

occur and to what extent they are governed by neutral processes or selection acting on the 114 

CI phenotype remains to be explored.  115 

The identification of the cifA and cifB genes allows us to revisit theoretical predictions about 116 

the evolution of CI. A curious feature of CI is that it involves sperm being modified in males, 117 

and yet Wolbachia is not transmitted from males to future generations. This leads to the 118 

prediction that in randomly mating populations the ability to modify sperm is selectively 119 

neutral, so the genes involved can be lost by mutation and genetic drift (Turelli 1994; Hurst 120 

and McVean 1996). Once sperm modification has been lost, the rescue function will be free 121 

to suffer a similar fate (Turelli 1994; Hurst and McVean 1996). It has been suggested that 122 

the long-term maintenance of CI can be explained by kin selection in structured populations 123 

(Wolbachia in females benefits from related males inducing CI (Frank 1997)), but theoretical 124 

analyses suggest this may be a weak force that acts only under specific circumstances 125 

(Haygood and Turelli 2009). This has led to the suggestion that CI may be maintained by a 126 

process of clade selection where CI is necessary for the horizontal transfer of Wolbachia to 127 

new species (Hurst and McVean 1996). There is an analogy between these models, as here 128 

Wolbachia populations are structured depending on which species they infect (clade 129 
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selection model) as opposed to structure in space (kin selection model). Theory also predicts 130 

that multiple Wolbachia strains with different rescue and modification factors can invade 131 

populations (Frank 1998; Vautrin et al. 2007). A similar logic predicts that Wolbachia variants 132 

that acquire novel CI crossing types will invade infected populations provided they retain 133 

compatibility with the resident strain (Charlat et al. 2001). At the molecular level, this could 134 

be achieved by Wolbachia genomes accumulating cifA-cifB paralogs. 135 

Here we explore the evolution of cifA and cifB using publicly available and newly sequenced 136 

Wolbachia genomes. We found the genes in most Wolbachia genomes, often in multiple 137 

copies. While the protein domains required for CI are widely conserved, the domain structure 138 

of divergent homologs found in some Wolbachia strains and related bacterial genera 139 

suggests they may play a diverse range of molecular functions. The cif genes are lost on 140 

relatively short time scales, with the modification function usually being lost before the 141 

rescue function. This is compensated by pervasive horizontal transfer of functional cif genes 142 

between symbiont genomes, in many instances across long phylogenetic distances. Finally, 143 

recombination between cif genes is largely restricted to closely related homologs, supporting 144 

the hypothesis that genetic divergence leads to the diversification of CI compatibility types. 145 

 146 

Results 147 

New genome sequences of Wolbachia from Drosophila 148 

We sequenced eleven Wolbachia genomes from eleven different Drosophila hosts, with 149 

mean sequencing depths ranging from 27 to 40x (Table 1). Assembly sizes were within the 150 

range of typical Wolbachia genomes, with the genomes of the strains wStv and wNik forming 151 

a single scaffold. The number of near-universal, single-copy genes from the BUSCO 152 

proteobacteria database in the assemblies was similar to published reference genomes of 153 

Wolbachia, indicating that genomes are near complete (Table 1; repeating the analysis on 154 

published genomes of wMel, wAu, wHa, wNo and wRi yielded 181, 184, 183, 182, 182 155 

complete BUSCO genes respectively). One of these strains, wTri, has been previously 156 

sequenced by Turelli et al. (2018). Our sequence differed by 114 SNPs, was more intact and 157 

contained an additional pair of cif genes. We named our strain wTri-2. The newly sequenced 158 

strains all cluster within Wolbachia supergroup A, like most Wolbachia isolated from 159 

Drosophila hosts in our dataset (Figure 1). 160 

 161 

 162 
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The cif genes are widespread in the genomes of Wolbachia and related Rickettsiales 163 

To examine the evolution of cif genes we combined our newly sequenced genomes with 164 

published sequences (Table S1). This gave 71 Wolbachia genome sequences, in which we 165 

identified 129 and 128 homologs of cifA and cifB respectively (Figure 1; Table S2). Synteny 166 

was highly conserved—in 115 cases (~89%) cifA was located immediately upstream of cifB 167 

(Figure 1). A single cifA homolog and three cifB homologs broke this pattern and were 168 

present without their partner. Interestingly, all four of these genes carry mutations that 169 

disrupt their open reading frame (ORF) suggesting that they are pseudogenes. The 170 

remaining genes not found in pairs were located at the end of contigs and/or were partially 171 

sequenced, preventing us from drawing conclusions about synteny. As the operon status of 172 

these genes is disputed (Beckmann, Bonneau, et al. 2019; Shropshire et al. 2019), we will 173 

refer to the 115 syntenic pairs of genes as cifA–cifB genes. 174 

Seventy-three percent (52/71) of Wolbachia strains carry at least one homolog of cifA or cifB 175 

(Figure 1), and almost half the Wolbachia genomes carry multiple cifA–cifB homologs 176 

(35/71). The largest number was in the strains infecting Diploeciton nevermanni and Gerris 177 

buenoi, both of which had seven syntenic cifA–cifB genes (Figure 1). The counts of gene 178 

pairs across strains did not differ from a Poisson distribution (Cameron-Trivedi test for 179 

Poisson equidispersion on per strain counts of intact syntenic cifA–cifB genes in 180 

supergroups A and B: z = 1.38, p = 0.16 (Cameron and Trivedi 1990)). 181 

To examine the distribution of cifA–cifB genes across bacterial strains we reconstructed the 182 

Wolbachia phylogeny using a set of 28 single-copy genes that were present in over 95% of 183 

the genomes. The cifA and cifB genes are widespread across the Wolbachia supergroups A 184 

and B, which contain most of the genomes analysed (Figure 1). Six symbiont strains belong 185 

to other Wolbachia supergroups, and none of their genomes contained cifA or cifB. 186 

However, syntenic cifA–cifB genes were identified in the genomes of Rickettsia gravesii, 187 

Rickettsia amblyommatis and Occidentia massiliensis which infect ticks, and in a plasmid 188 

found in Rickettsia felis strain LSU-Lb, which infects the booklouse Liposcelis bostrychophila 189 

(Figure 2 and S1; Table S2). 190 

 191 

The cif genes are associated with cytoplasmic incompatibility 192 

To examine the association between cif genes and phenotype, we compiled a list of the 193 

effects that each Wolbachia strain has on host reproduction (Figure 1C, Table S1). We found 194 

that there was a significant association between the presence of cifA–cifB genes (without 195 
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ORF-disrupting mutations) and published reports of a strain inducing CI (Table 2; Fisher 196 

Exact Test: p < 0.0001). The only case of CI-inducing strain without these genes was wVitB, 197 

however, this may be an omission from the genome sequence. Indeed, we found what 198 

appeared to be fragments of cifA and cifB on very small contigs in the wVitB genome 199 

assembly. Another CI-inducing strain, wRec, carries a syntenic cifA–cifB pair where cifB has 200 

a frameshift mutation towards its 3’ end, downstream of predicted protein domains known to 201 

have a role in sperm modification (Figure 2, Table S2). Although we counted this as a 202 

pseudogene it is possible that it encodes a functional protein. Finally, wYak induces weak CI 203 

(Cooper et al. 2017) and both copies of cifB in the genome contain stop codons (Cooper et 204 

al. 2019 ; Figure 2). 205 

There were 14 strains that are reported not to induce CI (Table 2). Among them, the strain 206 

wBor was the only one to carry a pair of cifA–cifB genes without ORF-disrupting mutations, 207 

although this strain is only known to induce male-killing. As described below, both of these 208 

genes lack domains that are conserved across all CI-inducing strains. Among the other non-209 

CI strains, the genes were absent from two Wolbachia strains that induce parthenogenesis 210 

(wTpre and wUni), one strain suspected to induce parthenogenesis (wFol), two strains that 211 

do not induce CI or other clear phenotypic effects (wAu and wTro) and five strains thought to 212 

be mutualists (wCle in bed bugs and the four strains from nematodes) (Figure 1). Finally, the 213 

male-killing strain wBif and two strains with no clear reproductive phenotype (wSpc and 214 

wNeo) were only found to carry cif gene pairs with ORF-disrupting mutations. Overall, the 215 

strong association between syntenic cif genes and the CI phenotype suggests a single 216 

evolutionary origin of this reproductive manipulation in Wolbachia (Table 2).  217 

 218 

A new and diverse group of cif genes is found in Wolbachia and other Rickettsiales 219 

Reconstruction of the cifA-cifB gene tree revealed new diversity among these genes. While 220 

most sequences fell into four clades that have been named Types I-IV, the genes from two 221 

Rickettsia species, a Rickettsia plasmid, Occidentia massiliensis and several Wolbachia 222 

strains were basal to these four types on the midpoint rooted tree (Figure 2; Figure S1). The 223 

divergence among these sequences is frequently greater than between Types I-IV, and we 224 

are unable to root the phylogeny with high confidence without a reliable outgroup. However, 225 

midpoint rooting suggests that this may be a paraphyletic group with the other cif genes 226 

nested within it. We propose to call this diverse assemblage of cifA-cifB homologs “Type V”. 227 

We found multiple protein domains, including the cifB nuclease and deubiquitinase domains 228 

known to be involved in sperm modification (see below for a detailed description of protein 229 
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domain conservation). Type V cifB genes tend to be longer and possess a diverse array of 230 

domains, suggesting that they may perform a variety of molecular functions (Figure 2; Figure 231 

S1B). Among these genes we identified toxin domains (Latrotoxin, RTX, pore-forming and 232 

salivary-gland toxins), a protease domain (OTU-like cysteine protease) and domains 233 

involved in protein-protein interactions (tetratricopeptide and ankyrin repeats). The ankyrin 234 

repeat domain also shows strong similarities with DNA-binding proteins (probabilities ~100% 235 

in the HHpred search).  236 

All five cifA-cifB types are associated with CI. Type I genes from wMel and wPip, and Type 237 

IV genes from wPip have been experimentally linked to CI (Beckmann et al. 2017; Lepage et 238 

al. 2017; Chen et al. 2019). Additionally, we found CI-inducing strains such as wNo and 239 

wStri that carry only Type III or Type V genes. Finally, in the CI-inducing strain wRi the only 240 

cifA-cifB genes without signs of pseudogenization belong to Type II.  241 

 242 

The cifA and cifB genes codiverge with recombination restricted to closely related 243 

genes 244 

The cifA and cifB proteins bind each other, and in a comparison of two Wolbachia strains the 245 

proteins encoded by syntenic pairs of genes bound more strongly than heterologous proteins 246 

(Beckmann et al. 2017; Chen et al. 2019). This led to the suggestion that coevolution of 247 

binding affinities between the proteins could underlie the divergence of CI crossing types 248 

(Beckmann, Bonneau, et al. 2019). Consistent with this and in agreement with earlier studies 249 

(Lepage et al. 2017; Lindsey et al. 2018), syntenic cifA and cifB genes show strong 250 

phylogenetic congruence (Mantel test p-value < 0.0001; Figure S2A-B; Figure 3A). 251 

Strikingly, there is no case where recombination has brought together cifA and cifB genes 252 

from different Types (Figure 3A). Nonetheless, the two trees are not identical. Using multiple 253 

approaches to recombination detection on the concatenated alignment of cifA and cifB we 254 

identified 83 well-supported recombination events (Table S4; note that some events may 255 

have been counted multiple times). Manual inspection of the sequences frequently revealed 256 

clear recombination breakpoints (Figure S3A-C). However, all but one of these events 257 

involved sequences of the same Type (82/83 events; Table S4). This pattern of 258 

recombination tending to occur between closely related sequences was strongly supported, 259 

as the mean genetic distance between inferred parental sequences was significantly lower 260 

than expected by chance (Figure S4). Manual inspection of the only recombination event 261 

involving parental sequences belonging to different Types revealed no clear breakpoint in 262 

the recombinant sequence, suggesting that this event could be a false-positive created from 263 

low-quality alignment between highly divergent homologs (Figure S3D). Together, these 264 
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results indicate that cifA and cifB recombination is largely restricted to closely related 265 

sequences, perhaps because their binding affinities have coevolved. 266 

 267 

A conserved protein domain architecture is associated with cytoplasmic 268 

incompatibility  269 

To gain insights into the molecular basis of cytoplasmic incompatibility and its evolution, we 270 

used a comparative approach to identify the protein domains associated with the trait. A 271 

complication is that closely related domains may be annotated in some sequences but not 272 

others depending on whether they meet an arbitrary significance threshold. To avoid this, we 273 

first searched for domains using conventional tools, and then used these sequences to 274 

create a Wolbachia-specific HMM profile for each domain that was used to repeat the 275 

search.  276 

The induction of CI by the Type IV cifB paralog in wPip (cinB) requires DNAse activity due to 277 

its PD-(D/E)XK nuclease domains (Chen et al. 2019). However, the Type I cifB paralog in 278 

wPip (cidB) has lost the catalytic residues associated with DNase activity and instead CI 279 

requires a deubiquitinase domain that functions to deconjugate ubiquitin from proteins 280 

(Beckmann et al. 2017; Beckmann, Sharma, et al. 2019). We found the two PD-(D/E)XK 281 

nuclease domains were highly conserved across the cifB tree (Figure 2; Figure S1B; Table 282 

S5). As is normally the case, these domains were associated with a 5’ AAA-ATPase domain 283 

(Knizewski et al. 2007). The catalytic D-E-K residues were conserved throughout cifB 284 

evolution until they were lost in the common ancestor of the Type I genes (Figure S6, 285 

Lindsey et al. 2018; Chen et al. 2019). This coincided with the Type I genes acquiring the 286 

deubiquitinase domain, and this domain is conserved across Type I. This suggests that the 287 

molecular basis of CI has been conserved across the Type II, III and IV genes, and then 288 

changed (Chen et al., 2019) in the ancestor of the Type I sequences. Interestingly, the 289 

deubiquitinase domain is also present in some but not all Type V cifB homologs, suggesting 290 

that these might induce CI through a mechanism similar to that of the Type I genes (Figure 291 

2; Figure S1B; Table S5). The sparse distribution of the deubiquitinase domain raises 292 

questions about its origin. A phylogenetic reconstruction of the deubiquitinase domain’s 293 

amino acid sequence grouped Type I and V deubiquitinase domains as two monophyletic 294 

clades (Figure S7), so the domain does not appear to have been exchanged by 295 

recombination. Instead, the deubiquitinase domain must either have been acquired 296 

independently by the Type I and V genes, or have been present in the common ancestor of 297 

the cif genes and subsequently lost multiple times.  298 



10 

 

The cifA gene has a more conserved domain structure than cifB (Figure 2; Figure S1A; 299 

Table S5). The two domains that we identified were annotated as functioning in apoptosis 300 

regulation and RNA-binding, but we caution that the support for these annotations being true 301 

positives was less than 85%. There are six cifA genes that have lost the apoptosis regulator-302 

like domain (including two putative pseudogenes) and none of these are known to induce CI 303 

(Figure S1A). If some of these strains were found to induce CI, it would be of interest to test 304 

if they can also rescue this effect, to assess if this domain is required for the rescue activity 305 

of cifA proteins. 306 

 307 

The cif genes frequently transfer between distantly related Wolbachia genomes and 308 

insect hosts 309 

The cif genes are often found in the vicinity of prophage genes, a cluster of genes known to 310 

undergo intense genomic rearrangements and horizontal transfer between Wolbachia 311 

genomes (Bordenstein and Wernegreen 2004). The link between cif genes and mobile 312 

genetic elements is reinforced by the presence of the genes on a plasmid found in 313 

Rickettsia. There are numerous cases of the genes being exchanged between distantly 314 

related bacterial hosts, including multiple instances of transfer between the Wolbachia 315 

supergroups A and B (Figure 3B). This suggests that horizontal transfer of cif genes 316 

between distantly-related symbionts is common, sometimes even crossing the bacterial 317 

genus boundaries as exemplified by the presence of cifA-cifB homologs in Rickettsia 318 

genomes and plasmids (Figure 2; Figure S1). Nonetheless, there is partial congruence 319 

between the phylogenies of Wolbachia and their cif genes (Mantel test p-value < 0.0001; 320 

Figure 3B; Figure S2C-D). This could result from cif genes being maintained for long enough 321 

to be co-inherited with the Wolbachia genome during speciation events or the genes 322 

frequently transferring between closely related bacterial strains. 323 

Since the cifA and cifB proteins interact with targets in the arthropod host, their distribution 324 

may be constrained by the arthropod phylogeny rather than the Wolbachia phylogeny. 325 

Despite the cifA and cifB genes frequently transferring between distantly related arthropods, 326 

there is a highly significant tendency for closely related cif genes to be found in the same 327 

host order (Mantel test comparing cifA-cifB pairwise distances and insect orders: p-value < 328 

0.0001; Figure S2E-F). However, we would caution that this association could be the result 329 

of the Wolbachia phylogeny being correlated with the arthropod phylogeny (Mantel test 330 

comparing Wolbachia pairwise distances and insect orders: p-value < 0.0001; Figure S2G-331 

H) and these effects are difficult to disentangle.  332 
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 333 

Pseudogenes are common and the loss of sperm modification usually pre-dates the 334 

loss of the rescue 335 

In randomly mating populations there is no selection for CI-inducing Wolbachia to modify 336 

sperm (Turelli 1994), so a gene whose only function is sperm-modification (cifB) is predicted 337 

to eventually lose its function. Once this occurs there is no selection to maintain the rescue 338 

function, so cifA can also be lost. Excluding partially sequenced genes, putative loss-of-339 

function mutations were found in 12.1% of cifA sequences (15/124) and 27.8% of cifB 340 

sequences (27/97), suggesting that the modification of sperm function is lost more frequently 341 

than the rescue function (Figure S1A-B; Fisher Exact Test: p = 0.02). The fixation rate of 342 

loss-of-function mutations per site was not significantly different between the two genes 343 

(cifA: 2.4×10-4 mutations/amino acid; cifB: 3×10-4 mutations/amino acid; Fisher’s exact test: p 344 

= 0.64). 345 

To examine the order in which cifA and cifB become pseudogenes, we visually inspected the 346 

87 fully-sequenced cifA-cifB pairs. We identified 38 independent mutational events that 347 

cause the ORF to be disrupted (i.e. not double-counting mutations inherited through 348 

speciation or duplication events; Figure 2). These putative loss-of-function mutations include 349 

single base pair substitutions introducing premature stop codons, indels producing 350 

frameshifts, insertion of transposable elements (wStv pair 1) and short inversions (wYak pair 351 

1) (Table S2). The majority of cifA-cifB gene pairs show no signs of pseudogenization 352 

(63/87), while six carry ORF-disrupting mutations in both genes. In cases where just one 353 

gene carried a mutation, it was more often cifB than cifA (14 versus 4 instances; Figure 2; 354 

binomial test: p = 0.03). This suggests sperm modification function is usually being lost 355 

before the rescue function. Interestingly, in two cases where only cifA appears to be 356 

pseudogenized (Wolbachia in Nomada bees), the cifB genes are ~50% shorter than their 357 

close relatives and lack the nuclease domains conserved in all other cifB genes (Figure 2).  358 

Therefore, these cifB genes may be non-functional despite the absence of ORF-disrupting 359 

mutations. In a third case, cifA is pseudogenized in wSpc, a strain that does not modify 360 

sperm in its host Drosophila subpulchrella despite carrying an intact cifB gene, meaning that 361 

there should be no selection acting to maintain the rescue function in this strain (Figure 1). 362 

Once the CI genes lose their function, it has been predicted that the Wolbachia infection will 363 

also be lost from the population. This should happen unless other phenotypes such as the 364 

provision of fitness benefits to the host are maintaining the symbiont, or the Wolbachia 365 

genomes harbour additional cif genes that are still functional. If the infection is maintained, 366 

non-functional CI genes may accumulate further loss-of-function mutations or be eliminated 367 
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from the Wolbachia genomes, for instance by excision of the prophage harbouring the CI 368 

genes. By looking at the phylogenetic distribution of putative loss-of-function mutations, it is 369 

possible to infer whether non-functional cif genes slowly degenerate or are quickly 370 

eliminated. The majority of loss-of function mutations are located on the terminal branches of 371 

the CI gene phylogenies (Figure 2; Figure S1A-B). The only exceptions are a few mutations 372 

co-inherited between closely-related Wolbachia strains (wNeo/wOrie; Wolbachia from 373 

Nomada bees) or through a putative duplication in the wRi genome (pair 1 and 3 are 374 

identical). This suggests that pseudogenized cif genes are rarely horizontally-transmitted 375 

between Wolbachia genomes or maintained for long enough to be inherited through 376 

speciation events. 377 

 378 

Closely related cif genes commonly coexist in the same genome  379 

CI favours female hosts that have the greatest reproductive compatibility with males in the 380 

population. Therefore, Wolbachia strains that induce a new CI crossing type can invade 381 

Wolbachia-infected populations provided they are compatible with the resident strain 382 

(Charlat et al. 2001). Such a mutant could arise if Wolbachia acquires an additional pair of cif 383 

genes, and this may explain why Wolbachia genomes commonly harbour multiple cif 384 

paralogs. However, additional cif genes should only spread if they induce a different crossing 385 

type from the genes already present in the genome. If closely related genes confer the same 386 

crossing type, then this would mean that closely related cif homologs are unlikely to be found 387 

within the same genome. However, we found no support for this as in our dataset - putatively 388 

functional cif homologs in the same genome have very similar levels of divergence to cif 389 

homologs found in different genomes (Figure S5). A similar argument applies to the loss of 390 

cif genes—if a genome contains paralogs that induce the same crossing type then one of the 391 

paralogs could be lost by mutation. However, again there is no evidence for this process. 392 

Looking within genomes, the genetic distance between intact cif genes and putative 393 

pseudogenes was similar to the genetic distance between pairs of functional genes (genetic 394 

distance calculated from Figure 2: 1.15 and 1.28 respectively).  395 

 396 

Discussion 397 

CI is the most commonly observed reproductive manipulation induced by Wolbachia, and its 398 

evolution has been investigated for over sixty years through phenotypic experiments (Laven 399 

1957; Sinkins et al. 1995; Charlat et al. 2003; Zabalou et al. 2008) and evolutionary models 400 
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(Caspari and Watson 1959; Turelli 1994; Hurst and McVean 1996; Vautrin et al. 2007). The 401 

discovery of the genes underlying CI now makes it possible to reconstruct the trait’s 402 

evolution at the molecular level and infer the selection pressures acting on CI using the tools 403 

of molecular evolution. Here we analysed 71 Wolbachia genome sequences to investigate 404 

the importance of recombination, pseudogenization and horizontal gene transfer in the 405 

evolution of CI. 406 

The cif genes are widespread across the Rickettsiales. Our large dataset supported the 407 

observation of Lindsey et al. (2018) that cif genes are common in Wolbachia supergroups A 408 

and B. These supergroups contain most of the Wolbachia strains that have been described, 409 

and here the genes are tightly linked to the CI phenotype. The genes were absent from a 410 

small sample of Wolbachia strains from other supergroups. This may explain why, to our 411 

knowledge, there are no reports of strains from these supergroups inducing CI. However, 412 

divergent Type V cif genes are found in other Rickettsiales, and here their phenotypic effects 413 

are uncertain (Gillespie et al. 2018). Gillespie et al., 2018 proposed that cif homologs found 414 

in Rickettsia may induce other reproductive phenotypes. For instance, Rickettsia felis strain 415 

LSU-Lb, which carries Type V cif genes on its plasmid, infects a parthenogenetic insect. 416 

Accurate rooting of the cif gene tree together with functional characterisation of these genes 417 

will be needed to confirm whether the ancestral function of these genes was to induce CI. 418 

However, the presence of a CI-inducing Wolbachia strain that has only Type V genes 419 

suggests that CI evolved very early in the evolution of cif genes.   420 

It has long been observed that crosses between insects carrying different Wolbachia strains 421 

are frequently incompatible, suggesting that modification and rescue factors must be 422 

matched to produce viable offspring. A possible molecular cause of this phenomenon comes 423 

from the observation that cifA and cifB bind each other (Beckmann et al. 2017; Chen et al. 424 

2019), and so binding affinities may be greatest between coevolved genes. If this is the 425 

case, then there would be strong selection against recombination between the genes as this 426 

could generate symbionts that are unable to rescue crosses with infected females (Charlat et 427 

al. 2001). Furthermore, even if the symbiont retained the ability to rescue the cross, for 428 

example if genes are swapped among paralogous pairs within the genome, the pair of genes 429 

might be eliminated in the long term if it generated self-incompatibility when transferred to a 430 

new genome. Despite this, clear evidence of recombination has been observed among cif 431 

genes from wPip, which infects C. pipiens mosquitoes (Bonneau et al. 2018). wPip strains 432 

can carry multiple copies of Type I cif genes, and recombination between closely related 433 

paralogs correlates with different CI crossing types. Whether recombination itself created 434 

these incompatibilities or whether crossing types arose due to sequence divergence 435 

following recombination is unknown. We found that recombination is frequent across the cif 436 
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gene phylogeny, but it almost exclusively occurs between related syntenic cifA-cifB gene 437 

pairs within the same Type. Since Wolbachia genomes often carry divergent cif homologs, 438 

the absence of recombination between these genes is compatible with recombination being 439 

constrained by selection. This can be explained by the coevolution of binding affinities 440 

between the proteins encoded by cifA and their cognate cifB gene.  441 

The evolution of sperm modification by Wolbachia poses an evolutionary puzzle—the trait is 442 

only expressed in males and yet symbionts in males are not passed on to the next 443 

generation. In randomly mating populations it will be at best selectively neutral (Prout 1994; 444 

Turelli 1994). While kin selection can act to maintain CI in structured populations (Frank 445 

1997), this is a weak force that operates only under specific circumstances (Haygood and 446 

Turelli 2009). Therefore, theory predicts that a gene involved exclusively in sperm 447 

modification, such as cifB, will accumulate loss of function mutations. Once these have been 448 

fixed within a population, the gene required for the rescue function (cifA) will then 449 

degenerate by mutation. It has already been reported that cif genes often carry putative loss-450 

of-function mutations (Asselin et al. 2018; Lindsey et al. 2018; Meany et al. 2018; Cooper et 451 

al. 2019). We found cifB carries loss-of-function mutations more often than cifA, and that cifA 452 

generally acquires such mutations after cifB. This confirms a key prediction of theory, and 453 

supports the hypothesis that lack of selection to maintain sperm modification may lead to the 454 

loss of CI in some populations (Turelli 1994; Hurst and McVean 1996). While evolutionary 455 

predictions were based on a mechanistic model that assumes sperm modification and 456 

rescue were encoded by different genes, the same pattern of gene loss would be expected if 457 

both cifA and cifB are required to modify sperm (Shropshire and Bordenstein 2019). This is 458 

because a mutant that lost cifA, and therefore the ability to both induce and rescue CI, would 459 

initially be rare in a population of CI-inducing symbionts and should be counter-selected. By 460 

contrast, mutating cifB will only cause the loss of sperm modification and will therefore not 461 

be exposed to selection. Therefore, even in the two-by-one mechanistic model, the spread of 462 

a symbiont carrying a pseudogenized cifA and a functional cifB is unlikely. Nonetheless, how 463 

the two-by-one model affects details of the dynamics, such as the effects of population 464 

structure, remain to be explored theoretically. 465 

The degeneration of cif genes could also occur if the CI phenotype is lost first, for instance 466 

due to the host evolving to suppress the trait (Koehcke et al. 2009), leaving the genes free to 467 

degenerate by mutation. This is plausible as artificial transfers of Wolbachia between 468 

species have shown that host genetic background can affect the expression of CI (Poinsot et 469 

al. 1998; Jaenike 2007; Zabalou et al. 2008). As this model makes no predictions about the 470 

order of gene loss, it may explain why we found at least one Wolbachia strain that does not 471 

induce any reproductive incompatibility and whose genome contains a cifA pseudogene 472 
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alongside an intact cifB. As cifB is typically longer than cifA, even under this model of 473 

evolution cifB may tend to acquire loss-of-function mutations first. Indeed, the number of 474 

loss-of-function mutations per amino acid is similar between cifA and cifB, which is 475 

compatible with the two genes evolving under similar selective pressures. However, this is a 476 

rather weak test as after a loss of function mutation in cifB, under any evolutionary model 477 

both genes are free to degenerate at the same rate. Therefore, to separate these models it 478 

is necessary to know whether strains carrying cifB pseudogenes alongside functional cifA 479 

genes are found in hosts that can express CI. An example is wRi. This strain induces CI, and 480 

its genome contains an intact pair of cif genes alongside two distantly related pairs of genes 481 

where cifB is a pseudogene. Another apparent example of this is wYak, which has two 482 

copies of cifB in its genome, both of which contain internal stop codons (Figure 1; Cooper et 483 

al. 2019). When its natural host D. yakuba was experimentally infected with a different 484 

Wolbachia strain it induced strong CI  (Zabalou et al. 2004).  However, the recent discovery 485 

that wYak itself induces weak CI means that it is unclear whether the mutations in the two 486 

cifB genes reduced the ability of wYak to modify sperm (Cooper et al. 2017). Together these 487 

examples provide tentative support for the model that sperm modification may degenerate 488 

by mutation, even in hosts expressing CI. 489 

In the absence of other phenotypic effects on the host, theory predicts that the loss of sperm 490 

modification will lead to the loss of Wolbachia from the host population (Turelli 1994; Hurst 491 

and McVean 1996). We found that the majority of loss-of-function mutations appear to have 492 

occurred recently. First, these mutations tend to be on terminal branches of the gene tree. 493 

Second, pseudogenes rarely accumulate many loss-of-function mutations. While this 494 

suggests that cifA and cifB pseudogenes rarely co-diverge with the Wolbachia genome for 495 

long periods, it is unclear whether this results from the loss of the Wolbachia infection or 496 

through the genes being deleted from the genome, for instance by phage excision. Since the 497 

publication of theoretical studies on CI evolution (Turelli 1994; Hurst and McVean 1996), it 498 

has become increasingly clear that many Wolbachia strains can persist in host populations 499 

without inducing any reproductive manipulation by providing fitness benefits (Kriesner & 500 

Hoffmann, 2018; Kriesner, Hoffmann, Lee, Turelli, & Weeks, 2013; Dedeine et al., 2001; 501 

Hosokawa, Koga, Kikuchi, Meng, & Fukatsu, 2010; Taylor, Bandi, & Hoerauf, 2005 Martinez 502 

et al., 2014). Therefore, it remains to be demonstrated whether the degeneration of cif genes 503 

causes the loss of Wolbachia from populations. 504 

The frequent loss of cif genes raises a paradox when trying to explain the high prevalence of 505 

CI across Wolbachia strains. Hurst & McVean (1996) argued that CI-inducing Wolbachia 506 

infections were more likely to transfer horizontally between host species, so symbiont strains 507 

that induce CI are more likely to persist over an evolutionary timescale. Consistent with this 508 
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process of clade selection, Wolbachia frequently jumps between host species (Zhou et al. 509 

1998; Vavre et al. 1999; Baldo et al. 2008). Our observations suggest that clade selection 510 

may also be acting at the level of the cif genes as Wolbachia genomes appear to be 511 

frequently recolonised by cif genes from other symbionts. The pervasive horizontal transfer 512 

of cif genes may allow them to evade inevitable extinction within symbiont lineages by 513 

escaping into a new symbiont population. This process is analogous to the evolution of 514 

transposable elements, which frequently go extinct within host species, but persist long term 515 

by jumping into new species (Schaack et al. 2010). 516 

Horizontal transfer of cif genes occurs frequently and sometimes over large phylogenetic 517 

distances, sometimes even crossing the bacterial genus boundaries. High rates of horizontal 518 

transfer likely result from the cif genes being associated with mobile genetic elements, such 519 

as WO prophage sequences, transposons and plasmids (Gillespie et al. 2018; Lindsey et al. 520 

2018; Cooper et al. 2019). Interestingly, Lepage et al. (2017) found no significant association 521 

between the phylogenies of cif genes and genes found in the structural module of phages. 522 

Prophage regions often rearrange (Bordenstein and Wernegreen 2004) which likely explains 523 

this pattern. However, this does not mean that phages are not a major route of horizontal 524 

transmission of cif genes, and the association between cif genes and mobile genetic 525 

elements supports the idea that the ability to move horizontally between genomes may be an 526 

important adaptation of these elements. Indeed, cif genes that lose their association with 527 

mobile elements may ultimately go extinct as they would be less likely to undergo horizontal 528 

transfer. As argued by Beckmann, Bonneau, et al. (2019), in some cases CI may be best 529 

viewed as an adaptation of mobile genetic elements to spread within Wolbachia populations.  530 

Wolbachia genomes often carry multiple cifA-cifB gene pairs. This is analogous to the 531 

frequent occurrence of multiple Wolbachia strains within the same host individuals. Both 532 

experimental and theoretical studies have demonstrated that such multiple infections can 533 

invade host populations provided the strains carry different modification and rescue factors 534 

(Sinkins et al. 1995; Rousset et al. 1999). This is because females harbouring additional 535 

Wolbachia strains will be compatible with all males in the population. An equivalent process 536 

will promote the invasion and maintenance of cif paralogs within the same genome, provided 537 

that they encode bidirectionally incompatible modification and rescue factors. If 538 

bidirectionally incompatibility evolves gradually, this hypothesis predicts that paralogous cif 539 

genes within a genome might be distantly related. However, we found no evidence for this, 540 

and frequently paralogs within the same genome are closely related. We would argue that 541 

this does not mean that we should discount the hypothesis that cif paralogs accumulate 542 

within the same genome because they encode bidirectionally incompatible CI factors. In 543 

particular, our analysis assumes that genetic divergence can be used as a proxy for the 544 
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divergence of crossing types and this may not be the case. For example, the evolution of 545 

new crossing types could occur following cif gene duplication events (Beckmann, Bonneau, 546 

et al. 2019), meaning that a single genome could harbour closely related paralogs that 547 

encode incompatible crossing types, as observed in the wPip-Culex system described above 548 

(Bonneau et al. 2018). While sequence divergence following duplication is thought to have 549 

led to new compatibility types (Beckmann, Bonneau, et al. 2019), an open question is 550 

whether carrying multiple identical copies of a cif gene pair might be sufficient to produce 551 

new crossing types, perhaps by “dose effects”. 552 

There is both direct and indirect evidence that homologs from all the main cif gene Types 553 

can induce CI, and analysis of protein domains suggests that the molecular basis of CI is 554 

conserved. The cifA domain structure varies little across the gene family. All cifB genes 555 

associated with CI had one of the domains that has been experimentally linked to CI—a 556 

functional PD-(D/E)XK nuclease domain or a deubiquitinase domain (Beckmann et al. 2017; 557 

Chen et al. 2019). As previously reported, Type I cifB genes lack the catalytic residues in 558 

their PD-(D/E)XK nuclease domains, and instead have the deubiquitinase domain 559 

(Beckmann et al. 2017). Unexpectedly, this domain is also present in some divergent Type V 560 

sequences, making its evolutionary origins unclear. Alongside these conserved core 561 

domains, we found a diverse range of other cifB domains, notably in the long Type V genes. 562 

It is of interest whether these additional cifB domains are associated with CI. Given the 563 

relative homogeneity of cifA domains and the similarities of these additional cifB domains 564 

with known toxins and eukaryotic-like ankyrin proteins, it is tempting to hypothesize that they 565 

are linked to the modification function by interacting with the host rather than the binding to 566 

cifA. It would be interesting to test whether these domains allow manipulation of reproduction 567 

across a broader host range. Interestingly, one of these domains, the ovarian tumor domain 568 

(OTU), is also found in a toxin involved in male-killing induced by the symbiont Spiroplasma 569 

poulsonii, raising the possibility that some domains could be involved in multiple forms of 570 

reproductive manipulations. 571 

In conclusion, our study illustrates the dynamic evolution of CI genes and highlights the high 572 

rates of gene loss and horizontal gene transfer. Further functional analysis will open new 573 

avenues of research and allow us to reconstruct the full evolutionary history of CI. In 574 

particular, the identification of the insect factors targeted by the sperm modification may 575 

soon allow us to study the coevolution of cif genes with the insect reproductive system 576 

(Beckmann, Sharma, et al. 2019). Finally, a deeper analysis of divergent cif homologs found 577 

outside Wolbachia should allow us to address questions around the deep evolutionary origin 578 

of CI and may reveal novel functions of these genes. 579 



18 

 

 580 

Methods 581 

Sequencing of new Wolbachia genomes 582 

New Wolbachia genomes were obtained from eleven Drosophila species (listed in Table 1) 583 

using the protocol described in Ellegaard et al. (2013). Briefly, Wolbachia cells were purified 584 

from 20-30 fly embryos that were dechorionated in bleach and homogenized in phosphate-585 

buffered saline (PBS). The homogenate was then centrifuged, passed through 5 and 2.7 µm 586 

pore size filters and multiple-displacement amplification (MDA) was performed directly on the 587 

bacterial pellet using the Repli-g midi kit (Qiagen) as in Ellegaard et al., 2013. The amplified 588 

DNA was finally cleaned using the QIAamp DNA mini kit prior to sequencing. From each 589 

DNA sample, 3 kb paired-end and 50 bp paired-end DNA libraries were prepared. These 590 

were multiplexed and sequenced on one plate of 454 Roche FLX (University of Cambridge, 591 

Department of Biochemistry, UK) and one lane of Illumina HiSeq2000 instruments (The 592 

Genome Analysis Centre, Norwich, UK) respectively.  593 

454 and Illumina reads were used to perform hybrid de novo assemblies in Newbler v2.6 594 

(454 Life Sciences Corp., Roche, Branford, CT 06405, US). Non-Wolbachia contigs were 595 

then removed from each assembly by aligning the contigs to the wMel reference genome 596 

(Genbank accession number: NC_002978.6) using Mauve v2.3.1 (Darling et al. 2004) and 597 

visual comparisons in the Artemis Comparison Tool (Carver et al. 2005). A blastn analysis of 598 

the discarded contigs revealed positive matches with Drosophila mitochondrial and nuclear 599 

genomes, as well as with Saccharomyces cerevisiae (yeast used to collect the fly embryos), 600 

suggesting low levels of contamination during the DNA extraction process. Scaffolding was 601 

refined using SSPACE v2 (Boetzer et al. 2011) and gaps were filled with Gapfiller v1.11 602 

(Boetzer and Pirovano 2012). Additionally, for strains wStv, wAra and wBor, Illumina reads 603 

were assembled separately using Abyss v1.3.5 (Simpson et al. 2009) and the contigs 604 

generated as well as the Illumina reads were mapped onto the hybrid assemblies using 605 

Consed (Gordon et al. 1998) in order to manually edit the scaffolds. Final assemblies were 606 

annotated as in Ellegaard et al. (2013) using a custom pipeline. In brief, gene and 607 

pseudogene predictions were performed using Prodigal (Hyatt et al. 2010) and GenePrimp 608 

(Pati et al. 2010) respectively. Domain prediction was done using hmmsearch implemented 609 

in pfam_scan.pl with the PFAM database (Bateman et al. 2002). Finally, annotations were 610 

manually edited through visual inspection in Artemis (Carver et al. 2012). The completeness 611 

of the assemblies was assessed using BUSCO v3 by searching the genomes against the 612 

near-universal, single-copy genes of the proteobacteria database (Simão et al. 2015).  613 
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  614 

Blast search of CI genes and annotation 615 

Previously identified cif gene homologs have been categorized into four phylogenetic 616 

clusters denominated as Type I to IV, as well as an uncharacterized type of more divergent 617 

homologs found in the Wolbachia strain wStri (Lindsey et al. 2018). The presence of cif gene 618 

homologs in publicly available and newly sequenced Wolbachia genomes (Table S1) was 619 

searched with TBLASTN (https://blast.ncbi.nlm.nih.gov/Blast.cgi) using cifA and cifB amino 620 

acid sequences representative of each CI type as queries (Table S2). Some of the genomes 621 

assembled in Pascar & Chandler (2018) were excluded from our analysis as they showed 622 

signs of multiple infections based on the assembly size, the sequencing coverage and/or the 623 

presence of duplicated BUSCO reference genes. Additionally, when more than one genome 624 

were sequenced from the same host species and we found no evidence in the literature that 625 

they correspond to different Wolbachia strains, only one of them was included in the 626 

analysis. Default parameters and an e-value threshold of 0.05 were used. TBLASTN hits 627 

across the Wolbachia genomes were then visually inspected in Artemis. Hits that were at 628 

least 40% of the length of the smallest query sequence and/or hits displaying the typical cifA-629 

cifB synteny were considered as positive matches. Where sequences did not span the 630 

entirety of an open reading frame (ORFs), they were manually extended to include the 631 

closest start and stop codons. The presence of stop codons and frameshifts within the 632 

reannotated sequences were interpreted as indicative of a putative pseudogenization event. 633 

DNA sequences were aligned with Clustal Omega using default parameters 634 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) and putative “loss-of-function” mutations were 635 

examined by comparing closely related sequences (see below phylogenetic reconstruction) 636 

and were defined as unique mutational events or, when found in more than one homolog, as 637 

co-inherited. 638 

Using BLASTP online tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi) with cifAwMel and cifBwMel 639 

amino acid sequences and the more divergent sequences found in wStri as queries we also 640 

found additional homologs in prophage WOSol (AGK87106 and AGK87078) and in non-641 

Wolbachia taxa (Rickettsial plasmid genes pLbAR_36/38: 642 

WP_039595309.1/WP_081996388.1; Rickettsia gravesii: NZ_AWXL00000000.1 ; Rickettsia 643 

amblyommatis: GCA_000964995.1 ; Occidentia massiliensis:  CANJ01000001). These cif 644 

homologs were searched again and manually annotated as above from the original 645 

nucleotide sequences present in Genbank (https://www.ncbi.nlm.nih.gov/genbank/). 646 

 647 
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CI genes phylogeny and recombination 648 

Following the manual reannotation, cifA and cifB DNA sequences were aligned separately 649 

based on their amino acid translations using TranslatorX (Abascal et al. 2010). The 650 

alignment program MAFFT implemented in the TranslatorX pipeline was used along with 651 

GBlocks in order to filter out weakly conserved regions from the alignment. The same was 652 

done for concatenated cifA and cifB sequences. PhyML v3.0 (Guindon et al. 2010) was used 653 

with the GTR GAMMA substitution model of evolution and 1,000 bootstrap replicates. All 654 

phylogenies were first reconstructed with all sequences, including partial ones (located at the 655 

end of genome contigs or showing bases called as Ns within their ORF) to classify the genes 656 

into phylogenetic types. Phylogenies were then rerun without partial sequences for the 657 

remaining analyses. 658 

Recombination was analysed using the recombination detection program RDP4 (Martin et al. 659 

2015). The alignment of the concatenated cifA and cifB linear sequences were used to 660 

detect putative recombination events with the default parameters of the six methods 661 

implemented in RDP4 (RDP, GENECONV, Bootscan, MaxChi, Chimaera and SiScan). 662 

Recombination events with a phylogenetic support and a Bonferroni-corrected p-value < 663 

0.05 with at least four of the detection methods were interpreted as reliable evidence of 664 

recombination. Out of 83 significant events, twenty-two were randomly selected and visually 665 

inspected to ensure they were genuine. This was done by realigning the amino acid 666 

sequences of the putative recombinant and the two inferred parents. 667 

 668 

Prediction of functional domains 669 

Protein domains were predicted for fully sequenced cifA and cifB homologs using the 670 

HHpred webserver (https://toolkit.tuebingen.mpg.de/#/tools/hhpred/ ; Söding, Biegert, & 671 

Lupas, 2005) with defaults parameters as in Lindsey et al., 2018. Premature stop codons 672 

were first removed manually from putative pseudogenes and DNA sequences translated into 673 

amino acid sequences. Amino acid sequences were then queried individually against the 674 

following databases: SCOPe70 (v.2.07), Pfam (v.32.0), SMART (v6.0), and COG/KOG 675 

(v1.0). Only hits with probabilities >75% in at least one cif homolog were considered as 676 

putative functional domains. In many cases, predicted domains on one sequence were not 677 

detected by HHpred on closely related homologs, although their presence could be 678 

suspected by visual inspection of the sequence alignments. In order to refine our domain 679 

search, we used representative amino acid sequences of each domain to build HMM profiles 680 

using hmmbuild implemented in HHMMER v3.2.1 (Eddy 2011). Representative domain 681 
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selection was conducted by choosing domains distributed across the CI gene phylogenies, 682 

encompassing the maximum genetic divergence between reference homologs. Basically, 683 

one domain copy per phylogenetic type as well as all copies from non-Wolbachia taxa were 684 

chosen as references where available. When domains were missing from some types, a 685 

maximum of five domain copies were selected across the different types or all copies if there 686 

were fewer than five copies in total. 687 

All CI homologs were then scanned using hmmscan and the hmm profile created from each 688 

functional domain with an e-value inclusion threshold of 0.0001. The amino acid sequences 689 

of hmmscan hits were extracted and re-used to build new HMM profiles that were used to 690 

scan the CI genes again. Three search iterations were performed in this way which allowed 691 

us to retrieve many domains that HHpred failed to detect. Finally, domain coordinates were 692 

extracted and, in the case of putative pseudogenes, they were manually edited to take into 693 

account the presence of loss-of-function mutations in the original DNA sequences. 694 

 695 

Wolbachia strain phylogeny 696 

Twenty eight single copy genes that were present in >95% of the bacterial strains were 697 

identified using Phylosift v1.0.1 (Darling et al. 2014) (Table S3). The genomes of Anaplasma 698 

marginale (NC_012026.1) and Ehrlichia muris (NC_023063.1) were included as outgroups. 699 

For each genome, DNA sequences were concatenated and aligned with MAFFT v7. A 700 

bacterial phylogeny was then built with PhyML v3.0 using the GTR GAMMA substitution 701 

model with 1,000 bootstrap replicates. 702 

 703 

Data visualization and statistical analysis 704 

The visualization of phylogenies and their related information (host taxonomy, bacterial 705 

strain, Wolbachia supergroup, protein domains) was done using the online tool iTOL v4.3.3 706 

(Letunic & Bork, 2007, https://itol.embl.de/). All statistical analyses were performed in the R 707 

software (R Core Team 2013). The congruence between the phylogenies of cifA and cifB 708 

homologs as well as their concatenation, and their respective Wolbachia strains were tested 709 

using Mantel tests on the pairwise patristic distances between sequences (1,000 710 

permutations). Additionally, ParaFit with 9,999 permutations implemented in CopyCat v2.0 711 

(Meier-Kolthoff et al. 2007) was used to examine cophylogenetic signals between trees and 712 

visualize the contribution of individual links between them. Finally, we compared the 713 

observed mean phylogenetic distances between cif gene pairs occurring within the same 714 
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genome to a random distribution of mean distances generated by randomly permuting cif 715 

genes between genomes (1,000 permutations). 716 
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Figures and figure legends 950 

 951 

 952 

Figure 1. Distribution of cifA and cifB homologs across Wolbachia strains. (A) 953 

Maximum likelihood phylogeny of Wolbachia reconstructed from the concatenated 954 

sequences of 28 genes. Bootstrap values were estimated from 1,000 replicates. (B) cifA and 955 

cifB homologs. Each box represents a single gene and contiguous boxes indicate adjacent 956 

genes in the genome. Genes are organised according to Type, as defined from their 957 

genealogy (Figures 2 and S1). (C) Reproductive phenotypes (CI: cytoplasmic 958 

incompatibility; MK: male-killing; P: parthenogenesis; M: mutualism; 0: no reproductive 959 

phenotype), Wolbachia supergroups and hosts in which the Wolbachia was found. The 960 

reproductive phenotype is not shown for strains for which conflicting phenotypic data exist 961 

(wYak and wSuz). 962 

 963 

 964 

 965 

 966 

 967 
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 968 

Figure 2. Phylogeny and protein domain architecture of cifA and cifB. (A) Maximum 969 

likelihood tree of concatenated cifA and cifB nucleotide sequences. Partially sequenced cif 970 

homologs were excluded. The tree is midpoint rooted. Bootstrap values were estimated from 971 

1,000 replicates. (B) Protein domains. Mutations that disrupt the open reading frame (ORF) 972 

are indicated by a vertical bar. Symbols indicate where the same ORF-disrupting mutation is 973 

found in two homologs due to speciation (†) or duplication (‡) events. All domains had a 974 

HHpred probability of being true-positives >75% in at least one sequence. The suffix ‘-like’ at 975 

the end of the domain name indicates that there were no sequences where the probability of 976 

the domain being true was >95%. Details of the domains are in Table S5. (C) Wolbachia 977 

supergroups and arthropod hosts from which the cif sequences were isolated. 978 

 979 
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 980 

Figure 3. Phylogenetic congruence between cif genes and Wolbachia strains. (A) 981 

Cophylogeny of syntenic cifA and cifB genes. (B) Cophylogeny of Wolbachia genomes and 982 

the cifA-cifB genes. Links between phylogenies indicate (A) syntenic genes and (B) 983 

Wolbachia strain-cif gene associations respectively. Blue links have a significant contribution 984 

to the global cophylogenetic signal in the Parafit test and red links do not. 985 

 986 

 987 

 988 

 989 
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Tables 990 

 991 

Table 1. Summary statistics of newly sequenced Wolbachia genomes.  992 

Host Strain 
Mean 
sequencing 
depth 

Genome size 
(bp)a 

GC content 
(%) 

N 
scaffolds 

N 
contig 

Scaffold 
N50 

Contig 
N50 

BUSCO 
complete 

BUSCO 
fragment 

BUSCO 
missing 

D. arawakana wAra 30x 1,290,535 35.3 10 17 185,314 171,449 179 2 39 

D. baimaii wBai 40x 1,119,646 35.3 26 123 76,530 13,921 180 2 38 

D. bicornuta wBic 30x 1,177,727 35.1 24 34 71,402 49,062 182 1 37 

D. bifasciata wBif 33x 1,187,580 35.1 17 26 122,861 113,299 183 3 34 

D. borealis wBor 36x 1,210,092 35.3 16 39 146,013 52,110 183 2 35 

D. neotestacea wNeo 40x 1,353,942 35.2 19 26 124,304 93,317 182 3 35 

D. nikananu wNik 27x 1,137,710 35.3 1 7 - 583,015 183 2 35 

D. orientacea wOrie 27x 1,359,726 35.2 19 30 103,124 73,532 181 4 34 

D. sturtevanti wStv 30x 1,183,448 35.3 1 3 - 207,642 185 2 33 

D. triaurariab wTri-2 33x 1,284,908 35.2 9 19 265,635 124,454 183 1 36 

D. tropicalis wTro 30x 1,214,296 35.2 13 17 106,850 67,971 184 2 34 

 aUngapped genome size b this stock was identified in (Mateos et al. 2006) and (Miyake and Watada 2007) as D. 993 

quadraria but (Watada et al. 2011) later concluded that quadraria is a junior synonym for triauraria. 994 

 995 

Table 2. Association between CI and the presence of cifA-cifB genes in Wolbachia 996 

genomes. 997 

  CIa 

 cifA-cifBb Yes  No 

Present 14 1 

Absent 1 10 

Pseudogenes only 2 3 
aWolbachia strains for which there is no phenotypic information available or there are contradictory reports in the 998 

literature (wSuz) were discarded. b “Present” stands for cif genes without loss-of-function mutations; partially 999 

sequenced cifA-cifB pairs were discarded. wAna and the strain found in Diabrotica virgifera virgifera induce CI 1000 

but are excluded from the table as they only have partially sequenced cif genes, preventing us from inferring their 1001 

pseudogenization status. 1002 

 1003 

 1004 

 1005 

 1006 
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Supplementary Material 1007 

 1008 

Figure S1. Phylogenies and protein domain architecture of individual cifA and cifB-1009 

like homologs. Maximum likelihood tree of cifA (A) and cifB (B) nucleotide sequences and 1010 

their respective annotations of protein domains. Partially sequenced cif homologs were 1011 

excluded. The trees are midpoint rooted. Bootstrap values were estimated from 1,000 1012 

replicates. †/‡: loss-of-function mutations co-inherited through putative speciation (†) or 1013 

duplication (‡) events. 1014 

 1015 

Figure S2. Tests of association between cif genes’, Wolbachia’s phylogenies and 1016 

insect orders. Phylogenetic congruence was tested using Mantel tests on pairwise genetic 1017 

distances between cifA and cifB genes (A-B), cifA-cifB genes and Wolbachia genomes (C-1018 

D). In a similar approach, the association of cifA-cifB genes (E-F) and Wolbachia genomes 1019 

(G-H) with insect orders was tested by random permutations (n = 1,000) of the insect orders. 1020 

Significance was calculated by measuring the proportion of values in the null distributions 1021 

that were higher than the observed correlation coefficients (red dotted lines). 1022 

 1023 

Figure S3. Examples of sequence alignment between inferred cifA-cifB gene 1024 

recombinants and their parental sequences. Full protein sequences of putative 1025 

recombinant and their inferred parental sequences were aligned with Clustal Omega. Sites 1026 

that were identical between all sequences were then removed from the alignment. Aligned 1027 

variable sites are displayed with dots representing sites in minor (green) and major (blue) 1028 

parental sequences that are identical to the recombinant sequence. Alternations of long 1029 

green and blue stretches suggest the presence of putative recombination breakpoints (A-C), 1030 

whereas no such pattern was observed in (D), indicating that the inferred recombination 1031 

event could be a false-positive. 1032 

 1033 

Figure S4. Null distribution of mean pairwise genetic distances between parental 1034 

sequences in recombination events. Means were generated from permutation of pairwise 1035 

distances between all cifA-cifB genes (n = 1,000). Significance was calculated by measuring 1036 

the proportion of values in the null distribution that were lower than the observed mean 1037 

genetic distance between inferred parents (red dotted lines). 1038 

 1039 

Figure S5. Null distribution of mean pairwise genetic distances between cifA-cifB 1040 

pairs occuring within the same genome. Means were generated from permutation of 1041 

pairwise distances (n = 1,000). Significance was calculated by measuring the proportion of 1042 

values in the null distribution that were higher than the observed mean genetic distance (red 1043 

dotted lines). 1044 

 1045 
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Figure S6. Multiple alignments of PD-(D/E)XK nuclease domains. (A) N-terminal and (B) 1046 

C-terminal amino acid sequences generated from the hmmscan search were aligned with 1047 

Clustal Omega. The presence of PD-(D/E)XK catalytic residues is highlighted in red. 1048 

 1049 

Figure S7. Unrooted maximum likelihood phylogeny of deubiquitinase domains. 1050 

 1051 

Table S1. Summary of Wolbachia genomes used in this study. 1052 

 1053 

Table S2. Summary of cif homologs. 1054 

 1055 

Table S3. List of conserved genes used for Wolbachia phylogeny reconstruction. 1056 

 1057 

Table S4. List of inferred recombination events between cifA-cifB gene pairs. 1058 

 1059 

Table S5. List of cif protein domains inferred with iterative HMM search. 1060 


