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SUMMARY 19 

Maternal transmission of intracellular microbes is pivotal in establishing long-term, intimate 20 

symbioses. For germline microbes that exert negative reproductive effects on their hosts, selection 21 

can theoretically favor the spread of host genes that counteract the microbe’s harmful effects.  22 

Here, we leverage a major difference in bacterial (Wolbachia pipientis) titers between closely-23 

related wasp species with forward genetic, transcriptomic, and cytological approaches to map two 24 

quantitative trait loci that suppress bacterial titers via a maternal effect. Fine mapping and 25 

knockdown experiments identify the gene Wolbachia density suppressor (Wds), which dominantly 26 

suppresses bacterial transmission from mother to embryo. Wds evolved by lineage-specific amino 27 

acid changes driven by positive selection. Collectively, our findings demonstrate that a genetically 28 

simple change arose by Darwinian selection in less than a million years to regulate maternally 29 

transmitted bacteria via a dominant, maternal effect gene.  30 
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INTRODUCTION 31 

All animals harbor microbial communities that participate in beneficial processes [1] as 32 

diverse as nutritional uptake and metabolism [2, 3], immune cell development [4-6], and pathogen 33 

resistance [7, 8]. However, even innocuous microbes can become harmful when not properly 34 

regulated [9, 10], and intracellular microbes that are transmitted over multiple host generations can 35 

have negative fitness effects on their hosts [11-13]. In these intimate and enduring germline 36 

symbioses, hosts are predicted to evolve suppression that reduces the harmful effects of the 37 

symbiont [14-16]. However, little is known about the genes and evolutionary forces that underpin 38 

regulation of maternally-transmitted symbionts despite the repeated and independent origins of 39 

maternal transmission in diverse host taxa [17]. Reverse genetic studies in insects suggest immune 40 

or developmental genes may evolve to affect endosymbiont densities [18-21] but, to our 41 

knowledge, no studies have utilized forward genetic approaches to characterize the gene(s) 42 

underlying variation in host regulation of maternally-transmitted symbionts. 43 

Here, we utilize a major host interspecific difference in titers of the maternally-transmitted 44 

bacteria Wolbachia and quantitative trait loci analyses to identify a suppressor gene in the 45 

emerging Nasonia model. Nasonia (Order: Hymenoptera) is a genus of parasitoid wasps comprised 46 

of four closely-related species, with N. vitripennis last sharing a common ancestor with the other 47 

three species approximately one million years ago [22, 23]. In the lab, interspecific crosses of 48 

Nasonia species produce viable and fertile hybrid females, which permits the transfer of genetic 49 

or cytoplasmic material (including intracellular Wolbachia) between Nasonia species. 50 

Consequently, Nasonia is a powerful model system for studying the quantitative genetics of 51 

interspecific variation in host traits such as wing size [24-26], head shape [27], sex pheromones 52 

[28, 29], and memory retention [30].  53 
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Nasonia species are all naturally infected with different Wolbachia strains, mostly acquired 54 

through horizontal transfer after species divergence [31]. Wolbachia (Order Rickettsiales) are 55 

vertically-transmitted, intracellular bacteria that infect 40-52% of all arthropod species [32, 33]. 56 

In most insects, including in Nasonia, Wolbachia are reproductive parasites that manipulate host 57 

reproduction through a variety of mechanisms to achieve a greater proportion of females in the 58 

host population [34, 35]. Both efficient transovarial transmission and host reproductive 59 

manipulation by the parasite often depend upon sufficiently high within-host Wolbachia densities 60 

[36, 37]; however, overproliferation of Wolbachia can drastically reduce lifespan in Drosophila 61 

[13, 38], mosquitoes [39, 40] and terrestrial isopods [41]. Thus, coadaptation between arthropod 62 

hosts and Wolbachia strain(s) can promote genetic and phenotypic changes that impact 63 

transmission of Wolbachia densities [42-47]. When co-adapted host and symbiont pairs are 64 

disrupted through experimental transfer of Wolbachia into a naïve host, control of the symbiosis 65 

is often lost, leading to overproliferation, expanded tissue tropism of Wolbachia, and/or fitness 66 

costs not witnessed in the original host species [41, 47-49].  67 

Transfer of a specific Wolbachia strain (wVitA) from one Nasonia species (N. vitripennis) 68 

to a naïve, closely-related species (N. giraulti) results in a major perturbation in which the relative 69 

Wolbachia load increases by two orders of magnitude with an associated reduction in fecundity 70 

[47]. Importantly, wVitA densities and Nasonia fecundity return to normal when wVitA is crossed 71 

back into a N. vitripennis genomic background from the high-density N. giraulti line (IntG). Since 72 

both the native N. vitripennis and the wVitA-infected N. giraulti IntG lines have the same cytotype, 73 

the interspecific Wolbachia density variation is established by variation in the host nuclear genome 74 

[47]. In this study, we utilize several forward genetic techniques in Nasonia to dissect the genetic, 75 

evolutionary, and cytological basis of maternal regulation of Wolbachia. The varied approaches 76 
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culminate in the characterization of two quantitative trait loci and the discovery of Wolbachia 77 

density suppressor (Wds), a positively-selected, maternal effect gene that suppresses the 78 

transmission of Wolbachia.   79 

 80 

RESULTS 81 

Nasonia vitripennis dominantly suppresses wVitA titers through a maternal genetic effect  82 

To determine the inheritance pattern of wVitA densities, we reciprocally crossed N. 83 

vitripennis (low-density) and N. giraulti IntG (high-density) individuals and measured the 84 

Wolbachia densities of F1 female hybrids using quantitative PCR (qPCR) for a single-copy 85 

Wolbachia gene (groEL) normalized to a Nasonia gene (NvS6K) (Figure 1A). The average F1 86 

female pupal Wolbachia densities from pure-breeding N. vitripennis (N = 5) and N. giraulti control 87 

families (N = 5) were 0.057 ± 0.004 and 4.805 ± 1.071 (mean ± S.E.M.), respectively, which 88 

represents an 84-fold interspecific difference in Wolbachia titers and is consistent with previous 89 

studies [47]. Interestingly, while F1 hybrid females from both crosses had identical genotypes (i.e., 90 

heterozygous at all loci) and cytotypes (N. vitripennis), the average Wolbachia densities in 91 

reciprocal F1 hybrid females were significantly different at 0.149 ± 0.029 vs 1.746 ± 0.187 (Figure 92 

1A, N = 10 for both crosses, Kruskal-Wallis test: H = 24.99, df = 3, p < 0.0001, Dunn’s multiple 93 

comparisons test: p = 0.03).  94 

To test whether the difference in F1 Wolbachia densities was due to maternal Wolbachia 95 

load or to a maternal genetic effect, we backcrossed F1 females to their paternal line and pooled 96 

five female F2 pupae per F1 mother for qPCR (Figure 1B). If a maternal genetic effect regulates 97 

Wolbachia densities, F2 pupae from both experimental lines should have similar Wolbachia levels 98 

since F1 hybrid mothers are genotypically identical. Indeed, the densities of F2 pupal offspring of 99 

both high- and low-density F1 mothers (F2-2 and F2-1, respectively) were not significantly 100 
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different (Figure 1B, 0.161 ± 0.024, N = 13 and 0.086 ± 0.007, N = 14, respectively, Dunn’s 101 

multiple comparisons test: p = 0.18), supporting the inference that maternal nuclear genotype plays 102 

an important role in regulating Wolbachia densities. Furthermore, since the densities of both F2 103 

hybrid groups were more similar to the N. vitripennis control (0.053 ± 0.001, N = 6) than to the N. 104 

giraulti control (3.364 ± 0.174, N = 6), the N. vitripennis low Wolbachia density phenotype is 105 

dominant (Figure 1B).  106 

 107 

Disparities in embryonic wVitA levels between N. vitripennis and N. giraulti are established 108 

during oogenesis  109 

We previously showed that variation in wVitA loads between N. vitripennis and N. giraulti 110 

IntG exists in early embryos, with strict posterior localization of wVitA in N. vitripennis that is 111 

perturbed in N. giraulti IntG embryos [47]. Since the wVitA density disparity is partially controlled 112 

through a maternal genetic effect (Figure 1B), we reasoned that an embryonic disparity in wVitA 113 

densities between N. vitripennis and N. giraulti is likely established in the egg chamber during 114 

oogenesis (Figure 1C). Indeed, nucleic acid staining with SYTOX Green revealed that fewer 115 

wVitA cells are present in stage three N. vitripennis egg chambers (Figure 1D) than in N. giraulti 116 

oocytes at the same stage (Figure 1E). Furthermore, wVitA cells in N. vitripennis are distributed 117 

equally between the oocyte and nurse cells (Figure 1D), whereas most wVitA cells in N. giraulti 118 

egg chambers are present in the oocyte (Figure 1E). Once in the oocyte, wVitA localizes 119 

exclusively to the posterior pole in N. vitripennis (Figure 1D), but has an expanded distribution 120 

toward the anterior end of the oocyte in N. giraulti (Figure 1E).  Importantly, the lack of puncta in 121 

ovaries from uninfected N. vitripennis confirms that the SYTOX nucleic acid dye effectively stains 122 

Wolbachia but no other cytoplasmic elements, such as mitochondria (Figure 1F). Altogether, the 123 
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distribution and density of wVitA in oocytes of these two Nasonia species perfectly mirror their 124 

embryonic wVitA patterns [47], suggesting that Wolbachia density differences are established 125 

during oogenesis and regulated through maternal-effect genes, rather than zygotic genes expressed 126 

later in embryonic development. 127 

 128 

Phenotype-based selection and introgression identifies two maternal suppressor genomic 129 

regions   130 

In an initial approach to determine the location and number of loci that suppress wVitA 131 

densities in N. vitripennis, we selected upon the dominant, low-density phenotype of this species 132 

while serially backcrossing hybrid females to N. giraulti IntG males (Figure 2A). Since the 133 

phenotype is controlled through a maternal genetic effect, hybrid females were selected based on 134 

the wVitA densities of their offspring, with sisters of the low-density offspring used as mothers in 135 

the next round of introgression (Figure 2A). Two independent selection lines were generated 136 

simultaneously to help discriminate between N. vitripennis regions maintained due to selection 137 

(present in both lines) versus those maintained through chance (present in only one line).  138 

For each independent line, DNA from three females that produced ninth-generation 139 

offspring with the lowest Wolbachia densities were pooled and genotyped on a Nasonia 140 

genotyping microarray composed of 19,681 sequence markers that differ between N. vitripennis 141 

and N. giraulti [50]. Both selection lines (Lines 1 and 2) displayed an enrichment of N. vitripennis 142 

alleles along the central portions of chromosomes 2 and 3 (Figure 2B) out of Nasonia’s five 143 

chromosomes. On the most recent N. vitripennis linkage map [50], the area of enrichment on 144 

chromosome 2 for Line 1 occurs between 38 cM and 51.1 cM, while enrichment in Line 2 extends 145 

from 25.6 cM to 38 cM (Figure 2B). Although overlap in N. vitripennis allele enrichment between 146 
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Lines 1 and 2 on chromosome 2 occurs at 38 cM, the exact position and size of the overlap cannot 147 

be determined due to the fact that it falls within the poorly-assembled heterochromatic regions 148 

flanking the centromere [50]. For chromosome 3, the areas of enrichment for N. vitripennis alleles 149 

between Lines 1 and 2 coincide starting at 35 cM and ending at 47.5 cM. 150 

 151 

QTL analysis validates the two maternal effect suppressor regions 152 

To validate the Wolbachia density-suppressing chromosomal regions determined through 153 

phenotypic selection, we performed an independent quantitative trait loci (QTL) analysis in which 154 

F1 hybrid females were backcrossed to high-density N. giraulti (IntG) males to obtain 191 F2 155 

recombinant females. Each F2 female was phenotyped by measuring the Wolbachia densities of 156 

her F3 pupal offspring. Since the most informative individuals in QTL mapping are those with the 157 

most extreme phenotypes [51], we selectively genotyped F2 females with the lowest (0.072 – 158 

0.409, N = 42) and highest (2.958 – 10.674, N = 42) F3 pupal Wolbachia titers with a total of 47 159 

microsatellite markers  across chromosomes 1, 2 and 3 with an average distance between markers 160 

of 3 cM (Table S1). Using genotype data for selected individuals and phenotype data for all F2 161 

females (Data S1), we identified two significant QTL regions at a genome-wide significance level 162 

of α = 0.05 (LOD > 2.29): one QTL peak on chromosome 2 at 43 cM (p < 0.001) and the other on 163 

chromosome 3 at 41.5 cM (p < 0.001) (Figure 2C). Strikingly, the 95% Bayes credible interval on 164 

chromosome 2 corresponds to the same region identified by the genotyping microarray as enriched 165 

for N. vitripennis alleles in introgression Line 1 (38 cM – 51.1 cM), while the 95% Bayes credible 166 

interval on chromosome 3 also contains a region that was enriched for N. vitripennis alleles (35 167 

cM – 47.5 cM) in both introgression lines. Thus, the microarray and QTL analyses complement 168 
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each other and confirm that suppressor genes of major effect for wVitA density are located near 169 

the centromeric regions on chromosomes 2 and 3.  170 

As a negative control, we genotyped the same individuals with markers located on Nasonia 171 

chromosome 1 (Data S1), which was not enriched for N. vitripennis alleles after the selection 172 

introgression. In the QTL analysis, the highest peak on chromosome 1 was not statistically 173 

significant (Figure 2C), indicating again that chromosomes 2 and 3 are likely the only 174 

chromosomes harboring genes of major effect for the wVitA density trait.  175 

To determine the effect of each QTL on density suppression, the average percent reduction 176 

in F3 pupal Wolbachia densities was calculated for the F2 females with N. vitripennis alleles at 177 

markers close to one or both of the calculated QTL peaks.  Females with an N. vitripennis allele 178 

on the chromosome 2 or chromosome 3 QTLs produced offspring with a 52% or 32% reduction 179 

in densities, respectively, compared to offspring of females that were homozygous N. giraulti at 180 

both QTL loci (Figure 2C, inset). Furthermore, these effects acted additively for a 91% reduction 181 

in densities in offspring of females with N. vitripennis alleles at both loci compared to offspring 182 

of F2 females with N. giraulti alleles at both loci (Figure 2C, inset).  183 

 184 

Marker-assisted introgression confirms and narrows the maternal effect suppressor QTL 185 

on chromosome 3 186 

 To validate the QTLs on chromosomes 2 and 3 and narrow the gene candidate regions, we 187 

independently introgressed the QTL regions from N. vitripennis into an N. giraulti IntG 188 

background for at least nine generations using marker-assisted selection (similar to Figure 2A, see 189 

Materials and Methods). After the ninth generation, we conducted sibling matings to produce 190 

segmental introgression lines that were homozygous N. vitripennis for the marker of interest. 191 
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Unfortunately, generating N. vitripennis homozygous lines for the chromosome 2 region was not 192 

possible due to hybrid sterility, so we focused exclusively on the chromosome 3 region.  193 

The initial homozygous and heterozygous introgression lines generated from sibling 194 

matings identified a candidate region 3.4 Mb in size containing 288 genes (Line IntC3) that 195 

suppressed wVitA densities by 60%, while lines lacking this region had little to no density 196 

suppression (Figure 3, Data S2). Surprisingly, the percent effect of the chromosome 3 homozygous 197 

introgression on Wolbachia suppression was nearly double that observed in the QTL study (60% 198 

vs 32%, Figure 2C inset). However, the QTL study was performed on F2 hybrid females while the 199 

introgression lines underwent at least nine generations of backcrossing. If there was an N. 200 

vitripennis-specific negative regulator of the Wolbachia suppressor gene on a different 201 

chromosome, then the allele would likely be present in F2 hybrids but would have recombined out 202 

with subsequent backcrossing to N. giraulti IntG. The stronger phenotype could also be due to the 203 

homozygous introgression lines having two copies of the N. vitripennis chromosome 3 candidate 204 

region, while F2 hybrid females were heterozygous. However, this is unlikely since heterozygous 205 

introgression females had the same level of Wolbachia suppression as their homozygous 206 

counterparts (Fig. 3, C3-3 and C3-4 vs. C3-5 and C3-6, Kruskal-Wallis test: H = 1.39, df = 3, p = 207 

0.71).  208 

IntC3 was further backcrossed to IntG to generate four recombinant lines (R3, R4, R5, and 209 

R6) that suppressed wVitA densities by 58 – 78% (depending on the line) with an overlapping 210 

candidate region of 780 kb and 44 genes (Fig. 3). Finally, R6 was backcrossed to IntG to obtain 211 

three recombinant lines, two of which caused 67% (R6-2) and 68% (R6-3) density suppression. 212 

The overlapping N. vitripennis region in the R6-2 and R6-3 lines was 165 kb and contained only 213 

32 genes (Figure 3). 214 
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 215 

RNA-seq identifies a single candidate gene (Wds) based on expression differences in 216 

Nasonia ovaries 217 

 To identify candidate genes within the 165 kb, 32-gene region that are differentially 218 

expressed in the maternal germline of N. vitripennis and N. giraulti, we performed high-throughput 219 

RNA sequencing (RNA-seq) on four independent pools of 40 ovary samples from the parental N. 220 

vitripennis 12.1 strain and the IntC3 line from the first round of introgressions as well as five 221 

independent pools from the N. giraulti IntG line (Table S2). Seven genes in the 32-gene candidate 222 

region exhibited significant differences in expression between the three aforementioned lines 223 

(Table S3). However, since the density trait is controlled through a dominant N. vitripennis 224 

maternal effect (Figure 1B), we reasoned that the most likely candidate gene(s) would be 225 

upregulated in N. vitripennis compared to N. giraulti. Only one of the seven genes 226 

(LOC100679092) was consistently and significantly overexpressed in N. vitripennis and IntC3 227 

(low density) compared to IntG (high density). Thus, we focused on LOC100679092 for further 228 

analysis. As an uncharacterized gene with no known protein domains, we hereby name the gene 229 

Wds for Wolbachia density suppressor gene. Overexpression of Wds in ovaries of N. vitripennis 230 

and IntC3 compared to IntG was validated using RT-qPCR (79- and 92-fold, respectively, Figure 231 

S1) in independent, biological replicates of the RNA-seq samples.  232 

 233 

Wds controls embryonic wVitA densities  234 

Several studies have successfully used parental RNAi in Nasonia to examine the effects of 235 

maternal genes on embryonic development [52-57]. If the N. vitripennis allele of Wds (Wdsv) is 236 

responsible for suppressing Wolbachia titers, we expect that post-transcriptional knockdown of 237 
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Wdsv transcripts in IntC3 mothers will result in less density suppression and, consequently, an 238 

increase in wVitA levels in the resulting embryos. Indeed, injection of IntC3 mothers with dsRNA 239 

against Wdsv significantly increased offspring embryonic wVitA densities (696 ± 67.9, N = 24) by 240 

56% or 63% compared to embryonic wVitA densities from mothers injected with dsRNA against 241 

a control bacterial gene, maltose transporter subunit E (MalE) (447 ± 52.1, N = 24) or buffer-242 

injected females (426 ± 50.3, N = 23), respectively (Figure 4A, Kruskal-Wallis test: H = 13.1, df 243 

= 3, p < 0.01, Dunn’s multiple comparisons test: p = 0.006 and p = 0.027 compared to control Wdsv 244 

group). This increase coincided with a 57% knock-down in Wdsv gene expression in RNAi females 245 

compared to the buffer-injected controls (Figure 4B, Mann Whitney U test, p = 0.0015). 246 

Furthermore, we compared embryonic wVitA densities from mothers injected with dsRNA against 247 

Nasonia gene LOC100679394 (Mucin-5AC), a gene that was significantly upregulated in N. 248 

vitripennis but immediately outside the chromosome 3 candidate region. Embryos from mothers 249 

injected with dsRNA against Mucin-5AC did not produce significantly higher wVitA densities 250 

(459 ± 75.9, N = 25) compared to embryos from either MalE-RNAi (447 ± 52.1, N = 24) or buffer-251 

injected females (426 ± 50.3, N = 25, Figure 4A), even though Mucin-5AC-RNAi mothers had a 252 

71% decrease in Mucin-5AC gene expression versus buffer-injected controls (Figure S2, Mann 253 

Whitney U test p = 0.0003). 254 

 To further validate the effect of Wdsv on Wolbachia densities, R6-3 recombinant females 255 

(homozygous N. vitripennis for the 32-gene candidate region only) were injected with dsRNA 256 

against Wdsv. Knock-down of Wdsv in females again significantly increased embryonic wVitA 257 

densities (314 ± 34.4, N = 21) by 43% or 54% compared to embryonic wVitA densities from 258 

mothers injected with dsRNA against the control bacterial gene MalE (219 ± 39.2, N = 19) or from 259 

buffer-injected females (204 ± 28.4, N = 20), respectively (Figure 4C, Mann Whitney U, p = 0.049 260 
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and p = 0.023 compared to control Wdsv group). This increase coincided with a 45% knock-down 261 

in Wdsv gene expression in RNAi females compared to the buffer-injected controls (Figure 4D, 262 

Mann Whitney U test, p = 0.0041). 263 

 264 

Wds undergoes accelerated evolution and positive selection 265 

The Nasonia genus is comprised of four closely-related species, with N. vitripennis sharing 266 

a common ancestor with the other three species approximately one million years ago [22, 23]. Wds 267 

protein sequences are 95% identical between N. vitripennis and N. giraulti with ten amino acid 268 

differences (and no indels) out of 201 total amino acids (Figure S3). Between the more closely-269 

related N. giraulti and N. longicornis species that diverged approximately 400,000 years ago [22], 270 

Wds is 99% identical with two amino acid differences that evolved specifically in N. giraulti 271 

(Figure S3). Interestingly, Wds in Trichomalopsis sarcophagae, the wasp species most closely-272 

related to Nasonia, [58], shares 95% amino acid identity to the N. vitripennis protein, but 97% and 273 

98% identity to the N. giraulti and N. longicornis proteins, respectively (Figure S3). The 274 

accelerated protein sequence evolution in N. vitripennis is driven by seven unique amino acid 275 

changes that differ from conserved residues present in all three other homologs (Figure 5A, Figure 276 

S3) [22]. Furthermore, three of those seven amino acid changes fall within a region of high positive 277 

selection based on a sliding window analysis of the Ka/Ks ratio (Figure 5B) [59]. Additionally, 278 

the isoelectric point (pI) of the Wds protein, an important factor in protein evolution [60], drops 279 

from 9.24 in N. vitripennis to 8.75 in N. giraulti. In contrast, the isoelectric point difference for the 280 

Mucin-5AC control is minimal (ΔpI = 0.04). 281 

Overall, Wds in the N. vitripennis lineage experienced recent amino acid substitutions, 282 

perhaps in response to acquisition of the wVitA Wolbachia strain that horizontally transferred into 283 
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N. vitripennis after N. vitripennis’ divergence from its common ancestor with N. giraulti and N. 284 

longicornis [31]. Outside of these four species, the next closest orthologs of Wds are found in 285 

wasps such as Trichogramma pretiosum, Copidosoma floridanum, and Polistes canadensis, but 286 

they only share 29% – 42% amino acid identity to Wdsv across a majority of the sequence (Table 287 

S4).  While more distant orthologs are present in other Hymenopterans such as bees and ants (Table 288 

S4), only portions of the proteins can be properly aligned. Thus, this work demonstrates rapidly 289 

evolving, taxon-restricted genes can contribute directly to the adaptive evolution of regulating 290 

maternal symbiont transmission.   291 
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 292 

DISCUSSION 293 

The main goal of this study was to determine the number and types of animal gene(s) that 294 

control the intracellular abundance of a widespread, maternally-transmitted symbiont. Unlike 295 

reverse genetics screens that mutate genes and then look for phenotypes, which may reflect off-296 

target effects of the mutation rather than the true function of the protein, the forward genetic 297 

screens deployed here utilized an unbiased, candidate-blind approach to reveal the simple, genetic 298 

basis of variation in host regulation of maternally-transmitted Wolbachia. The identification of the 299 

Wds gene demonstrates that host regulation of symbiont loads is adaptive and can proceed through 300 

lineage-specific amino acid changes in a maternal effect gene. The Wds protein has areas of low 301 

complexity and a predicted signal peptide at its N-terminus (Figure 5B), but it does not contain 302 

any characterized protein domains that elude to its function. Because wVitA bacteria are 303 

predominantly found in the oocytes of N. giraulti IntG (Figure 2D) but are equally present in the 304 

nurse cells and the oocytes of N. vitripennis (Figure 2E), we propose that the Wds maternal effect 305 

that establishes the density difference operates on wVitA trafficking between nurse cells and the 306 

oocyte in Nasonia.  Though all Wolbachia in Drosophila egg chambers are transferred from the 307 

nurse cells to the oocyte during cytoplasmic dumping immediately prior to egg-laying [61], 308 

Wolbachia in Nasonia nurse cells appear to be excluded from the oocyte at the end of oogenesis 309 

(P. Ferree, personal communication). Thus, the N. vitripennis Wds allele could function as a 310 

molecular inhibitor or physical barrier that impedes wVitA trafficking from nurse cells to the 311 

oocyte, thereby suppressing Wolbachia loads in the resulting embryo. Furthermore, in Drosophila, 312 

Wolbachia wMel cells in the oocyte increase proportionally faster than those in the nurse cells 313 

[61], which suggests that the high wVitA densities in N. giraulti could be a combination of 314 
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unrestrained shuttling of wVitA from the nurse cells into the oocyte as well as faster proliferation 315 

of wVitA once in the oocyte. 316 

The findings presented here indicate that keeping maternally-transmitted symbionts in 317 

check can have a simple genetic basis, even for obligate intracellular bacteria that must be 318 

regulated within host cells and tissues. Two genomic regions act additively to explain nearly all of 319 

the two-order-magnitude difference in wVitA densities between Nasonia wasp species. Moreover, 320 

a single maternal effect gene with a major consequence on the density phenotype demonstrates 321 

how natural selection can rapidly shape the evolution of density suppression of maternally 322 

transmitted symbionts in invertebrates.   323 
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 534 

Figure 1. Disparities in wVitA titers begin during oogenesis and are established through a 535 

maternal genetic effect.  536 

(A) wVitA densities in female pupae from parental N. vitripennis, N. giraulti IntG, and their 537 

reciprocal F1 hybrids.  538 

(B) wVitA densities in F2 pupae from F1 females backcrossed to their paternal line. For each cross, 539 

genotype (male x female) is followed by cytotype in brackets (V = N. vitripennis, G = N. giraulti, 540 

number = estimated proportion of genotype). For the circle diagrams, the inner circle represents 541 

the expected percentage of the nuclear genome that is of N. vitripennis (red) or N. giraulti (cream) 542 

origin. Green circles represent wVitA load (not drawn to scale). Error bars represent mean ± S.E.M. 543 

*p < 0.05, post-hoc Dunn’s test.  544 

(C) Diagram of a Nasonia egg chamber. Large green circles represent host nuclei and small black 545 

circles represent Wolbachia.  546 
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(D) Stage 3 egg chambers with host and Wolbachia DNA stained with SYTOX Green from wVitA-547 

infected N. vitripennis.  548 

(E) Stage 3 egg chambers with host and Wolbachia DNA stained with SYTOX Green from wVitA-549 

infected N. giraulti IntG.   550 

(F) Stage 3 egg chambers with host and Wolbachia DNA stained with SYTOX Green from 551 

uninfected N. vitripennis. Examples of Wolbachia cells are labeled with a “W” and white arrows. 552 

A = anterior, P = posterior, Scale bar = 15 µm. 553 

 554 
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 574 

Figure 2. Two genomic regions interact additively to suppress wVitA titers.  575 

(A) Schematic of introgression using density phenotype (red female = low, cream female = high) 576 

as proxy for maternal genotype (red bar = N. vitripennis, cream bar = N. giraulti). Eighth 577 

generation females with lowest embryonic Wolbachia densities were genotyped on a Nasonia 578 

microarray. 579 

(B) Heatmap of the proportion of N. vitripennis alleles across the genome in a pool of three females 580 

from each introgression line (L1 or L2). The proportion of N. vitripennis alleles is scaled from 0 581 

to 0.5, where 0 = no N. vitripennis alleles and 0.5 = all females were heterozygous. Areas were 582 

considered enriched for N. vitripennis alleles at ≥ 0.2.  583 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted February 1, 2018. ; https://doi.org/10.1101/256909doi: bioRxiv preprint 

https://doi.org/10.1101/256909
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 

 

 

(C) Plot of LOD score after QTL mapping of F2 females. Shaded regions represent the 95% Bayes 584 

credible interval for significant QTL peaks (star). Dashed line represents genome-wide 585 

significance threshold at α = 0.05.  586 

(C, inset) Wolbachia density (mean ± S.E.M) of offspring based on maternal genotype at each 587 

QTL peak (V = N. vitripennis, G = N. giraulti). Percent reduction in densities is compared to 588 

offspring of F2 homozygous N. giraulti females. All maps are based on the Nasonia genetic map 589 

[50]. 590 

See also Table S1.  591 
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 611 

Figure 3. Segmental introgression lines narrow the chromosome 3 candidate region to 32 612 

genes. 613 

Diploid genotypes are depicted as haplotypes, where green bars represent N. vitripennis 614 

homozygous regions, dashed bars are heterozygous regions, solid cream bars are N. giraulti IntG 615 

homozygous regions, and black bars are recombination breakpoints between two markers. The star 616 

and colored region on the chromosome map represent the QTL peak and 95% Bayes credible 617 

interval, respectively. Line graphs represent chromosome length in Mb and are drawn to scale 618 

except for centromeric regions (broken dashes at top of the figure). Names of the molecular 619 

markers (MM) used for genotyping (see Table S1) are provided above the line graphs, and their 620 

locations in cM based on the genetic map from [50] are located below the line graphs. The bar 621 

graphs show the mean percent effect on density suppression in pupal offspring from all individual 622 
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mothers with the same haplotype. Error bars denote mean ± S.E.M. See also Table S1 and Table 623 

S3. 624 

 625 
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 646 

Figure 4. The N. vitripennis allele of Wds suppresses densities of vertically-transmitted 647 

Wolbachia.  648 

(A) Number of wVitA Wolbachia per embryo from IntC3 females that were buffer-injected, 649 

injected with dsRNA against control genes MalE or Mucin-5AC, or injected with dsRNA against 650 

Wdsv. *p < 0.05 and **p < 0.01 post-hoc Dunn’s multiple comparisons test.  651 

(B) Relative gene expression of Wdsv in late pupae of Wds-RNAi and Mucin-5AC-RNAi females 652 

normalized to Wdsv expression in buffer-injected females. **p<0.01, Mann-Whitney U test.  653 

(C) Number of wVitA Wolbachia per embryo from R6-3 females that were buffer-injected, 654 

injected with dsRNA against control gene MalE or injected with dsRNA against Wdsv. *p < 0.05, 655 

Mann-Whitney U test. 656 
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(D) Relative gene expression of Wdsv in late pupae of Wds-RNAi and MalE-RNAi females 657 

normalized to Wdsv expression in buffer-injected females. **p<0.01, ***p < 0.001, Mann-Whitney 658 

U test. All error bars represent mean ± S.E.M.  659 

See also Figure S1, Figure S2, Table S2, and Table S3. 660 
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 680 

Figure 5. The N. vitripennis allele of Wds is under positive selection.  681 

(A) Amino acid phylogeny of Wds across the Nasonia genus and Trichomalopsis sarcophagae. 682 

Bold text above branch denotes Bayesian posterior probability. Italic text below branch denotes 683 

maximum likelihood bootstrap value. Scale bar denotes amino acid substitutions per site.  684 

(B) Plot of Ka/Ks ratios based on a sliding window analysis across the N. vitripennis and N. 685 

giraulti Wds coding sequences. Red circles indicate the locations of the seven amino acid 686 

substitutions unique to N. vitripennis Wds. Diagram below illustrates location of the predicted 687 

signal peptide and low complexity regions of the Wds protein.  688 

See also Figure S3 and Table S4.  689 

  690 
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STAR METHODS 691 

Contact for Reagent and Resource Sharing 692 

Further information and requests for resources and reagents should be directed to and will be 693 

fulfilled by the Lead Contact, Seth R. Bordenstein (s.bordenstein@vanderbilt.edu). 694 

 695 

Experimental Model and Subject Details 696 

Nasonia Parasitoid Wasps 697 

Experiments were performed with Nasonia vitripennis strain 12.1, N. giraulti strain IntG12.1 or 698 

hybrids of these two species. N. vitripennis 12.1 is singly-infected with native Wolbachia strain 699 

wVitA and was derived from the double-infected N. vitripennis R511 (wVitA and wVitB) after a 700 

prolonged period of diapause [36]. N. giraulti strain IntG12.1 was generated by backcrossing N. 701 

vitripennis 12.1 females to uninfected N. giraulti Rv2x(u) males for nine generation [47], 702 

producing hybrids with an N. giraulti genome and an N. vitripennis cytoplasm harboring wVitA. 703 

All Nasonia were reared at 25°C in constant light on Sarcophaga bullata fly hosts reared in house 704 

on bovine liver from Walnut Hills Farm. 705 

 706 

Method Details 707 

Quantitative analysis of Wolbachia densities 708 

Genomic DNA was extracted from pupae or adult Nasonia using the Gentra Puregene Tissue 709 

Kit (Qiagen) according to the manufacturer’s protocol. Real-time quantitative PCR (qPCR) was 710 

performed on a CFX96 Real-Time system (Bio-Rad) using a total reaction volume of 25 μl: 12.5 711 

μl of iQ SYBR Green Supermix (Bio-Rad), 8.5 μl of sterile water, 1.0 μl each of 5 μM forward 712 

and reverse primers, and 2 μl of target DNA in single wells of a 96-well plate (Bio-Rad). All qPCR 713 
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reactions were performed in technical duplicates and included a melt curve analysis to check for 714 

primer dimers and nonspecific amplification. Selective amplification was performed using primers 715 

previously described for the Wolbachia groEL gene [62] and Nasonia NvS6K gene [63]. Standard 716 

curves for each gene were constructed as previously described [63] using a log10 dilution series 717 

of larger PCR products of known concentrations for each gene. groEL and S6K copy numbers for 718 

each sample were calculated based on the following standard curve equations: groEL: y = -3.367x 719 

+ 35.803 and S6K: y = -3.455x + 35.908, where y = averaged Ct value between technical duplicates 720 

and x = log starting quantity of template DNA. Wolbachia density was calculated by dividing 721 

groEL copy number by S6K copy number for each sample. Since diploid female Nasonia have 722 

twice the number of S6K copies than males, all experiments comparing Wolbachia densities were 723 

performed on either all male or all female samples to eliminate S6K copy number as a confounding 724 

factor in the statistical analyses. 725 

 726 

Microsatellite marker genotyping 727 

Primers used to amplify microsatellite markers that differ in size between N. vitripennis and 728 

N. giraulti are listed in Table S1. Microsatellite markers not previously published were identified 729 

by aligning N. vitripennis and N. giraulti genomic sequences using the Geneious alignment tool in 730 

Geneious Pro v5.5.8 (Biomatters). The Geneious primer design tool was then used to generate 731 

primer sets spanning each microsatellite. All PCR reactions were run on a Veriti Thermal Cycler 732 

(Applied Biosystems) with a total reaction volume of 15 μl: 7.5 μl of GoTaq Green Master Mix 733 

(Promega), 3.6 μl of sterile water, 1.2 μl of 5μM forward and reverse primers (see Table S1 for 734 

annealing temp.), and 1.5 μl of target DNA. PCR products were run on 4% agarose gels in TBE 735 

buffer (Sigma) at 90 volts for 2.5 to 6 hours, stained with GelRed (Biotium) according to 736 
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manufacturer’s protocol, and imaged on a Red Personal Gel Imager (Alpha Innotech). New 737 

markers were validated based on predicted band size using N. vitripennis 12.1 and N. giraulti IntG 738 

as controls. 739 

 740 

Phenotype-based selection and introgression coupled with a genotyping microarray 741 

N. vitripennis females (low wVitA density) were backcrossed with N. giraulti IntG males 742 

(high wVitA density) for nine generations. For each generation of backcrossing, five female pupal 743 

offspring were pooled from each hybrid mother, and the pupal Wolbachia densities were measured 744 

using qPCR. Sisters of the pupae with the lowest Wolbachia densities were then used as mothers 745 

in the next round of backcrossing. Two independent selection lines were maintained 746 

simultaneously along with control lines of pure-breeding N. vitripennis and N. giraulti. After eight 747 

generations of selection, the three females from each introgression line that produced ninth-748 

generation offspring with the lowest Wolbachia densities were pooled and their DNA extracted 749 

using the DNeasy Blood and Tissue Kit (Qiagen) with the protocol for purification of DNA from 750 

insects. To obtain enough DNA for microarray hybridization, we used the REPLI-g Mini Kit 751 

(Qiagen) with the protocol for 5 μl of DNA template to amplify genomic DNA overnight at 30 °C, 752 

then purified the DNA using ethanol precipitation. The final concentration for each sample was 753 

diluted to 1 μg/μl and a total of 10 μl was sent to The Center for Genomics and Bioinformatics at 754 

Indiana University to be processed on a Nasonia genotyping microarray (Roche NimbleGen) tiled 755 

with probes for 19,681 single nucleotide polymorphisms and indels that differ between N. 756 

vitripennis and N. giraulti [50].  757 

For each sample, the proportion of N. vitripennis alleles at each marker was determined based 758 

on the ratio of hybridization to the N. vitripennis-specific probe versus hybridization to the N. 759 
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giraulti-specific probe, as previously described [50]. To verify species-specificity of these markers 760 

for our Nasonia strains, we also genotyped N. vitripennis 12.1 and N. giraulti IntG control females 761 

on the array, and markers that did not display the correct specificity within one standard deviation 762 

of the median were removed from subsequent analyses (5,301 markers total). The remaining 763 

markers were then manually mapped back to the most recent Nasonia linkage map [50]. Since all 764 

introgression females received one copy of their diploid genome from their N. giraulti father, the 765 

theoretical maximum proportion of N. vitripennis alleles at each marker cluster for experimental 766 

samples is 0.5. The proportion of N. vitripennis alleles was averaged for every 22 consecutive 767 

markers across each chromosome, and heat maps were generated using the HeatMap function in 768 

MATLAB (MathWorks). 769 

 770 

QTL Analysis 771 

F2 hybrid females (N = 191) were generated by backcrossing F1 N. vitripennis/N. giraulti 772 

hybrids to N. giraulti IntG males. F2 females were then backcrossed again to N. giraulti IntG and 773 

allowed to lay offspring. Five female pupae from each F2 female were pooled and their Wolbachia 774 

densities measured using qPCR. Females that produced offspring with densities within the highest 775 

and lowest quartile of the density distribution (N = 42 for each quartile) were selectively genotyped 776 

with 47 microsatellite markers spread across chromosomes 1, 2 and 3 with an average distance of 777 

3 cM between markers. Phenotypic information for all 191 F2 females was included in the mapping 778 

analyses to prevent inflation of QTL effects due to the biased selection of extreme phenotypes 779 

[51]. QTL analyses were performed in R (version 3.0.2) with package R/qtl [64]. Significance 780 

thresholds for our dataset were calculated by using a stratified permutation test with the scanone 781 

function (1000 permutations). To identify significant QTL and their interactions, we first 782 
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conducted a one-dimensional, one-QTL scan and a two-dimensional, two-QTL scan using the EM 783 

algorithm with a step size of 1 cM and an assumed genotype error probability of 0.001. Two 784 

significant QTLs were identified, one each on chromosomes 2 and 3, which were predicted to act 785 

additively. The positions of identified QTL were then refined using multiple QTL modeling with 786 

the multiple imputation algorithm (200 imputations, step size = 1 cM) assuming a model with two 787 

additive QTLs. 95% Bayes credible intervals were calculated for each QTL after multiple QTL 788 

modeling using the bayesint function. 789 

 790 

Marker-assisted segmental introgressions 791 

Marker-assisted segmental introgression lines were generated by repeatedly backcrossing 792 

hybrid females to N. giraulti males for nine generations while selecting for N. vitripennis alleles 793 

at three microsatellite markers on chromosome 3 (MM3.17, NvC3-18, and MM3.37). After the 794 

ninth generation, families that maintained an N. vitripennis allele at one or more of these markers 795 

were selected, and siblings were mated to each other to produce lines containing homozygous N. 796 

vitripennis regions at and around the markers. Individual adult females from each segmental line 797 

were genotyped and phenotyped separately (N = 10 – 15 females per line). Females were hosted 798 

as virgins, five male pupal offspring per female were pooled, and pupal Wolbachia densities were 799 

measured using qPCR. Variation across plates for a single experiment was reduced by including a 800 

set of parental DNA controls on all plates. The parental fold-change was then calculated by 801 

dividing the average N. giraulti control density by the average N. vitripennis control density. To 802 

calculate the sample fold-change, the absolute density for each sample was divided by the average 803 

density of the N. vitripennis control. To determine how “effective” each segmental introgression 804 
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line was at reducing densities, we calculated the percent effect on density suppression for each 805 

sample using the following equation:  806 

 807 

% 𝑒𝑓𝑓𝑒𝑐𝑡  𝑜𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑠𝑢𝑝𝑝𝑟𝑒𝑠𝑖𝑜𝑛 = (1 −
𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒

𝑝𝑎𝑟𝑒𝑛𝑡𝑎𝑙 𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒
) × 100 808 

 809 

Each female was genotyped with markers across the region of interest, all females with 810 

identical genotypes across all markers were grouped together, and their percent effects on density 811 

suppression were averaged. 812 

For the two subsequent rounds of introgression lines (R1 to R10 and R6-1 to R6-3), 300 IntC3 813 

line females or 800 R6 line virgin females, respectively, were backcrossed to IntG males. The 814 

resulting virgin F1 females produced haploid, recombinant males. These recombinant males were 815 

mated to IntG females to produce heterozygous female offspring with the recombinant genotype. 816 

Siblings were then mated to each other and genotyped for two more generations to produce 817 

recombinant lines containing homozygous N. vitripennis introgressed regions reduced in size.  818 

A subset of the genes within the 32-gene candidate region were genotyped using sequencing 819 

primers (Table S5) to amplify PCR products 250-750 bp for each of the R6 recombinant lines (R6-820 

1 to R6-3) for Sanger sequencing (GENEWIZ). All PCR reactions were run on a Veriti Thermal 821 

Cycler (Applied Biosystems) with a total reaction volume of 15 μl: 7.5 μl of GoTaq Green Master 822 

Mix (Promega), 3.6 μl of sterile water, 1.2 μl of 5μM forward and reverse primers (see Table S5 823 

for annealing temp.), and 1.5 μl of target DNA and purified using the QIAquick PCR Purification 824 

kit (Qiagen). At least 6 distinct single nucleotide polymorphisms (SNPs) between N. vitripennis 825 

and N. giraulti alleles were used to characterize the allele for each recombinant line using Geneious 826 

Pro v5.5.8 (Biomatters). 827 
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 828 

RNA-seq of ovaries 829 

One-day old females from Nasonia strains N. vitripennis 12.1, N. giraulti IntG, and N. 830 

vitripennis/N. giraulti introgression line IntC3 were hosted as virgins on S. bullata pupae for 48 831 

hours to stimulate feeding and oogenesis. Females were then dissected in RNase-free 1X PBS 832 

buffer, and their ovaries were immediately transferred to RNase-free Eppendorf tubes in liquid 833 

nitrogen. Forty ovaries were pooled for each replicate and 4-5 biological replicates were collected 834 

per Nasonia strain. Ovaries were manually homogenized with RNase-free pestles, and their RNA 835 

was extracted using the Nucleospin RNA/Protein Kit (Macherey-Nagel) according to the 836 

manufacturer’s protocol for purification of total RNA from animal tissues. After RNA purification, 837 

samples were treated with RQ1 RNase-free DNase (Promega) for 1 hour at 37 °C, followed by an 838 

ethanol precipitation with 1/10th volume 3M sodium acetate and 3 volumes 100% ethanol 839 

incubated overnight at -20 °C. PCR of samples with Nasonia primers NvS6KQTF4 and 840 

NVS6KQTR4 [63] revealed some residual DNA contamination, so DNase treatment and ethanol 841 

precipitation were repeated. After the second DNase treatment, PCR with the same primer set 842 

confirmed absence of contaminating DNA. Sample RNA concentrations were measured with a 843 

Qubit 2.0 Fluorometer (Life Technologies) using the RNA HS Assay kit (Life Technologies). All 844 

samples were run multiplexed on two lanes of the Illumina HiSeq3000 (paired-end, 150 bp reads, 845 

~30M reads) at Vanderbilt’s VANTAGE sequencing core. Raw reads were trimmed and mapped 846 

to the N. vitripennis genome Nvit_2.1 (GCF_000002325.3) in CLC Genomics Workbench 8.5.1, 847 

allowing ten gene hits per read using a minimum length fraction of 0.9 and a minimum similarity 848 

fraction of 0.9. The number of reads generated for each sample and the percentage of reads that 849 

mapped to the N. vitripennis genic and intergenic regions are provided in Table S2. Significant 850 
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differential gene expression was determined in CLC Genomics Workbench 8.5.1 at α = 0.05 for 851 

unique gene reads using the Empirical analysis of DGE tool, which is based on the edgeR program 852 

commonly used for gene expression analyses [65]. 853 

 854 

RT-qPCR validation of RNA-seq results 855 

One-day old females from N. vitripennis 12.1, N. giraulti IntG, and IntC3 were hosted with 856 

two S. bullata pupae and honey to encourage ovary development. After 48 hours, ovaries were 857 

removed in RNase-free PBS, flash-frozen in liquid nitrogen then stored at -80 ˚C. 4-5 replicates of 858 

fifty ovaries per replicate were collected for each Nasonia strain. Total RNA was extracted from 859 

each sample using Trizol reagent (Invitrogen) with the Direct-zol RNA Miniprep kit (Zymo 860 

Research) then treated with the DNA-free DNA Removal kit (Ambion) for one hour at 37 ̊ C. After 861 

ensuring with PCR that all DNA had been removed, RNA was converted to cDNA using the 862 

SuperScript VILO cDNA Synthesis kit (Invitrogen).  863 

RT-qPCR was performed on a CFX96 Real-Time system (Bio-Rad) using a total reaction 864 

volume of 25 μl: 12.5 μl of iTaq Universal SYBR Green Supermix (Bio-Rad), 8.5 μl of sterile 865 

water, 1 μl each of 5 μM forward and reverse primers (see STAR Methods), and 2 μl of target 866 

cDNA in single wells of a 96-well plate (Bio-Rad). All RT-qPCR reactions were performed in 867 

technical duplicates and included a melt curve analysis to check for nonspecific amplification. The 868 

60S ribosomal protein L32 (also known as RP49) was used as an expression control. All primers 869 

for RT-qPCR are provided in the STAR Methods. Expression values for each candidate gene were 870 

calculated using the ΔΔCt method of relative quantification [66] with RP49 as the reference gene. 871 

Fold-change was determined by normalizing expression values to the mean expression value of N. 872 

giraulti IntG for each gene. 873 
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 874 

RNAi of candidate genes 875 

To generate DNA template for dsRNA synthesis, primers with a T7 promoter sequence on 876 

the 5’ end of each primer were used to amplify a 450-700 bp region of the targeted genes (see 877 

STAR Methods) by PCR using N. vitripennis whole-body cDNA as template. PCR amplicons were 878 

separated by electrophoresis on a 1% agarose gel, excised, and purified using the QIAquick Gel 879 

Extraction kit (Qiagen). The purified PCR products were used as template for a second PCR 880 

reaction with the same gene-specific T7 primers, then purified using the QIAquick PCR 881 

Purification kit (Qiagen). After quantification with the Qubit dsDNA Broad Range Assay kit 882 

(Thermo Fisher Scientific), approximately 1 ug of the purified PCR amplicon was used as template 883 

for dsRNA synthesis with the MEGAScript RNAi kit (Ambion). The dsRNA synthesis reaction 884 

was incubated for six hours at 37 ˚C, treated with RNase and DNase for one hour at 37 ˚C, then 885 

column-purified according to the manufacturer’s protocol.  886 

For injection, the dsRNA was used at a final concentration standardized to 750 ng/ul dsRNA. 887 

A Nanoject II (Drummond Scientific) was used to inject 23 nl of dsRNA (or MEGAScript kit 888 

elution buffer) into the ventral abdomen of female Nasonia at the yellow pupal stage. After 889 

emerging as adults, injected females were given honey and hosted individually on two S. bullata 890 

pupae for 48 hours. On the third day after emergence, they were transferred to new vials where 891 

they were presented with a single S. bullata host. After five hours, the hosts were opened and up 892 

to ten embryos were collected in a 1.5 ml Eppendorf tube for each female and stored at -80 ˚C. 893 

The females were given two hosts overnight, and then the same process was repeated again on the 894 

fourth day.  895 
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 The number of Wolbachia cells per embryo from injected females three and four days post 896 

emergence was determined using qPCR with Wolbachia groEL primers as described above. 897 

Wolbachia titers were not normalized to Nasonia gene copy number because early embryos have 898 

varying numbers of genome copies depending on how many rounds of mitotic division they have 899 

undergone [67]. To determine the knock-down efficiency of each dsRNA injection, RNA 900 

extraction and RT-qPCR of black pupae, five days post injection, were performed with 14-17 901 

biological replicates from each treatment group as described above using the gene-specific qPCR 902 

primers in the STAR Methods.  903 

 904 

Wds evolution and domain analyses 905 

N. giraulti and N. longicornis nucleotide sequences of Wds were obtained from NCBI 906 

genomic scaffold sequences GL276173 and GL277955, respectively, and indels were manually 907 

extracted in Geneious Pro v11.0.3 (Biomatters) based on homology to N. vitripennis gene 908 

LOC1006079092.  Protein alignment of Wds amino acid sequences for the three Nasonia spp. and 909 

its homolog in T. sarcophagae (TSAR_005991) was performed using the Geneious alignment tool. 910 

MEGA7.0.26 [68] was used to identify the JTT model as the best model of protein evolution for 911 

the alignment based on corrected Akaike information criterion (AICc). PhyML [69] and MrBayes 912 

[70] were executed in Geneious with default parameters to construct a maximum likelihood tree 913 

with bootstrapping and a Bayesian tree with a burn-in of 100,000, respectively.  914 

To identify residues under positive selection in Wds, Ka/Ks values were calculated based on 915 

a pairwise alignment of the N. vitripennis and N. giraulti Wds coding sequences using a sliding 916 

window analysis (window = 30 AA, step size = 1 AA, Standard Code for genetic code input) in 917 

the SWAKK bioinformatics web server [59]. Analysis of Wds for protein structures and conserved 918 
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domains was performed using the SMART online software at http://smart.embl-heidelberg.de 919 

[71]. Protein pIs were predicted using the online ExPASY Compute pI/Mw tool. 920 

 921 

Staining Wolbachia in Nasonia ovaries 922 

Female Nasonia were hosted on Sarcophaga bullata pupae for two to three days before 923 

dissection to encourage ovary development. For nuclear staining of ovaries, females were 924 

dissected in 1X phosphate-buffered saline (PBS) solution, where ovaries were removed with 925 

forceps and individual ovarioles were separated with fine needles. Ovaries were fixed in 4% 926 

formaldehyde in PBS with 0.2% Triton X-100 (PBST) for 20 minutes at room temperature then 927 

transferred to a 1.5 ml Eppendorf tube containing PBST. Samples were washed quickly three times 928 

with PBST then incubated in PBST plus 1 mg/ml RNase A for three hours at room temperature 929 

then overnight at 4 ˚C. After removing the RNase A solution, ovaries were incubated at room 930 

temperature for 15 minutes in PBST with 1:300 SYTOX green nucleic acid stain (Thermo Fisher 931 

Scientific) before washing twice with PBST, 15 minutes each time. Ovaries were then transferred 932 

to a glass slide and mounted in ProLong Gold antifade solution (Thermo Fisher Scientific) and 933 

covered with a glass cover slip sealed with nail polish.  934 

All images were acquired on a Zeiss LSM 510 META inverted confocal microscope at the 935 

Vanderbilt University Medical Center Cell Imaging Shared Resource core and processed with Fiji 936 

software [72]. 937 

 938 

Quantification and Statistical Analyses  939 

All statistical analyses, unless otherwise noted, were performed in GraphPad Prism 6.07 940 

(GraphPad Software, La Jolla, CA). Outliers were removed from the results on embryonic 941 
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Wolbachia titers and Wds RT-qPCR using the ROUT method, Q=1%. Non-parametric tests were 942 

used on all data since most data did not pass a Shapiro-Wilk test for normality or sample sizes 943 

were too small. Mann-Whitney U tests were used for comparisons between two groups, whereas 944 

a Kruskal-Wallis test was used to compare multiple groups. If the Kruskal-Wallis test was 945 

significant (p ≤ 0.05), a post-hoc Dunn’s test of multiple comparisons was used to calculate 946 

significance for all pair-wise combinations within the group. All averages are reported as mean ± 947 

S.E.M. For all quantifications of pupal Wolbachia densities, sample size “N” represents one pool 948 

of five pupae. For any data referring to adult Nasonia (genotyping, RNAi or RT-qPCR), sample 949 

size “N” denotes individual Nasonia.  950 

      951 

Data and Software Availability 952 

RNA-seq data generated in this study will be available in the Sequence Reads Archive. 953 

954 
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SUPPLEMENTAL INFORMATION 955 

Supplemental Information includes three figures, five tables and two datasets. 956 

Data S1. QTL genotypes and phenotypes, Related to Figure 2.  957 

V/G = heterozygous female (red), G/G = homozygous N. giraulti female (cream), and question 958 

marks indicate an unknown genotype. Markers that fall within the 95% Bayes credible interval are 959 

highlighted in purple (chromosome two) or green (chromosome three). 960 

Data S2. Chromosome 3 segmental introgression haplotypes and their effects on wVitA 961 

density suppression, Related to Figure 3.  962 

cM locations based on genetic linkage map from [50].  963 
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