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Abstract

In diploid cells, the paternal and maternal alleles are, on average, equally expressed. There are
exceptions from this: a small number of genes express the maternal or paternal allele copy
exclusively. This phenomenon, known as genomic imprinting, is common among eutherian
mammals and some plant species; however, genomic imprinting in species with haplodiploid sex
determination is not well characterized. Previous work reported no parent-of-origin effects in the
hybrids of closely related haplodiploid Nasonia vitripennis and Nasonia giraulti jewel wasps,
suggesting a lack of epigenetic reprogramming during embryogenesis in these species. Here, we
replicate the gene expression dataset and observations using different individuals and
sequencing technology, as well as reproduce these findings using the previously published RNA
sequence data following our data analysis strategy. The major difference from the previous
dataset is that they used an introgression strain as one of the parents and we found several loci
that resisted introgression in that strain. Our results from both datasets demonstrate a species-
of-origin effect, rather than a parent-of-origin effect. We present a reproducible workflow that
others may use for replicating the results. Overall, we reproduced the original report of no parent-
of-origin effects in the haplodiploid Nasonia using the original data with our new processing and

analysis pipeline and replicated these results with our newly generated data.

Introduction

Parent-of-origin effects occur when there is a biased expression (or completely monoallelic
expression) of alleles inherited from the two parents [1,2]. Monoallelic gene expression in the
offspring is hypothesized to be primarily the result of genetic conflict between parents over
resource allocation in the offspring [3,4]. In mammals, the mechanism of these parent-of-origin
effects occurs via inherited methylation of one allele [1,5]. In insects, the relationship between

methylation of genomic DNA and the expression of the gene that it encodes is not as well
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75  characterized but studies of social insects showed that there is a positive correlation of DNA
76  methylation of gene bodies and gene expression [6].

77

78 Honey bees have been a focal group for investigation of parent-of-origin effects in insects due to
79  differences in the kinship between queens, males, and workers [7,8]. Multiple mating by queens
80 results in low paternal relatedness between workers and should lead to intragenomic conflict over
81  worker reproduction (laying unfertilized eggs to produce males), and ultimately should favor the
82  biased expression of paternal alleles that promote worker reproduction [9]. Utilizing a cross
83  between European (Apis mellifera ligustica) and Africanized honey bees, Galbraith et al. 2016
84 identified genes exhibiting a pattern of biased paternal allele overexpression in worker
85  reproductive tissue from colonies that were queenless and broodless, a colony condition that
86  promotes worker reproduction [9]. Smith et al. 2020 found a similar pattern of paternal allele
87  overexpression in diploid (worker-destined) eggs in a cross between two African subspecies, A.m.
88  scutellate and A.m. capensis [10]. In reciprocal crosses of European (A.m. ligustica and A.m.
89 camica) and Africanized honey bees reared in colonies containing both brood and a queen,
90 Kocher et al. 2015 instead found parent-of-origin effects in gene expression that were largely
91 overexpressing the maternal allele in both directions of the cross [11]. These studies provide
92  evidence for parent-of-origin effects in the honey bee, a eusocial Hymenoptera. The Kocher et al.
93 2016 dataset also exhibited asymmetric maternal allelic bias in which the paternal allele was
94  silenced, but only in hybrids with Africanized fathers [12]. This set of biased genes was enriched
95 for mitochondrial-localizing proteins and is overrepresented in loci associated with aggressive
96  behavior in previous studies [13,14]. Interestingly, these same crosses exhibit high aggression in
97 the direction of the cross with the Africanized father but not in the reciprocal cross [15], and
98  aggression and brain oxidative metabolic rate appears to be linked in honey bees [16]. This study
99  points toward a potential role of allelic bias and nuclear-mitochondrial genetic interactions in wide

100 crosses of honey bees.
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101

102  The parasitoid wasp genus Nasonia has emerged as an excellent model for studying genomic
103  imprinting in Hymenoptera. Like honey bees and all Hymenoptera, Nasonia has a haplodiploid
104  sex-determination system in which females are diploid, developing from fertilized eggs, and males
105 are haploid, developing from unfertilized eggs. However, it serves as a strong contrast to studying
106  parent-of-origin effects in the eusocial Hymenoptera as Nasonia is solitary and singly-mated,
107  which should result in less genomic conflict and therefore less selective pressure for genomic
108 imprinting based on kinship. By studying allelic expression biases in this system, we can better
109 assess genomic imprinting in the absence of kin selection and the potential contribution of
110  nuclear-mitochondrial interactions to biased allelic expression. Nasonia is well-suited for these
111 kinds of studies as two closely related species of Nasonia - N. vitripennis and N. giraulti - that
112  diverged ~1 million years ago (Mya) and show a synonymous coding divergence of ~3% [17], can
113  still produce viable and fertile offspring [18]. Highly inbred laboratory populations of N. vitripennis
114 and N. giraulti with reduced polymorphism provide an ideal system for identifying parent-of-origin
115 effects in hybrid offspring [19]. However, the species do show genetic variation and
116  incompatibilities, such that recombinant F2 males (from unfertilized eggs of F1 hybrid females)
117  suffer asymmetric hybrid breakdown in which 50% to 80% of the offspring die during development
118  [18]. The mortality is dependent on the direction of the cross and those with N. giraulti maternity
119  (cytoplasm) have the highest level of mortality. Nuclear-mitochondrial incompatibilities have been
120 implicated in this and candidate loci have been identified [20-22]. Despite this high level of
121 mortality in F2 males, there is no obvious difference in mortality of the F1 mothers of these males
122  and non-hybrid females, further highlighting this as an excellent system in which to test the
123  potential role of allelic expression bias in mitigating hybrid dysfunction.

124

125 Wang et al. 2016 used genome-wide DNA methylation and transcriptome-wide gene expression

126  data from 11 individuals to test whether differences in DNA methylation drive the differences in
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127  gene expression between N. vitripennis and N. giraulti, and whether there are any parent-of-origin
128  effects (parental imprinting and allele-specific expression) [19]. They used reciprocal crosses of
129  these two species and found no parent-of-origin effects, suggesting a lack of genomic imprinting.
130  Unlike the work in honey bees, however, there have not been multiple independent investigations
131  of evidence for parent-of-origin effects in Nasonia.

132

133  Reproducibility is a major concern in science, particularly for the biological and medical sciences
134  [23,24]. To replicate is to make an exact copy. To reproduce is to make something similar to
135 something else. Reports have shown that significant factors contributing to irreproducible
136  research include selective reporting, unavailable code and methods, low statistical power, poor
137  experimental design, and raw data not available from the original lab [23,25,26]. In RNAseq
138  experiments, raw counts are transformed into gene or isoform counts, which requires an in silico
139  bioinformatics pipeline [27]. These pipelines are modular and parameterized according to the
140  experimental setup [27]. The choice of software, parameters used, and biological references can
141 alter the results. In RNAseq, filters can also improve the robustness of differential expression calls
142  and consistency across sites and platforms [28]. There is no, and there may never be, a defined
143  optimal RNAseq processing pipeline from raw sequencing files to meaningful gene or isoform
144  counts. Thus, the same data can be processed in a multitude of ways by the choice of software,
145 parameters, and references used [27]. Given the exact same inputs, software, and parameters,
146  one can reproduce the analysis if the authors provide this documentation and make explicit the
147  information related to the data transformation used to the RNAseq data [27]. In the case of the
148 Wang et al. 2016, the methods and experimental design were exceptionally well documented,
149  and the authors made available their raw data [19].

150

151  To address whether the Wang et al. 2016 findings of lack of parent-of-origin effects in Nasonia

152  may be replicated and reproduced, we conducted two sets of analyses. We first downloaded the
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153 raw data from 11 individuals [19] and replicated differential expression (DE) and allele-specific
154  expression (ASE) analyses. This allowed us to characterize species differences in gene
155  expression, hybrid effects relative to each maternal and paternal line, and possible parent-of-
156  origin effects using new alignment methods and software. Second, we reproduced the
157  experimental setup with new individuals, generated transcriptome-wide expression levels of 12
158  Nasonia individuals (parental strains and reciprocal hybrids), named here as the Wilson data
159  using similar, but not identical strains as the Wang et al. 2016 samples, which we named as the
160 R16A Clark data. The Wilson data, reported here, used the standard N. giraulti strain (RV2Xu).
161 The R16A Clark N. giraulti differs from the RV2Xu strain in that it has a nuclear N. giraulti genome
162 introgressed into a N. vitripennis cytoplasm which harbour N. vitripennis mitochondria. Both
163  studies used the same highly inbred standard N. vitripennis strain, ASymCx. We completed the
164  above analyses to test for robust reproducibility in biased allele and parent-of-origin effects in
165  Nasonia. In this analysis, we processed both the R16A Clark and Wilson data using the same
166  software and thresholds, starting with the raw FASTQ files. While we detect some differences in
167 the specific differentially expressed genes between the two datasets, our study reproduces and
168  confirms the main conclusions of the Wang et al. 2016 study: we observe similar trends in the DE
169 and ASE genes, and we detect no parent-of-origin effects in Nasonia hybrids, indicating a
170 validation of the lack of epigenetic reprogramming during embryogenesis in this taxa [19]. We
171 make available the bioinformatics processing and analysis pipeline used for both the R16A Clark
172 and Wilson datasets for easily replicating the results reported here:

173  https://github.com/SexChrLab/Nasonia. Finally, during the process of reproducing these results,

174  we extend them to show potential interactions between the mtDNA and autosomal genome that

175  were not apparent in the original study.
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176 Results

177  Samples cluster by species and hybrid in R16A Clark and Wilson datasets

178  We used Principal Component Analysis (PCA) of gene expression data to explore the overall
179  structure of the two datasets, R16A Clark and Wilson. Although the reciprocal hybrids from the
180 two datasets are slightly different Fig 1B, in both sets, samples from the two species (strains)
181  form separate clusters, with the clustering of the hybrid samples between them Fig 2A. The first
182  PC explains most of the gene expression variation in both datasets, with proportions of variance
183  explained 58.17% in R16A Clark and 61.69% in the Wilson data. Further, despite differences in
184  experimental protocols, the transcriptome-wide gene expression measurements across the
185  different crosses and species are highly correlated between the R16A Clark and Wilson dataset,
186  Fig 3. There is a difference in the mean RNAseq library size between the two datasets. The mean
187 RNAseq library size for the R16A Clark samples is 48,893,872 base pairs (bp) (SD=11,603,536)
188 and the Wilson samples is 16,518,955 bp (SD=3,205,303), S1 Table. Overall, we observe that

189  most of the variation in the data is explained by species and hybrids.
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Fig 1. A: A schematic illustration of the reciprocal F1 crosses. B: Schematic illustration of the
hybrids nuclear and mitochondrial genomic make up. All hybrids are heterozygous at every
nuclear locus for their two parent's alleles. The R16A Clark hybrids have N. vitripennis
mitochondria, regardless of maternal species. The Wilson hybrids have their maternal species

mitochondria. C: Overview of the data processing and analysis workflow.
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198 Fig 2. A: Gene expression PCA based on all expressed genes (mean FPKM = 0.5 across three
199  biological replicates in at least one sample group) in the R16A Clark and Wilson datasets when
200 taking the average between the N. vitripennis and pseudo N. giraulti reference genomes. B:
201  Volcano plots of differentially expressed genes between the two reciprocal hybrids in the R16A
202 Clark and Wilson datasets. Significance thresholds of an FDR-adjusted p-value < 0.01 and an

203  absolute log2FC = 2 are indicated. A Venn diagram shows the overlap of the significant DEGs.
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208 Species and hybrid differences in gene expression between closely related N.

209 vitripennis and N. giraulti

210  We detect more differentially expressed genes (DEGs) in the Wilson dataset despite the smaller
211 library sizes, particularly in the comparison involving the hybrid samples (Fig 2B). We called
212 DEGs, FDR £0.01, and absolute log. fold change = 2, between the different species and crosses
213  within both datasets (Fig 2B and S1 Fig). In the N. vitripennis (VV) x N. giraulti (GG) comparison,
214  weidentify 799 and 1,001 DEGs in the R16A Clark and Wilson datasets, respectively. We observe
215 a 45.5% overlap of these DEGs between the datasets (S1 Fig). As expected, we detect fewer
216  DEGs in the comparisons involving the hybrids (Fig 1B). We detect only small differences in the
217  numbers of DEGs called in the R16A Clark and Wilson datasets when examining hybrid effects
218 relative to each maternal line (S1 Fig). However, these DEGs show little overlap between the
219  datasets, with the proportions of overlapping DEGs in VVXVG, VVxGV, GGxVG, and GGxGV,
220  comparisons being 24.1%, 16.2%, 39%, and 31.6%, respectively.

221

222  There is a notable difference in the number of DEGs called between VG and GV hybrids between
223  the R16A Clark and Wilson datasets. The R16A Clark data used an introgression strain of N.
224  giraulti, R16A, that has a nuclear genome derived from N. giraulti but maintains N. vitripennis
225  mitochondria, therefore the R16A Clark hybrids all have the same genetic makeup whereas the
226  Wilson reciprocal hybrids have the same nuclear genome but different cytoplasms; yet, we do
227  see eight genes called as differentially expressed between the VG and GV hybrids in the R16A
228 Clark data. Three of the eight genes in the R16A Clark data (LOC116416025, LOC116416106,
229 LOC116417553) were only called as differentially expressed between the VG and GV hybrids in
230 the R16A Clark dataset and weren't called as differentially expressed in the Wilson dataset. The
231 other five genes (LOC107981401, LOC100114950, LOC116415892, LOC103317241,

232 LOC107981942) were called as differentially expressed between the VG and GV in both datasets.

12
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233 In the Wilson data, we called 116 DEGs, 111 of which are uniquely to the Wilson data set. The
234  original Wang et al. 2016 publication did not investigate differential expression between the
235  hybrids [19]. Here we report a new way of looking at the data, and despite the same genetic
236 makeup between the hybrids in the R16A Clark data, we do observe differential expression
237  between the hybrids, and five of those eight genes are also called as differentially expressed in
238 the Wilson data.

239 Four (LOC107981401, LOC100114950, LOC116415892, and LOC103317241) out of the
240 five DEGs shared between the data sets are uncharacterized proteins located on Chr 1, Chr 2,
241 and Chr 4. To gain insight into the possible functions of these genes, we used NCBIs BLASTp
242  excluding Nasonia [29,30] to find regions of similarity between these sequences and
243  characterized sequences. We observe several significant hits to different insects including
244  Drosophila suggesting that these proteins have at least some conservation in insects over > 300
245  million years. The fifth shared DEG, LOC107981942, located on chromosome 1, is annotated as
246 a zinc finger BED domain-containing protein 1. An NCBI Conserved Domain Search
247  (https://www.ncbi.nim.nih.gov/Structure/cdd/wrpsb.cgi) using these protein sequences uncovered
248 no significant hits with LOC100114950, LOC116415892, and LOC103317241. However,
249 LOC107981401 and LOC107981942 show significant hits for transposase domain superfamilies

250 cl24015 and cl04853, respectively. The role of these proteins in Nasonia remains unclear.

251  Lack of Parent-of-Origin effects in Nasonia hybrids

252  We used allele-specific expression (ASE) analyses to detect parent-of-origin effects — indicated
253 Dby allelic bias — in Nasonia hybrids. The inference of genomic imprinting for each dataset was
254  limited to those sites that meet our filtering criteria (see Methods). We find 107,206 and 115,490
255  sites to be fixed and different between VV and GG samples, in the R16A Clark and Wilson
256  datasets, respectively. Limiting the analysis to only fixed and different sites, there are 6,377 and

257 7,164 genes with at least 2 informative SNPs in the reciprocal hybrids in the R16A Clark data set

13
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and Wilson datasets, respectively. Using this approach, we find no evidence of genomic imprinting
in whole adult female samples of Nasonia in the R16A Clark data (Fig 4A). But for the Wilson
data we found two genes that show a pattern of expression consistent with genomic imprinting:
CPR35 and LOC103315494. In the VG hybrid, CPR35 shows a bias towards the paternally
inherited N. giraulti allele at an allele ratio of 65.3% and in the GV hybrid towards the paternally
inherited N. vitripennis allele, with an allele ratio of 62% (S2 Table). CPR35 is a cuticular protein
in the RR family member 35. Similarly, LOC103315494 shows bias towards the paternally
inherited allele with allele ratios of 65.26% and 61.58% in VG and GV, respectively (S2 Table).
Although both imprinted genes, CPR35 and LOC103315494, fall below the mean depth and

average number of SNPs per gene, both genes are above the thresholds applied here (S3 Table).
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Fig 4. Scatterplots of the expression of the N. vitripennis alleles in the two reciprocal hybrids, VG
(x-axis) and GV (y-axis), in the R16A Clark (A) and Wilson (B) datasets. Genes with at least two
informative SNPs with a minimum depth of 30 were used (R16A Clark = 6,377, Wilson = 7,164).
Genes exhibiting a significant difference in allelic bias between the hybrids (Fisher's exact test,
FDR-adj. p<0.05) are highlighted in red. Paternally imprinted genes are expected to appear in the
upper left corner (light blue box), and maternally imprinted genes in the lower right corner (light

box). Histograms of the N. vitripennis allele expression are shown for VG (blue) and GV

(pink).
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277  Allele-specific expression differences in Nasonia hybrids

278  We find three genes with higher expression of the N. vitripennis allele in both hybrids, in both
279 datasets, indicative of cis-regulatory effects. The genes LOC100123729, LOC100123734, and
280 LOC100113683 show consistent differences in allelic expression between VG and GV hybrids
281 (FDR-p <0.05) in both datasets, but the ratio of the N. vitripennis allele differs between the hybrids
282  (S2 Table). In the R16A Clark dataset: LOC100123729 in the VG hybrids the N. vitripennis allele
283  accounts for 93% of the reads, whereas in the GV hybrids this ratio is 61%. In the Wilson dataset,
284  both hybrids showed higher expression of the N. vitripennis allele. In the Wilson data, the N.
285  vitripennis allele ratio was 61% in VG and 90% in GV. LOC100123729 is located on chromosome
286 2 and encodes the protein Nasonin-3, which plays a role in inhibiting host insect melanization
287  [31]. Also on chromosome 2 is LOC100123734, annotated as cadherin-23, which is involved in
288  cell attachment by interacting with other proteins in the cell membrane. Both hybrids in both
289 datasets show a higher expression for the N. vitripennis allele for LOC100123734. In the R16A
290 Clark data, the ratio of the N. vitripennis allele in VG was 92% and in GV 65%. In the Wilson data,
291 the VG hybrids showed less expression for the N. vitripennis allele than the GV hybrids, at a ratio
292 of 64% and 84% of the reads, respectively. Finally, LOC100113683, which is located on
293 chromosome 4, and is annotated as a general odorant-binding protein 56d also shows more
294  expression for the N. vitripennis allele in both datasets and both hybrids (80.13% and 73.54% for
295 VG and GV in R16A Clark, 78.22% and 72.57% in Wilson). Odorant binding proteins are thought
296 to be involved in the stimulation of the odorant receptors by binding and transporting odorants

297  which activate the olfactory signal transduction pathway [32].

298 R16A strain retains N. vitripennis alleles

299 R16A is a strain produced by backcrossing an N. vitripennis female to an N. giraulti male and

300 repeating that for 16 generations [18]. This should give a complete N. giraulti nuclear genome
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301  with N. vitripennis mitochondria. However, we identified two regions in the R16A strain that still
302 show N. vitripennis alleles and named them R16A non-introgressed locus 1 and R16A non-
303 introgressed locus 2 (S4 Table). Each region is identified by a single marker that retains the N.
304  vitripennis allele. Locus 1 contains 44 genes and Locus 2 contains 14 genes. Both of these
305 regions are found on Chromosome 1, and Locus 2 lies within the confidence intervals of the
306  mortality locus for N. vitripennis maternity hybrids identified by Niehuis et al. 2008 [21] (i.e., F2
307 recombinant hybrids with a N. vitripennis cytoplasm showed a significant transmission ratio
308 distortion at this region favoring the N. vitripennis allele). R16 A non-introgressed locus 1 harbors
309 a mitochondrial ribosomal gene (39 S ribosomal protein 38) which is a good candidate gene for
310 causing its retention in R16A despite intensive introgression. It would also explain the observed
311 nuc-cytoplasmic effect in F2 recombinant males in a vitripennis cytoplasm, despite the fact that
312 R16A was used as a giraulti parental line in Gadau et al. (1999) [20]. Gadau et al. interestingly
313  also mapped one of the nuc-cytoplasmic incompatibility loci to chromosome 1 (called LG1 in the
314  manuscript) [20]. Mutations in mitochondrial ribosomal proteins in humans have severe effects

315 [33].

316 Expression of genes in regions associated with hybrid mortality or nuclear-

317  mitochondrial incompatibility

318 We compared the location of genes with either significant differential gene expression or
319  significant differences in allele-specific expression between VG and GV hybrids to the location of
320 previously identified mortality-associated loci. Three of the five genes that were called as
321  differentially expressed between VG and GV hybrids in both the R16A Clark and Wilson data sets
322 (S5 Table) are located within mortality associated loci. LOC103317241 is located within a locus
323  on Chr2 that is associated with mortality in VG hybrids, and LOC107981401 and LOC100114950

324  are within a locus on Chr 4 that is associated with mortality in GV hybrids. Moreover, two of the
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325 three genes showing consistent allele-specific expression in the two data sets are located near
326  one another in the mortality-associated locus on Chr. 2 (LOC100123729 and LOC100123734).
327  None of the genes that are differentially expressed or that exhibit allele-specific expression are
328 located within the 2 loci that retain the N. vitripennis genotype in the R16A Clark strain, nor did
329 we find any overlap of these gene sets with either the oxidative phosphorylation or the

330  mitochondrial ribosomal proteins.

331 Discussion

332  We successfully replicate the findings from Wang et al. 2016, showing a lack of parent-of-origin
333 effects in Nasonia transcriptomes [19]. This replication occurs independently in a different
334  laboratory, with different Nasonia individuals derived from a slightly different cross, different
335  bioinformatic pipelines, and sequencing technology. Our results from both the reanalyzed R16A
336  Clark and Wilson datasets could only demonstrate a species-of-origin effect but no parent-of-
337  origin effect within Nasonia F1 female hybrids, which may have explained the lack of mortality in
338 the F1 females relative to the F2 recombinant hybrid males. The larger number of differentially
339  expressed genes between the two parental species in our study relative to the Wang et al (2016)
340 [19] (1001 vs 799) is most likely the result of using a standard N. giraulti strain (RV2Xu) rather
341  than anintrogression strain (R16A) where the nuclear genome of N. giraulti was introgressed into
342  a N. vitripennis cytoplasm. Additionally, we found genomic regions that resisted introgression in
343 the R16A Nasonia strains utilized by Wang et al. 2016 [19]. Furthermore, we present a
344  reproducible workflow for processing raw RNA sequence samples to call differential expression
345 and allele-specific expression openly available on the GitHub page:

346 https://qgithub.com/SexChrLab/Nasonia.

347

348 Differences between the R16A Clark and Wilson datasets
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349  The primary difference between the R16A Clark cross and the Wilson cross is the N. giraulti strain
350 choice Fig 1B. The new crosses presented here used the strain Rv2X(u), which is a pure N.
351  giraulti strain that was used for sequencing the genome [17]. Wang et al. 2016 used an
352  introgression strain, R16A, which has a largely N. giraulti nuclear genome with an N. vitripennis
353  cytoplasm [19]. This strain was produced by mating an N. vitripennis female with an N. giraulti
354  male, and then repeatedly backcrossing the strain to N. giraulti males for a further 15 generations
355 [18]. Hence, both sets of hybrids should be heterozygous at every nuclear locus for species
356  specific markers (though see above for two non-introgressed regions); however, both reciprocal
357  R16A Clark hybrids have N. vitripennis mitochondria while the new hybrids have their maternal
358  species’ mitochondria. This means that in addition to looking at parent-of-origin effects, our new
359 crosses are uniquely suited to investigate allelic expression biases in the context of nuclear-

360  mitochondrial incompatibility and hybrid dysfunction.

361 Observed differences in hybrids between data sets

362 We observe substantially more DEGs between the hybrids, VG and GV, in the Wilson data set
363 compared to the R16A Clark data set. The smaller number of DEGs detected in the R16A Clark
364 data in this particular comparison is likely partially due to the one excluded F1GV sample (see
365  Materials and methods). Another likely contributing factor is the differences in one parental strain
366  between the Wilson and R16A Clark data sets. The Wilson data presented here consist of inbred
367  parental N. vitripennis (strain AsymCX) VV and N. giraulti (strain RV2Xu) GG lines, and reciprocal
368 F1 crosses. This cross differs from the R16A Clark data, which used the same N. vitripennis strain
369  but rather than a normal N. giraulti strain they used the introgression strain, R16A, that has a
370  nuclear genome derived from N. giraulti and a cytoplasm/mitochondria derived from N. vitripennis
371  (see R16A section). Despite these differences, of the eight genes that are differentially expressed
372  between the VG and GV hybrids. five are shared between both data sets. Although we were not

373  specifically looking for this, we found that three of the five genes showing differential expression
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374  in both data sets as well as two of the three genes showing allele (species)-specific expression in
375  both data sets are located in previously identified loci that are associated with the observed F2
376  recombinant male hybrid breakdown from the same crosses [20,21]. These findings point towards
377 an involvement of cis regulatory elements in the genetic architecture of the F2-hybrid male
378  breakdown in Nasonia. The finding that, despite using different strains of wasps, we are still able
379 to identify genes associated with these hybrid defects, which bolsters our confidence in further

380  pursuing these genes in our investigation of the genetic architecture of hybrid barriers in Nasonia.

381  The choice of reference and tools does not alter main findings

382  The authors of the Wang et al. 2016 paper used different computational tools for trimming and
383  alignment than the current study [19]. Additionally, in Wang et al. 2016, the RNAseq reads were
384  aligned to both an N. vitripennis and N. giraulti reference genome [19]; whereas here, we created
385 apseudo N. giraulti reference genome from the fixed and differentiated sites between the inbred
386  N. vitripennis and N. giraulti parental lines. Often, different tools and statistical approaches result
387 in different findings [34,35]; however, despite different approaches, we observe the same pattern
388  as what was originally reported in Wang et al. 2016 [19], a lack of parent-of-origin expression in

389 Nasonia.

390 Areproducible workflow for investigating genomic imprinting

391  Significant factors contributing to irreproducible research include selective reporting, unavailable
392 code and methods, low statistical power, poor experimental design, and raw data not available
393 from the original lab [23]. We replicate a robust experimental design (current study) initially
394  presented in the Wang et al. (2016) [19] and present a new workflow for calling DE and ASE in
395 those two independent but analog Nasonia datasets. Both datasets are publicly available for
396 download on the short read archive (SRA) PRINA260391 and PRJNA613065, respectively. In

397  our analyses of the Wilson data and reanalysis of the R16A data, we corroborated the original
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398 findings from Wang et al. 2016 [19]. There are no parent-of-origin effects in Nasonia. All
399 dependencies for data processing are provided as a Conda environment, allowing for seamless

400 replication. All code is openly available on GitHub https://github.com/SexChrLab/Nasonia.

401 Materials and methods

402 Nasonia vitripennis and Nasonia giraulti inbred and reciprocal F1 hybrid datasets

403 RNA sequence (RNAseq) samples for 4 female samples each from parental species, N.
404  vitripennis (VV) and N. giraulti (GG), and from each reciprocal F1 cross (F1VG, female hybrids
405  with N. vitripennis mothers, and F1GV, female hybrids with N. giraulti mothers), as shown in Fig
406 1A, were obtained from a 2016 publication [19] from SRA PRJNA299670. We refer to the data
407  from [19] as R16A Clark. One F1GV RNAseq sample from the R16A Clark dataset (SRR2773798)
408 was excluded due to low quality, as in the original publication [19].

409

410 The newly generated crosses consisted of 12 RNAseq samples of inbred isofemale lines of
411  parental N. vitripennis (strain AsymCX) VV and N. giraulti (strain RV2Xu) GG lines, and reciprocal
412  F1 crosses F1VG, and F1GV. (Fig 1A). Whole transcriptome for these samples is available on
413 SRA PRJUNAG613065. This cross differs from the R16A Clark data, which used the same N.
414  vitripennis strain but rather than a standard N. giraulti strain used an introgression strain, R16A,
415 that has a nuclear genome derived from N. giraultiand a cytoplasm/mitochondria derived from N.
416  vitripennis (see R16A section below) Fig 1B. Total RNA was extracted from a pool of four 48 hour
417  post-eclosion adult females using a Qiagen RNeasy Plus Mini kit (Qiagen, CA). RNA-seq libraries
418  were prepared with 2ug of total RNA using the lllumina Stranded mRNA library prep kit and were
419  sequenced on a HiSeq2500 instrument following standard Illumina protocols. Three biological

420 replicates were generated for each parent and hybrid, with 100-bp paired-end reads per replicate.
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421  Sample IDs, parent cross information, and SRA bioproject accession numbers for R16A Clark

422  and Wilson datasets are listed in S1 Table.

423  Quality control

424  Raw sequence data from both datasets were processed and analyzed according to the workflow
425  presentedin Fig 1C. The quality of the FASTQ files was assessed before and after trimming using
426  FastQC v0.11 [36] and MultiQC v1.0 [37]. Reads were trimmed to remove bases with a quality
427  score less than 10 for the leading and trailing stand, applying a sliding window of 4 with a minimum
428 mean PHRED quality of 15 in the window and a minimum read length of 80 bases, and adapters
429  were removed using Trimmomatic v0.36 [38]. Pre- and post-trimming multiQC reports for the
430 R16A Clark and Wilson datasets are available on the GitHub page:

431 https://qgithub.com/SexChrLab/Nasonia.

432  Variant calling

433  For variant calling, BAM files were preprocessed by adding read groups with Picard’s
434  AddOrReplaceReadGroups and by marking duplicates with Picard’s MarkDuplicates

435  (https://github.com/broadinstitute/picard). Variants were called using GATK [39-41] and the

436  scatter-gather approach: Sample genotype likelihoods were called with HaplotypeCaller minimum
437  base quality of 2. The resulting gVCFs were merged with CombineGVCFs, and joint genotyping
438 across all samples was carried out with GenotypeGVCFs with a minimum confidence threshold

439  of 10.

440 Pseudo N. giraulti reference genome assembly

441  To create a pseudo N. giraulti reference genome, fixed differences in the homozygous N. giraulti

442 and N. vitripennis variant call file (VCF) files were identified using a custom Python script,
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443 available on the GitHub page: https://github.com/SexChrLab/Nasonia. Briefly, a site was

444  considered to be fixed and different if it was homozygous for the N. vitripennis reference allele
445  among all three of the biological VV samples and homozygous alternate among all three of the
446  biological GG samples. Only homozygous sites were included, as the N. giraultiand N. vitripennis
447 lines are highly inbred. The filtered sites were then used to create a pseudo N. giraulti reference
448  sequence with the FastaAlternateReferenceMaker function in GATK version 3.8 (available at:

449  http://www.broadinstitute.org/gatk/). Reference bases in the N. vitripennis genome were replaced

450  with the alternate SNP base at variant positions. Following a similar protocol for comparison, we
451 now aligned reads in each sample to the pseudo N. giraulti genome reference with HISAT2
452  version 2.1.0, and performed identical preprocessing steps prior to variant calling with GATK

453  version 3.8 HaplotypeCaller.

454 RNAseq alignment and gene expression level quantification

455  Trimmed sequence reads were mapped to the NCBI N. vitripennis reference genome (assembly
456  accession GCF_009193385.2), as well as the pseudo N. giraulti reference using HISAT2 [42].
457  The resulting SAM sequence alignment files were converted to BAM, and coordinates were sorted
458 and indexed with samtools 1.8 [43]. RNAseq read counts were quantified from the N. vitripennis
459 as well as the custom N. giraulti alignments using Subread featureCounts [44] with the N.

460  vitripennis gene annotation.

461 Inference of differential gene expression

462  Differential expression (DE) analyses were carried out by linear modeling as implemented in the
463 R package limma [45]. An average of the reads mapped to each gene in the N. vitripennis and
464 the pseudo N. giraulti genome references were used in the DE analyses. Counts were filtered to
465 remove lowly expressed genes by retaining genes with a mean FPKM < 0.5 in at least one sample

466 group (VV, GG, VG, or GV). Normalization of expression estimates was accomplished by
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467  calculating the trimmed mean of M-values (TMM) with edgeR [46]. The voom method [47] was
468 then employed to normalize expression intensities by generating a weight for each observation.
469  Gene expression is then reported as log counts per million (logCPM). Gene expression correlation
470 between datasets and between species within each dataset was assessed using Pearson’s
471  correlation of mean logCPM values of each gene. Dimensionality reduction of the filtered and
472 normalized gene expression data was carried out using scaled and centered PCA with the
473  prcomp() function of base R. Differential expression analysis with voom was carried out for each
474  pairwise comparison between strains (VV, GG, VG, and GV) for each data set. We identified
475  genes that exhibited significant expression differences with an adjusted p-value of <0.01 and an

476  absolute log. fold-change (log2FC) < 2.

477  Analysis of allele-specific expression in reciprocal F1 hybrids

478  Allele-specific expression (ASE) levels were obtained using GATK ASEReadCounter [40] with a
479  minimum mapping quality of 10, minimum base quality of 2, and a minimum depth of 30. Only
480  sites with a fixed difference between inbred VV and GG for both R16A Clark and Wilson datasets
481  were used for downstream analysis of allele-specific expression. Allele counts obtained from
482 GATK ASEReadCounter were intersected with the N. vitripennis gene annotation file using
483  bedtools version 2.24.0 [48]; the resulting output contained allele counts for each SNP and
484  corresponding gene information. The F1 hybrids’ allele counts with gene information was read
485 into R and then filtered to only include genes with at least two SNPs with minimum depth of 30.
486  We counted the number of allele-counts for the reference allele (N. vitripennis) and alternative (N.
487  giraulti) allele at polymorphic SNP positions. We quantified the number of SNPs in each hybrid
488 replicate that 1) showed a bias towards the allele that came from the N. vitripennis parent, 2)
489 showed a bias towards the allele that came from the N. giraulti parent, and 3) showed no
490 difference (ND) in an expression of its parental alleles. The significance of allelic bias was

491  determined using Fisher's exact test. Significant genes were selected using a Benjamini-
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492  Hochberg false discovery rate FDR-adjusted p-value threshold of 0.05. As Nasonia are

493 haplodiploid, all ASE analyses were carried out on the diploid female hybrids.

494 Identifying loci associated with hybrid mortality

495  Nasonia recombinant F2 hybrid males (haploid sons of F1 female hybrids) suffer mortality during
496 development that differs between VG and GV hybrids [18]. Niehuis et al. 2008 identified four
497  genomic regions associated with this mortality (i.e., regions in which one parent species’ alleles
498 are underrepresented due to mortality during development); three are associated with mortality in
499  hybrids with N. vitripennis maternity and one is associated with hybrids with N. giraulti maternity
500 [21]. Gibson et al. 2013 later identified a second locus related to mortality in the hybrids with N.
501  giraulti maternity [22]. Given that the F2 hybrid females analyzed here experience far less
502  mortality than their haploid male offspring, we hypothesized that these diploid females may use
503 biased allelic expression to rescue themselves from the mortality. To compare our results with
504 these previous studies, we had to map the previous loci to the latest Nasonia assembly (PSR1.1,
505 [49]). Niehuis et al. 2008 defined their candidate loci based on the genetic distance along the
506 chromosome (centimorgans) [21]. The physical locations of the markers along the chromosomes
507 were later identified by Niehius et al. 2010 [50]. Using the genetic distances between these
508 markers in both the 2008 and 2010 Niehuis et al. studies [21,50], we calculated the conversion
509 ratio between the genetic distances in these two studies (S6 Table). We then converted those
510 2008 genetic distances that correspond to the 95% Confidence Intervals for these loci to the
511 genetic distances reported by Niehuis et al. 2010 [50], which used an lllumina Goldengate
512  Genotyping Array (lllumina Inc., San Diego, USA) to produce a more complete and much higher
513  resolution genetic map of Nasonia. This array uses Single Nucleotide Polymorphisms (SNPs) to
514  genotype samples at ~1500 loci, which allowed us to identify SNP markers that closely bound the
515  mortality loci from the 2008 study. Gibson et al. 2013 used the same genotyping array, so this

516  conversion was unnecessary for converting the second mortality locus in N. giraulti maternity
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517  hybrids [22]. We used the 100bp of sequence flanking each SNP marker to perform a BLAST
518  search of the PSR1.1 assembly and to identify their positions. We then used all of the PSR1.1
519  annotated genes within these loci to look for enrichment of genes showing biased expression.

520  Mortality loci and genomic location are reported in S4 Table.

521  Additional gene categories of interest

522  Previous work has identified potential classes of genes that may be involved in nuclear-
523  mitochondrial incompatibilities in Nasonia, the oxidative phosphorylation genes [51] and the
524  mitochondrial ribosomal proteins [52]. We used the annotated gene sets from these studies to
525 test for enrichment of genes with biased allelic expression. Lists of the genes of interest and their

526  genomic location is reported in S4 Table.

527  Analysis of R16A strain

528 In order to assess whether the introgression of the N. giraulti nuclear genome into the R16A Clark
529  strain is complete, we analyzed two samples of the R16A strain using the lllumina Goldengate
530 Genotyping Array used in Niehuis et al. 2010 [50]. We searched for SNP markers that retained
531 the N. vitripennis allele and only considered markers that consistently identified the proper allele
532 in both parent species controls and that were consistent across both R16A samples, leaving 1378
533  markers. We defined a locus as all of the sequences between the two markers that flank a marker
534  showing the N. vitripennis allele (S2 Table). As above, we performed a BLAST search of the
535 PSR1.1 assembly to identify the positions of these markers. We identified all genes from the
536 PSR1.1 assembly that lie between the flanking markers and further analyzed their expression
537  patterns.

538

539 Scripts and gene lists used to analyze these data are publicly available on GitHub,

540 https://qgithub.com/SexChrLab/Nasonia.
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554 Supplemental Data

555 81 Fig. Volcano plots for differential expression and venn diagram of DEGs between the
556 datasets when taking the average of the counts when aligned to N. vitripennis and to
557 pseudo N. giraulti reference genome. Volcano plots of DEGs detected between the different
558  comparisons involving N. vitripennis, N. giraulti, and the two reciprocal F1 hybrids in the R16A
559  Clark (left side) and Wilson (right side) datasets. Venn diagrams of the overlap of significant DEGs
560 in each comparison is shown.

561

562 S1 Table. Sample identifiers. The samples for each dataset used in the project are provided

563  here. Samples from this study are uploaded at https://www.ncbi.nIm.nih.gov/sra/PRJNA613065.

564

565 S2 Table. Allele-specific expression differences between hybrids. The number of allele-
566  counts for the reference allele (N. vitripennis) and alternative (N. giraulti) allele at polymorphic
567  SNPs within a gene. Minimum of two SNPs for a gene to be included. The significance of allelic
568 bias was determined using Fisher’s exact test. Significant genes were selected using a Benjamini-
569 Hochberg false discovery rate FDR-adjusted p-value threshold of 0.05.

570

571  S3 Table. Mean and median allele and gene depth for Wilson dataset. Mean and median
572  allele and gene depth for each GV and VG sample in the Wilson data set. Number of SNPs for all
573  genes, CPR35, and LOC103315494.

574

575 S4 Table. Genomic location of mortality loci and gene sets of interest. Previously reported
576 loci associated with mortality in Nasonia hybrids. 95% Confidence Intervals of loci identified in
577 Niehuis et al. 2008 were converted to genetic distances along the chromosomes and the closest

578  SNP markers from Niehius et al. 2010 were identified [21,50]. SNP markers for the locus identified
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in Gibson et al. 2013 were used directly [22]. The SNP marker locations in the PSR1.1 assembly
were found via BLAST and all genes within the bounds of these markers are included. The two
non-introgressed regions from the R16A strain are included as well as genes from two
mitochondria-associated pathways, the oxidative phosphorylation pathway [51] and the

mitochondrial ribosomal proteins [52].

S5 Table. Directional bias of differentially expressed genes between VG and GV in Clark
and Wilson datasets. Five genes that were called as differentially expressed between VG and

GV hybrids in both the Clark and Wilson data sets.

S6 Table. Locus conversion calculations. Calculations for converting the genetic map
positions (centimorgan, cM) of mortality loci identified by Niehuis et al. 2008 to the physical

chromosomal positions of the latest genome assembly (PSR1.1) [21].
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