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Live-bearing cockroach genome reveals convergent
evolutionary mechanisms linked to viviparity
in insects and beyond

Bertrand Fouks,1,9 Mark C. Harrison,1,9 Alina A. Mikhailova,1 Elisabeth Marchal,2 Sinead English,3

Madeleine Carruthers,3 Emily C. Jennings,4 Ezemuoka L. Chiamaka,4 Ronja A. Frigard,4 Martin Pippel,5

Geoffrey M. Attardo,6 Joshua B. Benoit,4,11,* Erich Bornberg-Bauer,1,7,* and Stephen S. Tobe2,8,10
SUMMARY

Live birth (viviparity) has arisen repeatedly and independently among animals.We sequenced the genome
and transcriptome of the viviparous Pacific beetle-mimic cockroach and performed comparative analyses
with two other viviparous insect lineages, tsetse flies and aphids, to unravel the basis underlying the tran-
sition to viviparity in insects. We identified pathways undergoing adaptive evolution for insects, involved
in urogenital remodeling, tracheal system, heart development, and nutrient metabolism. Transcriptomic
analysis of cockroach and tsetse flies revealed that uterine remodeling and nutrient production are
increased and the immune response is altered during pregnancy, facilitating structural and physiological
changes to accommodate and nourish the progeny. These patterns of convergent evolution of viviparity
among insects, together with similar adaptive mechanisms identified among vertebrates, highlight that
the transition to viviparity requires changes in urogenital remodeling, enhanced tracheal and heart devel-
opment (corresponding to angiogenesis in vertebrates), altered nutrient metabolism, and shifted immu-
nity in animal systems.

INTRODUCTION

Insecta is one of the most diverse animal classes with the highest number of living species, which have colonized most habitats spanning

terrestrial, freshwater, and aerial environments.1 Insects have adapted to numerous ecological niches and display a wide range of phenotypic

traits. Insect biodiversity is a valuable resource for ecosystems and the source of many new scientific discoveries.1 For instance, insects exhibit

a broad spectrum of complex traits such as sociality (solitary, gregarious, sub-to eusociality), metamorphosis (a-, hemi-, pauro- and holome-

tabolous development), and reproductive modes (ovi- to viviparity). While the majority of insects are oviparous (egg laying), viviparity (live

birth), both facultative (including ovoviviparity) and obligate, has emerged independently over 65 times across insect evolution.2–4 Among

all viviparous insects, the Pacific beetle-mimic cockroach, Diploptera punctata, and tsetse fly (Glossina), stand out by their evolutionary ad-

aptations to have yielded specific organs that house developingprogeny and produce protein-rich nutrition, which are functionally equivalent

to placental structures in vertebrate.5,6

True viviparity is a reproductive mode in which females harbor developing embryos and other juvenile stages within their reproductive

tracts until giving birth to live and active offspring.7 In contrast, oviparity describes the reproductive mode whereby females lay eggs, while

embryogenesis as well as other early development stages occur outside the female body.7 Viviparity has gradually evolved from oviparity

repeatedly and independently across the Tree of Life, for instance, within reptiles, mammals, fish, and insects,3 suggesting this is one of

the most common types of convergent evolution among animals.
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Despite broad physiological andmorphological differences among viviparous animal clades, the emergence of viviparity has led to similar

physiological, morphological, and immunological changes to the female reproductive tract for vertebrate systems.8–10 This transition requires

numerous adaptations, observed in both mammalian and reptile lineages, including eggshell reduction, delayed oviposition, enhanced sup-

ply of water and nutrition to the embryo by the mother, enhanced gas exchange, and suppression of maternal immune rejection of the em-

bryo.8,11 The adaptation to viviparity requires acceptance of a developing non-self organism by the mother. In mammals, repression of

maternal immunity toward placental cells is essential for successful pregnancy,12 while in reptiles some viviparous squamates display reduced

immunocompetence during pregnancy.13 In bothmammals and viviparous reptiles, genes and gene families share similar immunorepression

roles in the uterus and placenta.13

The repeated and independent evolution of viviparity from an egg-depositing reproductive strategy has occurred across large taxonomic

branches including reptiles, mammals, fish, and insects.3While the transition to viviparity has been extensively studied in vertebrates, in insects

the evolutionary processes underlying such a transition remain understudied. Elucidating common patterns associated with the transition to

viviparity across distantly related taxa will lead to a deeper evolutionary understanding of this complex reproductive strategy. In this context,

we sequenced and assembled the genome of the viviparous cockroach, the Pacific beetle-mimic cockroach,Diploptera punctata (Blaberidae).

With this new genome available, we performed comparative genomics and transcriptomics using 18 insect species spanning over 3 indepen-

dent origins of viviparity to unravel patterns of convergent evolution and molecular mechanisms underlying this reproductive mode.

RESULTS AND DISCUSSION

Genome of the viviparous cockroach

The genome of D. punctata has been sequenced and made publicly available (NCBI, BioSample: SAMN25610536). We obtained a highly

contiguous (contig N50: 1.4 Mb) and complete (97.6% of insect BUSCOs14) genome assembly of length 3.13 Gb (Table S1). We then compiled

a dataset comprising genomes - including this new genome - and proteomes of 18 insect species of three insect orders (Blattodea, Diptera,

and Hemiptera), in which viviparity has arisen independently in D. punctata, Glossina morsitans, and in the aphid branch (Acyrthosiphon

pisum, Rhopalosiphum maidis) (Figure 1A). This dataset, including a total of 22,466 orthologs of which 4,671 are single-copy, allowed us

to identify genes (and related pathways) under positive selection in viviparous species (aBSREL, see STARMethods), genes experiencing vari-

ation of selection pressure in branches where viviparity has arisen (RELAX, see STAR Methods), genes with variations of evolutionary rates

correlated with viviparous origins (RERc, see STARMethods) and gene duplication and loss in viviparous species (CAFE, see STARMethods).

To determine if transcriptional patterns related to pregnancy were shared among independent origins of viviparity, we compared the tran-

script levels of single-copy orthologs among six Glossina species15 and D. punctata6 across pregnancy using a gene co-expression analysis.

To confirm that specific genes identified by our evolutionary selection and transcriptome analyses are involved in the process of viviparity, we

performed RNA interference (RNAi) in D. punctata to suppress transcript levels of implicated genes based on previously developed

methods.6 Full comparative analyses is included in the supplement as Figures S1–S5 and Tables S1–S13.

Urogenital remodeling and early development underlie viviparous transition in insects

The transition to viviparity is accompanied by the development of novel structures that allow enhanced gas and nutrient exchange between

themother and fetus.3,4,8,9 In vertebrates, the adaptive apex of live-birth is the development of a novel organ, the placenta,3,4,8,9 facilitated by

uterine vascular development.9 While placenta-like structures differ in many aspects among viviparous insects,4,5,20,21 they share similar

characteristics, such as a dense tracheal and nervous innervation surrounding them, as well as the development of trophic capabilities and

secretory structures.5,20–22 Accordingly, an enhanced oxygenation associated with the transition to viviparity is reflected in our results on vari-

ation of selection pressure (see STAR Methods), which indicate a strengthened selection pressure on the tracheal system and heart contrac-

tions in viviparous origins (Figure 1B). Moreover, we find genes involved in hemolymph circulation to be mainly under relaxed selection pres-

sure in viviparous species (Figure S1). Urogenital remodeling is also necessary in viviparous insect species to accommodate the developing

fetus, with the placenta-like structure unfolding during early pregnancy in the viviparous cockroach20 and expanding in tsetse.5 Our results

indicate that developmental processes (notably tissue development and reproduction) in viviparous species show enrichment in genes under

strengthened selection pressure (Figure 1B; Tables S10 and S11), under positive selection (see STARMethods, Figure S2; Table S7 and S8) and

expanded gene families (see STARMethods, Figure S3; Table S6), which could underlie the structural adaptations of the urogenital system of

viviparous insects.5,20,21 In addition, in both tsetse and the viviparous cockroach, the up-regulation of genes involved in chitinmetabolism and

related processes during early pregnancy likely underlie the process enabling structural changes of the urogenital system (Figures 2A and 2B).

The involvement of protein-coding genes involved in chitinmetabolism andmuscle systemduring the unfolding (remodeling) of the placenta-

like structure in the viviparous cockroach are determinant for a successful pregnancy cycle. This was demonstrated by our silencingof the gene

encoding themyosin heavy chain protein essential formuscle contraction23 resulting in disruptedor delayedpregnancy outcomes (Figure 3A).

The role of such genes could be related, to some extent, to tube development (trachea and secretory structures, which are both associated

with the brood sac), as those are composed of a chitinous membrane and are expanded during early pregnancy in viviparous insects.24

Expression of genes involved in chitin metabolism during early pregnancy might also be important in tsetse, as the first-instar larva un-

dergoes the sclerotization (chitin metabolism) of 2 spiracles needed for respiration.25 Another shared characteristic among the viviparous in-

sects studied is a change in early development compared to oviparous species. Both aphids and the Pacific beetle-mimic cockroach undergo

a shorter embryogenesis compared to their oviparous counterparts,26,27 while the tsetse reproduction cycle has been adapted to produce an

individual oocyte at a time.5 Our results suggest these shifts in early development in viviparous insects were accompanied by an expansion of
2 iScience 26, 107832, October 20, 2023



Figure 1. Comparative genomics of the origin of viviparity in 3 insect groups

(A) Genomic features associated with viviparity across 3 insect groups. The phylogenetic tree (on the left, constructed with PhyML16 and ggtree,17 all node

supports > 0.999) depicts the evolutionary history of 18 insect species along which viviparity originated 3 times independently: in aphids, flies and

cockroaches (red crosses). Green and yellow numbers represent the numbers of expanded and contracted gene families, respectively, at selected nodes, as

determined with a CAFE analysis.18 Right of the phylogenetic tree, the numbers represent the proportions of transposable elements within each species

genome (in %), the gray dots depict their genome size, and the barplot the number of orthologs shared among all 18 insect species (in yellow), each clade,

Blattodea (dark green), cockroaches (light green), termites (dark blue), and those that are species-specific (light blue).

(B) Functional categories enriched for genes under strengthened selection pressure in all branches where viviparity emerged (Table S10 and S11). Enriched GO

terms are shown with a p value < 0.05 and are clustered into broader functions whenever possible, using REVIGO19 and Cytoscape for visualization.
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gene families (in D. punctata and aphids) and a strengthened selection pressure on genes involved in oocyte development (Figures 1B

and S3). In particular, we observed strong purifying selection during the transition to viviparity on genes involved in oocyte and early embryo

development, through pole plasm oskar mRNA localization as evidenced by our correlation of genes’ relative evolutionary rate with viviparity

(RERc, see STAR Methods).

Nutrient production and secretion altered in viviparous insects

The transitions to viviparity could not have been achieved in insects without the development of trophic capabilities from placenta-like struc-

tures. This translates at the physiological level into the development of an epithelial tissuewith a high density of organelles involved in nutrient
iScience 26, 107832, October 20, 2023 3
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Figure 2. Transcriptional changes associatedwith single-copy orthologs during the course of pregnancy in Pacific beetle-mimic cockroaches,Diploptera

punctata, and tsetse, Glossina spp

(A) WGCNA-based assessment examining males, early pregnancy, and late pregnancy for Glossina and D. punctata. * denotes significant correlation between

transcript expression for specific genes in groups (color) and specific trait (male or stage of pregnancy).

(B) Gene ontology (GO) assessment of modules associated with early pregnancy in Glossina and D. punctata.

(C) GO categories associated with late pregnancy inGlossina andD. punctata. Dimensional space derived by applyingmultidimensional scaling to amatrix of the

GO terms’ semantic similarities.

(D) Transcriptional changes associated with immune categories that have correlated expression over the course of pregnancy in Diploptera punctata. Complete

patterns are shown as Figure S5 Similar immune-pregnancy interactions have been observed in Glossina during pregnancy.15 RNA-seq datasets were acquired

from6 for D. punctata and15 for Glossina spp. Early pregnancy stages are before nutrient provisioning and late pregnancy stages are after nutrient provisioning.

The different classification allow for Glossina and D. punctata to be grouped together. Boxplots show upper and lower bound with the bottom of the boxes

representing the bottom 25th percentile and the top 75th percentile.
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and energy production, as well as cellular and extra-cellular structures allowing the transfer of nutrients to the fetus.5,20,21 The development of

structures facilitating nutrient transfer will likely be aided by a change in the regulation of genes involved in chitinmetabolismobservedduring

early pregnancy in the viviparous cockroach and tsetse, favoring tube development as previously mentioned. Furthermore, the structural

changes enhancing nutrient transfer associated with viviparous transition in insects may have been driven by a strengthened selection pres-

sure on genes involved in the cytoskeleton and extracellular matrix organization (Figure 1B; Tables S10 and S11). The transport of nutrients

from the placenta-like structure to the fetus requires enhanced cellular secretion,20 this adaptation was accompanied by a strengthened
4 iScience 26, 107832, October 20, 2023



Figure 3. Functional validation of genes and the immune response during viviparity in Diploptera punctata

(A) RNA interference of genes of interest, selected based on our genomic and transcriptomic analyses, at each of the different pregnancy stages in D. punctata

(before or after progeny is developing in brood sac) confirmed the role of specific genes during pregnancy leading to disruption of pregnancy and/or delays in

birth. Suppression of transcript expression of target genes before pregnancy had a more muted impact on pregnancy phenotypes.

(B) Immune challenge in pregnant compared to non-pregnant females confirmed the reduced immunity during the course of pregnancy associated with a

reduction of survival rate.

(C) Transcripts levels for a milk protein are not reduced during bacterial infection (p>0.05).

(D) Differences in the transcriptional response of immune proteins highlights that the response between non-pregnant and pregnant cockroaches is

different. * denotes significance based on a linear model or t-test at P < 0:05. Boxplots whiskers show upper and lower bound with the bottom of the boxes

representing the bottom 25th percentile and the top 75th percentile.
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selection pressure and positive selection of genes involved in cell secretion and vesicle formation in all branches where viviparity has arisen

(Figures 1B and S2; Tables S7, S8, S10, and S11). Moreover, a strong conservation of the gene sequence encoding the vacuolar protein sort-

ing-associated protein 37B, predicted to be involved in multivesicular body sorting pathway,28 is correlated with the transition to viviparity in

insects (RERc, see STAR Methods, Table S12). When we silenced the Vps37B gene during pregnancy of the viviparous cockroach, this led to

delays in birth (Figure 3A). Such birth outcomes are likely due to a reduction of nutrient transport efficiency to the embryo.

The nutrients produced by mothers for their offspring during pregnancy have been well characterized in the viviparous cockroach and

tsetse and are mainly composed of lipids, proteins and lower levels of carbohydrates.20,29–31 Several adaptive mechanisms are implicated

in changes enhancing nutrient production during pregnancy in insects, as we observed several molecular signatures related to nutrient

production during viviparous transition. Specifically, genes involved in the glycerolipid metabolic pathway display either signals of

strengthened and relaxed selection pressure associated with transitions to viviparity (Figures 1B and S1; Tables S10 and S11). Lipoprotein

and/or carbohydrate pathways are enriched in genes under positive selection in all viviparous insects (Figure S2; Tables S7 and S8). Genes

involved in translation undergo fast evolution associated with viviparous transition, as reflected by high relative evolutionary rates in vivip-

arous branches. In addition to rapid evolution, genes involved in translation are up-regulated during late pregnancy in the viviparous cock-

roach and tsetse (Figure 2). Nevertheless, in the viviparous cockroach, the suppression of a single milk gland protein, a key component of

nutrients for the developing embryo, did not impact pregnancy (Figure 3A). This is likely due to the presence of over 20 similar milk protein

genes that can compensate to feed the embryos.6,15 Gene families related to lipid and energy metabolism have expanded in the vivip-

arous cockroach and tsetse respectively (Figure S3; Table S5). In tsetse, the transition to viviparity is associated with a loss of genes

involved in aminoglycan metabolic pathway (Figure S4; Table S5). Hence, the production of lipids, proteins and carbohydrates necessary

to feed the developing fetus in viviparous insects is likely to have been adapted through diverse evolutionary mechanisms mainly targeting

translation, lipid and protein metabolism pathways.
iScience 26, 107832, October 20, 2023 5
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The regulation of nutrient production and secretion is mainly governed by maternal hormonal control in viviparous insects, notably by the

juvenile hormone.6,27,32 It is hypothesised that the transition to viviparity led to evolutionary conflicts between females and males, and be-

tween mothers and offspring, over resource allocation.3 Our analyses indicate the relaxation of selection pressure on hormone metabolism

pathways in viviparous branches, which could highlight such evolutionary conflict over resource allocations, as these pathways represent the

main source by which to regulate partitioning of nutrients for the embryo (Figure S1; Tables S10 and S11). Traits associated with evolutionary

conflict over resource allocation are predicted to be under relaxed selection, leading to genetic polymorphism in populations.33 Such relax-

ation of selection originates from genes undergoing selection pressure in antagonistic directions, due to maternal-offspring conflict.

Changes in immune and stress responses in viviparous insects enhance fetus acceptance

Aside from major structural and physiological changes, a necessary adaptation enabling the transition to viviparity in both invertebrates and

vertebrates is the acceptance of the developing fetus within amother’s womb.We found pathways related to stress and immune responses to

be enriched in genes under relaxed selection pressure during viviparous transitions (Figure S1; Tables S10 and S11). In many insects, immune

pathways are expected to be the target of strong positive selection.34,35 This denotes the importance of reduced immune activity during the

transition to viviparity to minimize embryo rejection, as evidenced by our observed patterns of gene expression and responses to infection in

pregnant D. punctata females (Figure 2D). Indeed, closer examination of expression of immune-related genes in D. punctata, both across

pregnancy and in comparison to males (comparative control) and non-pregnant females, revealed immune changes associated with preg-

nancy (Figure 2D). Multiple immune genes are differentially expressed between pregnant and non-pregnant cockroaches during bacterial

infection (Figure 3). These immune changes during pregnancy likely lead to a reduced disease resistance of pregnant female cockroaches,

as they diedmore rapidly following bacterial infection compared to non-pregnant individuals (Figure 3B). Moreover, transcript levels for amilk

protein are not reduced during infection. This suggests that the females are not increasing investment into the developing embryos during

infection, but instead are trying to simultaneously complete pregnancy and respond to the infection (Figure 3C). These studies confirm that

genomic and transcriptomic factors identified by our analyses are directly linked to cockroach viviparity that are similar to those in vertebrate

systems. Lastly, the viviparous cockroach and aphids experienced gains of genes involved in stress and immune response (mainly the Toll

signaling pathway), while in tsetse those pathways undergo a reduction of gene number (Figure S4; Table S5). This suggests that convergent

evolutionary trajectories to minimize embryo rejection in insects are undertaken by diametrically opposed adaptive mechanisms across spe-

cies (i.e., gain versus loss of genes), but targeted studies need to be conducted to confirm if specific differences are linked to viviparity.

Genegain and loss of the Toll signaling pathway in viviparous species could also underlie adaptations for embryo development rather than

solely immunity, as the Toll signaling pathway plays a major role in both early embryo development and immune response.36,37 Similarly, the

evolutionary signals of genes involved in the stress response could result from adaptations during the larval stage tomitigate stress related to

lack of oxygen and accumulation of uric acid.22,31 Our results support these general findings with evidence of gain of genes related to hypoxia

in aphids (Figure S3C; Table S5), gain and loss of genes involved in nitrogen compoundmetabolism in tsetse and in the viviparous cockroach,

respectively (Figures S3B and S4A; Table S5), and loss of genes involved in response to nitrogen compounds in tsetse (Figure S4B; Table S5).

Conclusions

Overall, our study reveals that similar pathways are shared among the three origins of viviparity in insects, but there is little overlap among

specific genes involved in these adaptations. This is not surprising, as differences between insect lineages are substantial, and pathways

necessary for viviparity development likely vary. Moreover, our study suggests that similar pathways can undergo different and even opposite

adaptivemechanisms depending on viviparity origins. The transition to viviparity in insects is associatedwithmorphological and physiological

adaptations during early developmental stages, enabled by a combination of gene duplication and a strong selection pressure on genes

involved in oogenesis and embryogenesis. In addition, our analyses highlight uterine remodeling and enhancedmaternal-fetal gas exchange

associated with viviparity. Other changes include alterations in gene expression associated with cuticular metabolism along with positive se-

lection and strengthened selective pressure on genes associatedwith urogenital, tissue, tracheal, and heart development. In addition to path-

ways involved in uterine remodeling, we found that the development of placental-like structures in viviparous insects are associated with

nutrient production and secretion, driven mainly by a strong positive selection and strengthened selection pressure on genes related to pro-

tein and lipid metabolism and cellular secretion, and the fast evolution and shift in expression during pregnancy of genes involved in trans-

lation. Furthermore, immunity and maternal tolerance of the embryo during the transition to viviparity is corroborated by altered immune

responses during early pregnancy in the viviparous cockroach, and relaxed selection on the immune response in all three studied viviparous

insect branches. Despite broad physiological and morphological differences, the adaptation to viviparity appears to be common among an-

imals and involves similar pathways, but not necessarily common genes and adaptive mechanisms.9

Our study highlights that convergent evolution of viviparity among animals displays similar adaptations through the co-option of different

genetic toolkits. In both insects and vertebrates, pathways with common functions including urogenital remodeling, circulatory/respiratory

development, nutrient provisioning and immunity have undergone rapid evolutionary shifts (Figure 4). These shifts are undertaken by iden-

tical aspects of evolutionary adaptivemechanisms including functional co-option, duplication and changes in tissue and temporal expression

patterns. These evolutionary mechanisms are associated with pregnancy and represent corresponding functions across animal taxa.38 The

evolution of extended parental care, such as viviparity and prolonged nutrient provisioning, has been suggested to prevent predation

and increase survival in uncertain environments.39,40 Thus, the selection pressures associated with the evolution of viviparity is likely similar

between vertebrates and invertebrates and acts to yield functionally similar changes. Comparative genomics of insects represents an
6 iScience 26, 107832, October 20, 2023



Figure 4. Summary of factors that overlap between vertebrate and invertebrate viviparity

The specific aspects identified were established by a combination of genomic and transcriptomic analyses. Gray indicates common factor between invertebrate

and vertebrate viviparity and black is the specific aspect identified in this study for insect systems. Aspects associated with vertebrate viviparity are based upon

previous studies.8,9,42
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excellent avenue to study in depth the genomic basis of the gradual emergence of viviparity, since different forms of viviparity as well as in-

termediate stages (ovoviviparity) are well represented in this group.2,41

Limitations of the study

This study shows that there are similar genomic and transcriptional changes in invertebrates compared to vertebrates in relation to viviparity.

Although our studies provide strong evidence, sequencing of additional viviparous insect lineages could lead to increased evidence for func-

tional convergence between invertebrate and vertebrate viviparity.Moreover, our selection analyses, like all genome-wide analyses for detec-

tion of selection, are restricted to a subset of highly conserved ortholog families. Our analyses were, indeed, restricted to only single-copy

ortholog families, and multiple sequence alignments were filtered to remove unreliable sites and gaps limiting spurious detection of selec-

tion. Nevertheless, our conservative method ensures the robustness of our results and avoids false positives. The use of gene ontology (GO)

terms and enrichment analyses to identify key functions under various selection pressure, like all studies using GO terms and similar analyses,

is subject to caution for twomain reasons. The association of aGO termwith a gene to predict its function often relies on few animalmodels or

predictions and therefore the gene function in other species cannot be ascertained. The interpretation of functional enrichment analyses is

almost unlimited, due to the lack of a priori hypothesis.43 Therefore, further investigation of individual and groups of genes highlighted in our

study is needed to assess their function in each viviparous species. In our study, however, the highlighted functions underlying the transition to

viviparity (1) were precise, such as ‘reproductive system development’ or ‘positive regulation of secretion by cell’, limiting over-interpretation,

(2) were shared among our several selection analyses and viviparous species, (3) clearly corresponded to major adaptations underlying vivip-

arous transition, and (4) were tested against specific genes of interest, to assess their impact on viviparity. Another limitation of our study is the

lack of certainty that pathways found to be under strengthened or relaxed selection pressure during viviparous transition are not experiencing

similar selection pressure in oviparous species. Nevertheless, those analyses were performed to understand which functions were undergoing

similar selection pressure during independent viviparous origins. Therefore, the occurrence of similar selection pressures on functions asso-

ciated with viviparity in an oviparous species does not nullify that these functions share similar selection pressure during all viviparous origins

studied.

Furthermore, our RNAi studies targeted genes that are likely to be core functional genes, which could havemore general effects thatmake

females less successful independent of viviparity. This is partially alleviated as early interference through dsRNA injection did not have the

same effect. Similarly, immune pressure due to bacterial infection may have an impact that reduces overall female health and success. Future

studies could examine more nuanced effects in relation to immune dynamics and specific genes that are critical during pregnancy. Another

factor that could increase the understanding of insect viviparity would be the genomic and transcriptome sequencing and analysis of other

lineages that give live birth, such as other viviparous flies and dermapterans (earwigs). These additional resources would allow for examining

convergent factors among more lineages, which could provide more conclusive evidence for changes associated with insect viviparity.
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Oligonucleotides

Customized oligonucleotides for RT-PCR and

qRT-PCR

Integrated DNA Technologies N/A

Customized oligonucleotides for dsRNAi synthesis Integrated DNA Technologies N/A
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gi/software/ltrharvest.html

TransposonPSI NBI Sweden https://github.com/NBISweden/TransposonPSI
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CLC Genomics Workbench, version 12.0 Qiagen qiagen.com
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Trinity Haas et al.56,57 https://github.com/trinityrnaseq/trinityrnaseq/wiki

TransDecoder Haas et al.56,57 https://github.com/TransDecoder/TransDecoder

RepeatClassifier Flynn et al.53 https://github.com/Dfam-consortium/

RepeatModeler/blob/master/RepeatClassifier

RepeatMasker Tarailo-Graovac and Chen58 https://www.repeatmasker.org/

Braker Kim et al.59 https://github.com/Gaius-Augustus/BRAKER

GeMoMa Keilwagen et al.60 http://www.jstacs.de/index.php/GeMoMa

Spaln, version 2.4.6 Iwata and Gotoh61 https://github.com/ogotoh/spaln

Pasa Haas et al.56,57 https://github.com/PASApipeline/PASApipeline/

blob/master/docs/index.asciidoc
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exonerate Slate and Birney64 https://www.ebi.ac.uk/about/vertebrate-
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mafft version 7.397 Katoh et al.65 https://github.com/GSLBiotech/mafft

PhyML Guindon et al.66 https://github.com/stephaneguindon/phyml

CAFE version 4.2.1 Han et al.67 https://github.com/hahnlab/CAFE

PRANK version 0.0.150803 Löytynoja68 https://anaconda.org/bioconda/prank/files?

version=v.150803

GUIDANCE2 Sela et al.69 http://guidance.tau.ac.il/source

HyPhy, version 2.5.41 Pond et al.70 https://github.com/veg/hyphy

aBSREL, version 2.5.41 Smith et al.71 https://github.com/veg/hyphy

RELAX, version 2.5.41 Wertheim et al.72 https://github.com/veg/hyphy

ModelFinder Kalyaanamoorthy et al.73 http://www.iqtree.org/ModelFinder/

Orthofinder Emms74 https://github.com/davidemms/OrthoFinder

baseml Yang75 http://abacus.gene.ucl.ac.uk/software/paml.html
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Joshua B. Benoit

joshua.benoit@uc.edu.

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All generated genomic resources have been deposited in the National Center for Biotechnology Information (NCBI) Genome Archive

(BioProject accession no. PRJNA803029, BioSample accession no. SAMN25610536). Previously published RNA-seq datasets are available

under the the NCBI Bioproject accession no. PRJNA577484 and PRJNA486170. https://www.ncbi.nlm.nih.gov/datasets/genome/

GCA_030220185.1/.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOIs (https://doi.org/10.5281/

zenodo.8250677) are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental model: Diploptera punctata

Cockroaches were acquired from the Ohio State University Insectary and maintained according to Jennings et al.6 DNA was extracted from

testes of males 20-30 days after adult emergence and sequenced at the Centre d’expertise et de services Génome Québec.

METHOD DETAILS

Genome sequencing and assembly

The genome was sequenced with a combination of long- and short-read technologies. Using Illumina HiSeq, we generated 147Gb of 150bp

paired-end reads (486.8M read pairs), with 500bp fragment size. These reads were quality and adapter trimmed with Trimmomatic (v0.38),44

resulting in 466.4M read pairs and 136.5Gb. We used these trimmed Illumina reads to estimate the genome size by first calculating kmer-fre-

quencies with Jellyfish (v2.3.0),45 with a kmer size of 21 and a hash size of 109. The resulting histogram of kmer distribution was then used to

model genome size with GenomeScope 2.0,46 which was predicted at 3.07Gb, with an estimated heterozygosity level of 0.4% and repetitive

content of 64.2%.

With 38 SMRT cells on a PacBio Sequel system, we generated 15.4M reads and a total of 164.5Gb of subread sequence data (mean read

length: 10 712bp). The PacBio sequences were assembled with MARVEL.85 A database was created using blocksize 250. Then to reduce run

times, prior to the first alignment step of MARVEL (daligner), raw reads were masked for repeat regions. This was first carried out only on di-

agonal blocks (e.g. DB.1 vs DB.1, DB.2 vs DB.2 etc.), then subsequently on a broader diagonal of ten blocks, setting the coverage threshold at

10 and 15, respectively. MARVEL was then run with standard settings on these patched reads. The resulting assembly was polished with the

patched PacBio reads that were produced within the MARVEL assembly. For this reads were first aligned against the assembly using nucmer

from the MUMmer suite (v4.0.0beta2),86 then a consensus was created with racon.49 This improved assembly was further polished using the

Illumina reads, which were first mapped to the assembly with bowtie2 (v2.3.4.3).87 The resulting bam file was then used to polish the assembly

using Pilon (v1.23).51 Finally, we removed duplicate contigs with Pseudohaploid (https://github.com/schatzlab/pseudohaploid). After each of

these correction steps, completeness of the assembly was assessed by identifying Benchmarking Universal Single-CopyOrthologs (BUSCOs)

using the BUSCO (v3.0.2) pipeline in genomemode.14 We identified single-copy orthologs based on the insecta–db9. Each of the correction

steps improved the assembly quality, especially with regard to BUSCO completeness scores (Table S1).

Repeat annotation

Repetitive elements from D. punctata genome assembly were categorised with repeat modeler (http://www.repeatmasker.org/), LTRharv-

est54 and TransposonPSI (http://transposonpsi.sourceforge.net). The resulting libraries were merged together with the SINEbank repeat

data base, specific to Insecta.88 The merged repeat library was filtered for redundancy using cd-hit-est (parameters: -c 0.8 -n 5)89 and for

true proteins by blasting against a de novo assembled Diploptera punctata transcriptome. Specifically, we generated the de novo transcrip-

tome assembly with 29 previously published RNAseq libraries6 using Trinity90 at default settings. Nucleotide coding and protein sequences

were generated from the Trinity assembly with TransDecoder (http://transdecoder.github.io/). Sequences were removed from this transcrip-

tome if they received a significant blast hit (e-value < 1e-5) against the RepeatPeps library contained in the RepeatMasker data set. We then

performed a BLAST of our merged repeat library against this reduced set of transcripts using blastn. Any hits with an e-value < 1e-10 were

removed from the library. The repeat library was classified with RepeatClassifier. The genome assembly was then soft masked with

RepeatMasker.
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Gene annotation

We used two programs to predict ab initio gene models: Braker,91 which combines Augustus92 and GeneMark,93 and GeMoMa.60 Both were

trained with the Blattella germanica genome and D. punctata RNAseq.6 We additionally used two methods of evidence-based gene predic-

tion.With Spaln (v2.4.6)94 we aligned a large database of proteins against our genome assembly. The protein database contained the Uniprot

arthropod database (version April 2018) and all available Blattodea proteomes: B. germanica,95 Periplaneta americana, Cryptotermus secun-

dus,95 Zootermopsis nevadensis96 and Macrotermes natalensis.97 Finally gene models with predicted by aligning the RNAseq data to the

genome assembly with Pasa.56 EVidenceModeler57 was then used to combine the different gene sets. The following weights were applied

to each gene set; Augustus andGeneMark: 1; GeMoMa: 2; Spaln: 5; Pasa: 10. This produced a GFF containing 61,692 putative protein coding

genes, which was further filtered to remove contamination and repetitive elements using blast against the NCBI nr database and our repeat

database, respectively. Annotation scores from EVM output were compared to noncoding equivalent. All putative genes with an annotation

score = ¸ noncoding equivalent were removed. Furthermore, to detect true positives, PFAM domains were annotated on translated se-

quences with pfamscan and RNAseq reads were mapped against the putative gene regions. All gene models with at least one significant

PFAM domain or to which at least 10 reads mapped in at least one sample were considered true positives and retained. All further genes

were only kept if supported by evidence from protein alignments (Spaln), transcript alignments (Pasa), or homology within Metazoa, resulting

in a gene set of 27,940 protein coding genes.

Chemoreceptor genes are notoriously difficult to predict with standard tools and were therefore annotated manually with bitacora63 and

exonerate98 in two rounds. For the first round, the chemoreceptors from Blattella germanica,99 Drosophila melanogaster, Apis melifera and

Apolygus lucorum species were taken as a database for bitacora and exonerate. Predicted gene models were filtered for the presence of

domains of interest and length (85% of domain length average) and used as a database for the second round. The filtered predictions

weremerged between bitacora and exonerate and with the previous annotations. Predicted cuticle proteins were identified with BLAST com-

parison to known cuticle protein in other insect system.15
Ortholog detection and phylogeny

The 18 insect species have been carefully chosen to investigate viviparous transition as it encompasses the independent origins of viviparity in

different insect orders along with, at least, 1 outgroup species per order. Orthologs among the insect species selected; including mayfly

(Ephemera danica) used as a general insect outgroup, whitefly (Bemisia tabaci) as outgroup for the Hemiptera branch, 2 species of aphids

(Acyrthosiphon pisum, Rhopalosiphum maidis) representing origin of viviparity in Hemiptera, 4 species of Diptera (Glossina morsitans as

viviparous dipteran, andMusca domesticus, Drosophila melanogaster, Stomoxys calcitrans as dipteran outgroups), 2 species of stick insects

(Medauroidea extradentata, Clitarchus hookeri) and locust (Locusta migratoria) as outgroup of Blattodea, 3 species of cockroaches (Blattella

germanica and Periplaneta americana as outgroups,Diploptera punctata as viviparous blattodean), and 4 species of termites (Zootermopsis

nevadensis, Cryptotermes secundus, Coptotermes formosanus,Macrotermes natalensis); were discovered using Orthofinder (v2.3.1).100 The

phylogenetic tree was constructed by aligning all single-copy orthologs detected by OrthoFinder100 using mafft v7.39765 with the E-INS-i al-

gorithm. The alignments were subsequently concatenated and the tree was constructed with PhyML16 at default settings. The output tree was

rooted on the branch of Ephemera danica in iTOL101 and subsequently saved as a newick file for further analyses. To optimize the number of

single-copy orthologs for the selection analyses, ortholog families were retained if geneswere present in single-copy in at least one viviparous

species and absent in the others, removing any ortholog family withmultiple-copy genes in viviparous species.Within those ortholog families,

genes of oviparous species were kept if present in single-copy, otherwise they were removed from the ortholog family. Ortholog families

including at least one viviparous species and three oviparous species were retained for further analyses.
Duplication and loss events

The variation of gene family size across the phylogenetic tree was assessed with CAFE (v4.2.1),18 to unravel the expansion and contraction of

gene families in all branches of the tree. Moreover, the variation of domain numbers in across the phylogenetic tree was assessed with CAFE

(v4.2.1).18
Multiple sequence alignment

For each single-copy ortholog family, the longest protein isoforms for each of the species gene were used in multiple sequence alignment

with PRANK (- F) (v.150803)102 and unreliably aligned residues (- - colCutoff 0.93) and sequences (- - seqCutoff 0.6) were masked with

GUIDANCE (- - bootstraps 100) (v2.02).103 This combination was shown to perform the best on simulated data.104 To optimize alignment

length without gaps, we ran maxalign script with the heuristic algorithm105 and removed subsequent sequences leading to more than

30% of gapped alignment as long as it did not result in the removal of a viviparous species’ sequence, and an alignment of less than 4 se-

quences. The protein sequences were replacedwith coding sequences in themultiple alignments using pal2nal script.106 Alignments regions,

where gappedpositionswere present, were removedwith a custompython script (https://github.com/Dr-ShinyRaven-Mr-Fox/MSA_filtering),

as these are the most problematic for positive selection inference.107 Finally, CDS shorter than 100 nucleotides were eliminated.108 After

filtering, our dataset included 4,671 gene families. The mean length of filtered alignment was 614 nucleotides (median = 471 nucleotides),

ranging from aminimumof 102 nucleotides to amaximumof 7836 nucleotides and included on average 10 sequences (median = 11), ranging

from 4 to 18.
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Identifying selection pressures

Branch-site tests to detect positive selection - aBSREL

Phylogenetic tests of positive selection in protein-coding genes usually contrast substitution rates at non-synonymous sites to substitution

rates at synonymous sites taken as a proxy to neutral rates of evolution. The adaptive branch-site random effects model (aBSREL,71) from Hy-

phy software package109(v2.5.41) was used to detect positive selection experienced by a gene family in a subset of sites in a specific branch of

its phylogenetic tree. Test for positive selection was run on the branches leading to the origin of viviparity, namely the Diploptera punctata

branch, the Glossina morsitans branch, and the aphid branch, and as a control on the parent and sister branches of the above-mentioned

branches. Test for positive selection accounted for variation in synonymous mutations among branches (- - srv Yes - - syn-rates 3) and the

non-independence of mutations in neighbouring nucleotides (- - multiple-hits Double+Triple). Corrected p-values given by aBSREL,71 using

Holm-Bonferroni correction, were used to evaluate genes under positive selection in both viviparous and control branches. Genes were

considered under positive selection if corrected p-values were below 0.05. Genes experiencing positive selection in both a viviparous and

its corresponding control branches were not considered for further analyses and results’ interpretations.

Variation of selection pressure - RELAX

While elevated dN/dS can be caused by increased positive selection, it can also be the result of relaxed purifying selection, or a combination

of both. We used RELAX72 to categorize if shifts in the distribution of dN/dS across individual genes are caused by overall relaxation of se-

lection (i.e. weakening of both purifying selection and positive selection, towards neutrality) versus overall intensification of selection (i.e.

strengthening of both purifying selection and positive selection, away from neutrality). Specifically, RELAX models the distribution of three

categories of dN/dS (i.e. positive selection, neutral evolution, purifying selection) across a phylogeny and compares the distributions for fore-

ground branches (here, the branches of viviparous origins) to background branches (here, the ancestral and sister branches of viviparous or-

igins) and estimates a parameter K that indicates overall relaxation (K < 1) or intensification (K > 1). Test detecting variation of selection pres-

sure accounted for variation in synonymous mutations among branches (- - srv Yes - - syn-rates 3) and the non-independence of mutations in

neighbouring nucleotides (- - multiple-hits Double+Triple), using three initial random rates (- - starting-points 3). Eight alignments failed to run

due to removal of reference species during filtering. As RELAX models do not provide correction for multiple testing, RELAX p-values were

corrected as one series using False Discovery Rate (FDR)110 and the significant cut-off was 0.05.

Convergence of relative evolutionary rates with the emergence of viviparity - RERc

To identify shared genes among insect viviparous origins under similar evolutionary rate changes, we estimated relative evolutionary rates for

each of our filtered 4,671 single-copy orthologs. First, we estimated branch lengths using the baseml program111 under nucleotide substitu-

tion model chosen from results of ModelFinder73 and constraining tree topology to our species tree fromOrthofinder.100 RERconverge78 was

then used to calculate relative evolutionary rates from branch lengths obtained by baseml111 and correlate them with viviparity origins, as

described in.112 This correlation was done using weighted relative evolutionary rates of gene families with a minimumof 4 species and 2 vivip-

arous origins and unidirectional transition. Correlation slopes (Rho) and corrected p-values given by RERconverge,78 using Benjamini-

Hochberg correction, were used to evaluate genes experiencing higher or lower relative evolutionary rates during insect viviparous transition.

Test for functional category enrichment

GeneOntology (GO)113 annotations for our gene families were taken from pfam annotations and from orthologs ofDrosophila melanogaster

and the enrichment of functional categories was evaluated with the package topGO version 2.4114 of Bioconductor115 and the RERconverge

package for evolutionary rate results.78 For all topGO analyses, we implemented the ‘‘elim’’ algorithm to decorrelate the graph structure of

the Gene Ontology.114

To identify functional categories enriched for expanded and contracted gene families, the Fisher exact test with the ‘elim’ algorithm of

topGOwas run separately for the significantly expanded and contracted gene families which were given the score of 1 while other gene fam-

ilies were given the score of 0. Enrichment analyses were performed on both viviparous branches and their respective control branches. Gene

Ontology categoriesmapped to less than 10 genes were discarded. Furthermore, GeneOntology categories found to be significant in both a

viviparous and its respective control branches or to be enriched of only one gene family were not considered for further analyses and results’

interpretations.

To identify functional categories enriched for genes under positive selection, strengthened, and relaxed selection pressure, the

SUMSTAT test was used as described in.116 The SUMSTAT test is more sensitive than other methods, and minimizes the rate of false pos-

itives.117 To be able to use the distribution of log-likelihood ratios of the aBSREL and RELAX tests as scores in the SUMSTAT test, a fourth

root transformation was used.116 This transformation conserves the ranks of gene families.118 In addition, we assigned a log-likelihood ra-

tios of zero for genes under relaxed selection (K < 1) when testing for enrichment of functional categories with genes under strengthened

selection and vice-versa (0 for genes with K > 1) when testing for enrichment from genes under relaxed selection. Furthermore, genes

found to be under positive selection (aBSREL) in both viviparous and corresponding control branches were removed from the functional

annotation data-set for the enrichment analyses. Gene Ontology categories mapped to less than 10 genes were discarded. Furthermore,

Gene Ontology categories found to be enriched of only one gene with a non-zero log-likelihood ratio were not considered for further

analyses and results’ interpretations.
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The list of significant gene sets resulting from enrichment tests is usually highly redundant. We therefore clustered the long list of signif-

icant functional categories using REVIGO19 with the SimRel semantic similarity algorithm andmedium size (0.7) result list. Small size (0.5) result

list was used for functional enrichment in expanded gene families in all branches and contracted gene families only for tsetse.

To identify functional categories enriched for genes experiencing change of evolutionary rates during viviparous transitions, theWilcoxon

Rank-Sum statistics was used with GO terms and genes ranked according to their negative log-transformed correlation slope (Rho) between

relative evolutionary rate and viviparity (RERc), as described in.112

RNA-seq analyses

To assess if transcriptional changes are similar between viviparous insects, previously available RNA-seqdata sets ofmultipleGlossina species

and D. punctata were analyzed.6,15 In specific, this allowed comparison between males, early pregnancy (not-pregnant and pre-nutrient pro-

visioning), and late pregnancy (early-nutrient provisioning and early-nutrient provisioning). These different description types allow for assign-

ing Glossina species and D. punctata into similar groups even though there are developmental and lineage-specific differences. Transcripts

per million (TPM) was determined using Sailfish.119 The expressional changes were compared with the weighted correlation network analysis

(WGCNA). In specific, orthologs that were identified through the use of Orthofinder100 betweenDiploptera andGlossina sp. with sequenced

genomes.6,15 The single-copy orthologs obtained fromOrthofinder were used forWGCNA to identify groups of genes with similar expression

profiles males, during early pregnancy, and late pregnancy. WGCNA was conducted as a signed analyses with a soft power of 12. Modules

that were significantly associated with early and late pregnancy were analyzed for enriched GOs following a false detection rate detection.

Immune-related genes were analyzed through the use of Deseq2 based on recommended methods of previous data,6 where the putative

immune genes were identified. Clustering was performed on normalised counts using the R package DEGreports v. 1.25.1,81 with a minimum

cluster size of 20.

Functional validation of factors identified in genomics and transcriptomic studies

Together with our results of detection of selection in viviparous species and gene’s expression at different life-stages inD. punctata, we iden-

tified genes of interest, which could be linked with the adaptation to viviparity. RNA interference was conducted according to Jenning et al.6

and Marchal et al. 2014.120 Briefly, dsRNA was generated with a MEGAscript RNAi Kit (Ambion). Following preparation of the dsRNA, each

pregnancy female was injected with 2–3 mg of dsRNA either at 5-6 (before pregnancy) or 30-40 days (during pregnancy) in the reproductive

cycle with a pulled glass capillary needle. Control individuals were injected with a dsRNA targeting green fluorescent protein.6 Individuals

were monitored for abortions and the duration of pregnancy (N = 6). RNA was extracted for a subset of cockroaches (N=10, pooled into

five groups) and qPCR was used to confirm the reduction in transcript levels for three groups according to previous methods.6 The sample

was measured 5-6 days after injection and a t-test was used to examine differences based on expression determined with a delta-delta ct

method. All primers used in these studies are available in Table S2 qPCR validation results is in Table S3.

Immune functionality was assessed through the use of injection of Pseudomonas aeruginosa in pregnant females to confirm potential

altered immunity during this state. To do so, bacteria was grown until a log-phase and injected 1.0 3 105 CFU of P. aeruginosa in 3 ml PBS

in pregnant or virgin females. Survival was monitored for 40 days. One and two days following injection with P. aeruginosa samples were

collected to obtain RNA and qPCR was used to examine transcript levels for a milk protein and six immune-associated genes. A linear regres-

sion model was applied to the data (lm function in the lme4 R package121) to assess significance in the RNAi and immune assays. t-tests were

used to compare the expression levels of the immune genes in nonpregnant and pregnant cockroaches.
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were performed with R (version >3.6).
Functional enrichment of genes with selection signals

Functional enrichment tests were performed with the topgo package114 and the ’elim’ algorithm, using Sumstat and Fisher exact tests, and

the RERconverge package,112 using a Wilcoxon Rank-Sum statistics. All information related to sample size and results of those analyses are

present in the Supplementary Information.
RNA-seq analyses

The RNA-seq statistical analyses were performed with the WGCNA,80 Deseq,83 and DEGreports122 packages.
RNAi, immune and survival assays

The linear regression analyses were performed with the lme4 package84 and t-test with core R programs (version >3.6).
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