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Different modes of reproduction evolve rapidly, with important consequences for genome composition. Selfing species of-

ten occupy a similar niche as their outcrossing sister species with which they are able to mate and produce viable hybrid

progeny, raising the question of how they maintain genomic identity. Here, we investigate this issue by using the nematode

Caenorhabditis briggsae, which reproduces as a hermaphrodite, and its outcrossing sister species Caenorhabditis nigoni. We hy-

pothesize that selfing species might develop some barriers to prevent gene intrusions through gene regulation. We therefore

examined gene regulation in the hybrid F2 embryos resulting from reciprocal backcrosses between F1 hybrid progeny and C.
nigoni or C. briggsae. F2 hybrid embryos with ∼75% of their genome derived from C. briggsae (termed as bB2) were inviable,

whereas those with ∼75% of their genome derived from C. nigoni (termed as nB2) were viable. Misregulation of transposable

elements, coding genes, and small regulatory RNAs was more widespread in the bB2 compared with the nB2 hybrids, which

is a plausible explanation for the differential phenotypes between the two hybrids. Our results show that regulation of the C.
briggsae genome is strongly affected by genetic exchanges with its outcrossing sister species, C. nigoni, whereas regulation of

the C. nigoni genome is more robust on genetic exchange with C. briggsae. The results provide new insights into how selfing

species might maintain their identity despite genetic exchanges with closely related outcrossing species.

[Supplemental material is available for this article.]

Eukaryotic species frequently evolve a selfing reproduction mode
from their outcrossing ancestral species. It is well known that the
reproduction mode of a species plays a crucial role in shaping its
genome size (Lynch andConery 2003). For example, highly selfing
plant species have significantly smaller genome sizes than those of
their most closely related outcrossing relatives, which appears to
be driven by reduced activity and spread of repetitive elements
in selfing plants (Brandvain and Haig 2005). Genome size reduc-
tion is also observed in selfing animal species. For example, the
nematode, Caenorhabditis elegans, a well-established model organ-
ism, mostly reproduces through selfing as a hermaphrodite, albeit
with a rare chance of outcrossing with males in the wild (Brenner
1974). It has a significantly smaller genome than its most
closely related outcrossing species (The C. elegans Sequencing
Consortium 1998; Li et al. 2015; Kanzaki et al. 2018; Yoshimura
et al. 2019). In addition to C. elegans, other Caenorhabditis species,
including Caenorhabditis briggsae and Caenorhabditis tropicalis,
have independently evolved hermaphroditism, which has also re-
sulted in a significantly reduced genome size relative to the most-
closely related outcrossing species (Kiontke et al. 2004; Ren et al.
2018; Yin et al. 2018; Cutter et al. 2019; Woodruff and Teterina
2020; Noble et al. 2021). These studies provide strong evidence
that the genomes of selfing species rapidly reduce their size once
speciation starts from its outcrossing ancestral species.

The rapid divergence in genome size between selfing species
and outcrossing species descended from a common ancestor is
challenging to understand in situations in which the two species
have a chance to occupy the same habitat and interbreed. In par-
ticular, crossing studies in plants with differing mating systems
led to the weak inbreeder/strong outbreeder (WISO) hypothesis,
which claims that in the crosses between species with different
mating systems, outcrossing parent species will “overpower”
selfing parents such that their genomes have a higher “effective
ploidy” in hybrid offspring (Brandvain and Haig 2005). Frequent
introgressions from outcrossing species into selfing species would
therefore be expected to counter the diminution in genome size.
The WISO hypothesis was formulated in the context of plant de-
velopment in which there is a natural asymmetry in the contribu-
tion of parental and maternal genomes to the endosperm and the
seed. Nevertheless, recent studies suggest that the WISO hypothe-
sis may apply in animals although effective ploidy is irrelevant in
animal hybrids for the lack of triploidy as seen in plants.
Interspecies mating between Caenorhabditis nematodes sterilizes
maternal individuals, and the hermaphrodites aremore vulnerable
to such detrimental effects than the female of outcrossing species
(Ting et al. 2014). A similar situation applies in the case of the
androdiecious C. briggsae, which mostly reproduces as a hermaph-
rodite, and its dioecious sister species,C. nigoni, in whichmating is
always between male and female. Hybrid progeny between C.
nigoni mothers and C. briggsae fathers produces fertile males and
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females and sterile males, whereas the reciprocal cross produces
fertile females only but no viable males (Fig. 1A). In other words,
there is an apparent asymmetry in terms of mutually introducing
genomic fragments from one species into the genome of the other
species; that is, it is straightforward to introduce the genomic frag-
ments from C. briggsae into the genome of C. nigoni, but not feasi-
ble in the opposite direction. Furthermore, fertile hybrid F1
females from either crossing direction produce viable hybrid F2 fe-
males when mated with C. nigoni males, but no viable progeny
when mated with C. briggsae males (Fig. 1C; Woodruff et al.
2010; Bundus et al. 2015), which is consistent with the WISO hy-
pothesis. Notably, manyC. nigoni strains carrying an introgression
fragment fromC. briggsae genome show a compromised fitness rel-
ative toC. nigoniwild isolate in the laboratory (Bi et al. 2015, 2019).
It is worth noting that the F2 animals are expected to carry ∼75%
of the genome of the backcrossing male and ∼25% of the genome
from the other species (Fig. 1A). Despite the apparent asymmetry
in genetic exchange in backcrossing progeny, themolecularmech-
anismunderlying it is poorly defined. Expression analysis of the F2
hybrid populations presents an excellent opportunity to investi-
gate the consequences of this asymmetry for gene regulation.

It is well established that transposable elements (TEs) are in-
volved in both pre- and postzygotic isolation (Serrato-Capuchina
and Matute 2018). For example, a wide range of TEs have been
shown to be reactivated in the lethal hybrid males of two
Drosophila species, Drosophila melanogaster and Drosophila simu-
lans, but not in their viable intraspecies hybrids (Kelleher et al.
2012). Further studies have identified an association between the
mutation of two extensively studied hybrid incompatibility (HI)
genes, Hmr and Lhr, and the dysregulation of TEs possibly because
of their malfunctioning in heterochromatin binding (Satyaki et al.
2014). More TE dysregulation was observed in hybrid F2 and sub-
sequent crossing progeny. For instance, an increase in the number
of dysregulated TEs was identified in the backcrossing hybrids of
two lakewhitefish lineages comparedwith the parents or relatively
healthy F1 hybrids (Dion-Côté et al. 2014). In addition to TEs, the
extensive dysregulation of protein-coding genes (referred to as
coding genes hereafter) has been frequently observed in hybrids
(Wei et al. 2014; Lu et al. 2018; Moran et al. 2021). Notably, our
previous study of hybrid sterile males between C. briggsae and C.
nigoni, resulting from extensive backcrossing with C. nigoni, also
revealed the dysregulation of spermatogenesis genes (Li et al.
2016b).

Insight into the molecular mechanisms underlying gene ex-
pression dysregulation in hybridsmay come from the fact that dys-
regulation of small regulatory RNAs is also commonly observed
(Kelleher et al. 2012; Kotov et al. 2019). For example, in
Drosophila hybrids, regulatory changes in PIWI-interacting RNAs
(piRNAs) are frequently associated with the failure of maternally
distributed piRNAs to repress the expression of paternally inherit-
ed TEs (Pilar and Guerreiro 2014; Kotov et al. 2019). Likewise, ram-
pant gene expression divergence has been linked to the
dysregulation of microRNAs (miRNAs) or piRNAs in rapeseed
and tomato (Shivaprasad et al. 2012; Shen et al. 2017). In nema-
todes, the most abundant class of small regulatory RNAs linked
to TE and gene regulation are known as 22G small RNAs (22G
RNAs). 22G RNAs are made by RNA-dependent RNA polymerases,
and target RNAs are used as templates to produce 22G RNAs
that are antisense. 22G-RNA formation may be initiated by target
recognition by other classes of small RNAs, in particular piRNAs
or 26G RNAs, but once synthesis begins it can bemaintained inde-
pendently of these small RNAs, even over multiple generations

(Almeida et al. 2019). We previously showed that the up-regula-
tion of a specific group of 22G RNAs was associated with the
down-regulation of spermatogenesis genes in hybrid sterile C.
nigoni males carrying an introgression fragment from the C. brigg-
sae genome (Li et al. 2016b), supporting a role of small RNAs inme-
diating hybrid sterility. Here, we investigated the mechanism of
asymmetric genetic exchange between two nematodes with differ-
ential reproduction modes by sequencing the transcriptomes and
small RNAs of the parents, that is, C. briggsae and C. nigoni, and
their hybrid F1 and F2 progeny.We focused on contrasting the ex-
pression between two types of F2 hybrids resulting from reciprocal
backcrossing, which carry an expected 75% and 25% of the ge-
nomes from either parent (Fig. 1A). The results of this study are ex-
pected to provide explanations to the observed asymmetry in gene
regulation between selfing C. briggsae and outcrossing C. nigoni on
genetic exchange between each other.

Results

Hybrid F2 embryos carrying 75% of the C. briggsae genome

arrested with more severe defects than those carrying 75% of the

C. nigoni genome

A previous study showed the crossing direction–dependent hybrid
F2 breakdown between C. briggsae and C. nigoni (Woodruff et al.
2010), that is, all F2 progeny resulting from backcrossing with C.
briggsae arrested as embryos, whereas the F2 progeny resulting
from backcrossing with C. nigoni were partially viable (Fig. 1B,C).
To determine whether the arrested embryos show comparable
phenotypes between the two F2 populations, we first determined
the embryonic lethality for both parents, that is, C. briggsae
(AF16) and C. nigoni (JU1421), in their F1 hybrids fathered by C.
briggsae (F1), and in their backcrossing F2 hybrids in both direc-
tions, which we designated as bB2 (C. briggsae father and F1moth-
er) and nB2 (C. nigoni father and F1 mother) (Fig. 1A). Consistent
with previously reported results (Woodruff et al. 2010; Kozlowska
et al. 2012; Bi et al. 2015), we observed almost 100% embryonic le-
thality in the bB2 embryos, which was significantly higher than
that in the nB2 and F1 embryos (One-way ANOVA, P<0.0001,
multiple pairwise t-test, FDR adjusted P< 0.0001) (Fig. 1C). We ob-
served comparable lethality rates between the F1 and nB2 embry-
os, both of which showed a significantly higher embryonic
lethality rate (∼70%, multiple pairwise t-test, FDR adjusted P<
0.0001) than the parental species. In addition, we observed a low
rate of embryonic lethality (1%–3%) in wild-type C. briggsae em-
bryos, and a significantly elevated lethality rate (8%–10%) in the
wild-type C. nigoni embryos (multiple pairwise t-test, adjusted P<
0.001). The elevated embryonic lethality in C. nigoni could be
caused by inbreeding of the isolate in the laboratory, leading to ho-
mozygosity of some lethal alleles.

To further evaluatewhether F1, bB2, and nB2 hybrid embryos
arrested at similar or different stages, we repeated the above cross-
ings using a transgenic C. briggsae strain that ubiquitously express-
es a histone-green fluorescent protein (GFP) fusion (HIS-72::GFP)
in the nuclei (Zhao et al. 2010). The dominant GFPmarker allowed
the direct visualization of all nuclei in arrested embryos.We found
that ∼35% of the F1 (169 out of 483) and 25% of the nB2 (130 out
of 521) embryos were able to develop up to the elongation stage,
respectively, as judged by the presence of a pharynx and nucleus
positioning (Fig. 1B,D). The remaining dead embryos arrested at
stages ranging from as early as approximately the 150-cell stage
to the bean stage. In contrast, we barely observed any bB2 embryos
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that were able to develop to the elongation stage, usually without
obvious gastrulation (Fig. 1D, One-way ANOVA, P<0.0001, multi-
ple pairwise t-test, adjusted P<0.0001), suggesting more severe
dysregulation of gene expression in bB2 embryos than in other hy-
brid embryos. In addition, unusually large nuclei, which are char-
acteristic of failures in cell nucleus division (e.g., chromosome
segregation failure) or gastrulation (e.g., mislocalized intestine pre-
cursors), were observed frequently only in bB2 embryos (Fig. 1B).
In summary, we observed more severe phenotypes in arrested
bB2 embryos than in hybrid F1 and nB2 arrested embryos in addi-
tion to their differential lethality rate. We reasoned that the
phenotypic differences between bB2 and nB2 embryos may be
explained, at least in part, by their different genomic compositions
and subsequent difference in their transcriptome. We tested this
hypothesis by examining the expression profiles of coding genes,
TEs, and small RNAs by RNA sequencing (RNA-seq) analyses of the
staged hybrid embryos and wild-type embryos (Supplemental Fig.
S1; Supplemental Table S1).

TEs show a disproportionately higher level of derepression

in bB2 embryos than in nB2 embryos

Derepression of TEs is frequently observed in the plant and animal
hybrids (Kelleher et al. 2012; Laporte et al. 2019). We performed
RNA-seq analysis of poly(A)-tailed RNAs to quantify the abundanc-
es of TE transcripts in the embryos ofC. briggsae (Cbr) andC. nigoni
(Cni), their F1 hybrids fathered by C. briggsae, and their F2 hybrids
fathered by C. briggsae (bB2) and C. nigoni (nB2) (Supplemental
Figs. S1, S2). We generated approximately 165, 174, 182, 145,
and 188million reads for the embryos ofC. briggsae,C. nigoni, their
F1 hybrids, and bB2 and nB2 hybrids, respectively, with three rep-
licates each (Supplemental Table S1). To evaluate the quality of our
sequencing results, we performed principal components analysis
of all sequencing reads mapped to the consensus sequences of

TEs or to the one-to-one orthologous coding genes between C.
briggsae and C. nigoni in each replicate (see Methods). The results
showedaclear separationbetweendifferent sampleswith replicates
from the same sample clustering together (Supplemental Fig. S2A,
B). To further evaluate the reproducibility of our sequencing data,
we generated a heatmap to contrast the abundance of reads
mapped to TEs and the one-to-one orthologs using row Z-score
normalization as previously described (Li et al. 2016b). The repli-
cates of the same sample clustered together (Supplemental Fig.
S2C,D), demonstratinga reasonablequalityofour sequencingdata.

We compared TE expression between F1 or F2 hybrids and
their parent C. briggsae or C. nigoni species. We observed that the
TE expression levels in the F1 embryos were much more similar
to that in the C. nigoni embryos than in the C. briggsae embryos
(Supplemental Fig. S3). The biased similarity may reflect a mater-
nal effect because C. nigoni served as mother in producing the F1
hybrids. In F2 hybrids, the TE expression levels in the bB2 embryos
showed comparable similarity to that in both C. briggsae and C.
nigoni embryos, with Pearson’s correlation coefficients of 0.813
(95% confidence interval: 0.681–0.939) and 0.794 (95% confi-
dence interval: 0.713–0.878), respectively (Fig. 2A). This is unex-
pected because bB2 embryos carried about 75% of the C. briggsae
genome but only 25% of the C. nigoni genome. In contrast, as ex-
pected, the TE expression level in the nB2 embryoswas highly sim-
ilar to that in C. nigoni but not C. briggsae, with Pearson’s
correlation coefficients of 0.953 (95% confidence interval:
0.931–0.977) and 0.558 (95% confidence interval: 0.371–0.743),
respectively (Fig. 2B). This is because the nB2 embryos carried
about 75% of the C. nigoni genome but only 25% of the C. briggsae
genome. The unexpected correlation in the TE expression between
bB2 and C. nigoni suggested an elevated TE dysregulation in the
bB2 but not in the nB2 embryos.

To determinewhether specific TEs were significantly dysregu-
lated in bB2 embryos, we first examined all TE families that

A B C

D

Figure 1. Crossing direction–dependent lethality in the backcross hybrid embryos between Caenorhabditis briggsae and Caenorhabditis nigoni. (A)
Schematic diagram illustrating crossing strategy and expected genome composition of the hybrid progeny between C. briggsae (Cbr, blue) and C. nigoni
(Cni, green) as indicated, including their hybrid F1 embryos (F1 female), the backcrossing embryos, that is, bB2 and nB2, which are the crossing progeny
between the F1 females and C. briggsae or C. nigoni males, respectively. The coloring scheme is used throughout the paper. (B) DIC (left) and fluorescent
micrographs (right) showing the typical phenotypes of arrested hybrid embryos. The fluorescent embryo nuclei were ubiquitously labeled by a HIS-72::GFP
marker. An unusually large nucleus in the bB2 embryo is indicated by arrowhead. Differentiated head is indicated with dashed line. Scale bar represents 20
µm. Note a more severe phenotype in the bB2 than in the F1 and nB2 embryos. (C ) Quantification of the ratio of embryonic lethality. Shown are the data
from five replicates with n= 1718, 1709, 1549, 2800, 2636 for Cbr, Cni, F1, bB2, and nB2, respectively. The error bar represents the standard error ofmean.
(∗∗∗) Adjusted P<0.001 (one-way ANOVA followed bymultiple pairwise t-test, FDR adjusted). (D) Percentage of dead embryos with elongation. Shown are
the data from five replicates with n= 483, 820, 521 for F1, bB2, and nB2, respectively. The error bar represents the standard error of mean. (∗∗∗∗) Adjusted P
<0.0001 (one-way ANOVA followed bymultiple pairwise t-test, FDR adjusted). Note that nearly all bB2 embryos arrested before the elongation stagewith-
out obvious morphogenesis.
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produced detectable RNA transcripts (referred to as expressed TEs).
We identified a total of 267 and 281 expressed TE families in C.
briggsae and C. nigoni, respectively (Supplemental Fig. S4A). The
comparable number of expressed TEs was surprising because the
repeat contents in the two species diverged substantially from
each other (Ren et al. 2018; Yin et al. 2018). We detected a higher
number of expressed TEs in all types of hybrid embryos relative to
the number in both parents. For example, we observed 385, 347,

and 362 expressed TEs in bB2, nB2, and F1 embryos, respectively
(Supplemental Fig. S4A; Supplemental Table S2), indicating both
C. briggsae- and C. nigoni-originated TEs were expressed in the hy-
brids. The slightly elevated number of expressed TEs in bB2 hybrid
relative to other types of hybridswasmainly attributed to the Class
II (DNA) TEs.Wenext examined all TE families that underwent sig-
nificant derepression/up-regulation, defined as those with at least
a twofold increase in expression level and false discovery rate (FDR)

A B

C D

E F G

Figure 2. TEs show a disproportionately higher level of misregulation in the bB2 embryos than in the nB2 embryos. (A,B) Pairwise comparison of nor-
malized counts of readmapped to individual TE families (abbreviated as TEs, seeMethods) between bB2 (A) or nB2 embryos (B) and parental embryos. Each
dot represents a single TE family. Also shown is Pearson’s correlation coefficient (R). (C) Number of significantly up- (triangle) and down-regulated TE fam-
ilies (circle) in F1, nB2, and bB2 embryos as indicated. (D) A heatmap showing the normalized count of the readsmapped to the 28 TEs that are significantly
up-regulated in the bB2 embryos in the parental and hybrid embryos. TEs are divided into four categories (see Methods). Scale of expression intensity is
shown on the right. (E,F ) Top: Volcano plots of log2 fold changes (FC) of TE expression in the bB2 (E) or nB2 (F) embryos compared with that in the F1
embryos. The significantly up-, down-regulated TEs, or those without significant change TEs, are differentially colored in red, blue, and gray, respectively.
Bottom: Venn diagrams show the number of significantly up-regulated TE numbers in bB2 or nB2 embryos compared with parental or F1 embryos. (G) Pie
chart showing the breakdown of the 28 significantly up-regulated TEs in the bB2 hybrid at class level.
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corrected P value <0.05 relative to the TE expression level in both
parents (see Methods). We observed significant derepression of TE
families in all three types of hybrids, but the bB2 embryos showed
a significantly higher number of derepressed TEs, that is, 28, rela-
tive to seven and two in the nB2 and F1 embryos, respectively
(Fisher’s exact test, P<0.0001), despite the similar number of
down-regulated TE families among the three types of hybrid em-
bryos (Fisher’s exact test, P=0.876) (Fig. 2C,D; Supplemental
Table S3). Of the 28 derepressed TE families in bB2 embryos, 17
showed low expression levels in both parents (FPKM less than 1),
indicating that these TEs were silenced in C. briggsae or C. nigoni
but derepressed in the bB2 embryos (Fig. 2D). Finally, we contrast-
ed the expression of TE families between F1 hybrid embryos and
bB2 or nB2 embryos. Again, the number of up-regulated TE
families in the bB2 embryos was significantly higher than
that in the nB2 embryos (Fig. 2E,F). Specifically, 64 TE families
were significantly up-regulated in the bB2 embryos, of which 20
were a subset in the 28 TE families mentioned above (Fig. 2E). In
contrast, only 11 TE families were significantly up-regulated in
the nB2 embryos relative to the F1 embryos (Fig. 2F). These results
support the notion that bB2 embryos were more vulnerable to TE
derepression than nB2 embryos, which is consistent with the
WISO hypothesis.

To gain an initial idea of the function of the significantly de-
repressed TE families in the bB2 embryos, we grouped the 28 TE
families into different TE classes. The results showed that half of
the 28 TE families were Class II (DNA) TEs, nine were classified
as Unknown, four were long terminal repeats (LTRs) and one was
classified as Rolling Circle (RC) (Fig. 2G). It is worth noting that
the C. briggsae parents expressed a significantly smaller number
of unknown types of TEs compared with the number expressed
by C. nigoni (Supplemental Fig. S4A), which is consistent with its
lower repeat contents relative to C. nigoni. However, TE expression
did not show a significant change at the class level in the bB2 em-
bryos relative to other classes of embryos (Supplemental Fig. S4B),
suggesting that differential expression took place mainly at the TE
family level.

A markedly higher number of coding genes with transgressive

expression are observed in the bB2 embryos than in other

types of hybrid embryos

We speculated that the differential phenotypes of the bB2 and nB2
embryos may be associated with differential dysregulation of one-
to-one orthologous protein-coding genes between the two hybrid
embryos (Supplemental Table S4). To test this, we performed a
pairwise comparison of normalized read counts between parental
and hybrid embryos. Because the genomic contents of the bB2 and
nB2 embryos were expected to be dominated by theC. briggsae and
C. nigoni genome, respectively, and the similarity in the expression
of one-to-one orthologs was modest between C. briggsae and C.
nigoni (R =0.866, Supplemental Fig. S5A), we expected that the ex-
pression levels of orthologs in bB2 and nB2 embryos would show a
biased correlation with their expression levels in C. briggsae and C.
nigoni embryos, respectively. However, this was the case only for
nB2 but not bB2 embryos (Fig. 3A,B). Specifically, the Pearson’s
correlation coefficient of the expression levels between bB2 and
C. briggsae embryos was comparable to that between nB2 and C.
briggsae embryos (0.914 [95% confidence interval: 0.909–0.918]
vs. 0.913 [95% confidence interval: 0.908–0.918]), whereas the
correlation coefficient of expression levels between nB2 and C.
nigoni embryos was significantly higher than that between bB2

and C. nigoni embryos (0.960 [95% confidence interval: 0.957–
0.963] vs. 0.902 [95% confidence interval: 0.897–0.907]). These re-
sults suggested that bB2 embryos suffered from a higher degree of
dysregulation of one-to-one orthologs thannB2 embryos, support-
ing the notion that the C. briggsae gene regulation is more vulner-
able to genetic perturbation than the C. nigoni genome. A higher
degree of similarity in the expression levels of one-to-one ortho-
logs between F1 and C. nigoni or nB2 embryos than between F1
and C. briggsae or bB2 embryos was expected at least partially
caused by maternal effect (Supplemental Fig. S5B–E).

To identify the sources of the differential correlations be-
tweenbB2 or nB2hybrid embryos andparental embryos,we exam-
ined the inheritance profiles of each individual orthologous gene
pair by comparing their expression levels in each type of hybrid
embryos with those in both parental species. Based on the inheri-
tance pattern of gene expression, the orthologs were grouped into
the following categories as previously described (McManus et al.
2010; Sánchez-Ramírez et al. 2021): conserved (expression level
comparable with that in both parents), additive (expression level
higher than that in one parent, but lower than that in the other
parent), species-specific dominant (C. briggsae- or C. nigoni-domi-
nant, defined as an expression level comparable with one parent
but significantly deviating from the level in the other parent),
and transgressive (over- or under-dominant, defined as an expres-
sion level simultaneously deviating from the level in both parents
in the same direction) (see Methods). We observed the highest
number of transgressively expressed genes in bB2 embryos, with
2452 (21%) and 2134 (18%) classified as over-dominant and un-
der-dominant, respectively (Fig. 3C). In contrast, we only observed
1162 (10.5%) and 1043 (9.4%) genes classified as over-dominant,
and 993 (8.9%) and 678 (6.1%) as under-dominant, in the nB2 and
F1 embryos, respectively (Fig. 3E,G; Supplemental Tables S5–S7).
However, we observed a reduction in the number of conserved
genes in the bB2 embryos. For example, bB2 embryos showed a to-
tal of 1483 (12.7%) conserved genes, whereas nB2 and F1 embryos
showed 2269 (20.4%) and 2442 (20.1%) conserved genes (Fig. 3C,
E,G), respectively, which is consistent with their arrested pheno-
types (Fig. 1C,D). A recent study showed that, in F1 hybrid adults,
additive and transgressive expressed genes maintained a larger
magnitude of expression distances than genes of other inheritance
types (Sánchez-Ramírez et al. 2021). We showed that bB2 embryos
demonstrated the longest distances for over- and under-dominant
genes, whereas the distances in nB2 and F1 embryos were compa-
rable (Fig. 3D,F,H). Taken together, these results showed that the
bB2 embryos suffered from more severe dysregulation in coding
genes than nB2 embryos.

A greater number of significantly dysregulated coding genes are

observed in bB2 embryos than nB2 embryos

To examine the number and function of genes with significant
dysregulation of expression levels in hybrids compared with the
expression levels in both parents, we identified all orthologs
that were significantly up- or down-regulated in F1, bB2, and
nB2 hybrid embryos relative to the parental embryos. We defined
a significantly dysregulated gene as one in which the transcript
abundance was significantly higher or lower than the abundance
in both parents, with at least a twofold change (FDR corrected P
<0.05) (see Methods). We observed that bB2 embryos showed a
significantly higher number of dysregulated genes than the other
types of hybrid embryos, with about fourfold more up-regulated
genes (χ2 test, P< 0.0001) and about ninefold more down-
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C D
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G H

Figure 3. bB2 embryos show a higher degree of transgressivity in expression inheritance profile of coding genes relative to other types of hybrid embry-
os. (A,B) Pairwise comparisons of the normalized expression levels (read counts) of the one-to-one orthologs between bB2 (A) or nB2 (B) and parental em-
bryos. Also shown is Pearson’s correlation coefficient (R). Linear regression lines are shown in blue. (C,E,G) Scatter (left) and bar plots (right) showing the
expression level change of the orthologs in the bB2 (C), nB2 (E), or F1 (G) embryos compared with that of each parental species, that is, Caenorhabditis
briggsae (x-axis) and Caenorhabditis nigoni (y-axis). Inheritance categories are differentially color coded as indicated. Red dashed lines indicate the “0” of
log2 fold change for each axis. The total gene number of each inheritance category in the three hybrids is shown. The numbers of over- and under-dom-
inant are highlighted with arrows. (D,F,H) Density plots with overlaid box plots showing the expression distance (see Methods) of one-to-one orthologs
within each inheritance category for bB2 (D), nB2 (F ), and F1 (H) embryos.
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regulated genes in bB2 relative to nB2 (χ2 test, P<0.0001) (Fig.
4A; Supplemental Tables S5–S7). To further compare the expres-
sion intensities of dysregulated genes, we generated a heatmap
using the normalized transcript abundances of all misregulated
genes in the parental species and the three types of hybrid em-
bryos. The results showed a markedly higher level of gene dysre-
gulation in bB2 embryos compared with that in nB2 and F1
embryos (Fig. 4B), consistent with the WISO hypothesis.

Given that genes involved in hybrid incompatibility usually
evolve faster than the highly conserved essential genes
(Maheshwari and Barbash 2011), we examined whether the dys-
regulated genes evolved faster than those that were not dysregu-

lated. To this end, we calculated the molecular evolution ratio
(Ka/Ks) of all one-to-one orthologs between C. briggsae and C.
nigoni. We found that the Ka/Ks values were significantly higher
for the up-regulated genes than those without significant dysregu-
lation in bB2, F1, and nB2 embryos (P<0.0001, Wilcoxon rank-
sum test, Fig. 4C; Supplemental Fig. S6A,B; Supplemental Table
S8), whereas theKa/Ks values of the down-regulated genes were sig-
nificantly higher only in F1 and nB2 embryos but not in bB2 em-
bryos (Supplemental Fig. S6A,B). These results suggest that the up-
regulated genes in hybrid embryos tend to undergo faster evolu-
tion, which may have implications for the development of hybrid
compatibility. It remains unclear why only the down-regulated

A B C

D E

Figure 4. Characterization of the significantly misregulated coding genes in the F1, bB2, and nB2 embryos. (A) Venn diagrams showing the number of
up- (top) and down-regulated genes (bottom) in the bB2, F1, or nB2 embryos compared with both parental embryos. (B) Heatmap showing the expression
intensity of all the misregulated genes in the parental, F1, bB2, and nB2 embryos. Note the difference between the bB2 and the remaining categories of
embryos. Row Z-score scale bar is shown at the bottom. (C) Violin plots with overlaid box plots showing the Ka/Ks values of the genes that are up-regulated,
down-regulated, and those not showing a significant change in the bB2 embryos. (∗∗∗∗) P<0.0001; (ns) not significant compared with those without sig-
nificant change (Wilcoxon ranked-sum test). (D,E) Gene Ontology (GO) analysis for biological processes of up- (D) and down-regulated genes (E) in each
category of hybrid embryos as indicated.
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genes in bB2 embryos showed no significant change in evolution
speed relative to all genes without dysregulation.

To gain an initial idea of which biological pathways were vul-
nerable to perturbation in the hybrid background, we performed
Gene Ontology analysis for all genes that showed significant up-
or down-regulation in all types of hybrid embryos relative to pa-
rental embryos. We found that most of the enriched pathways
from the up-regulated geneswere common to the bB2 andnB2 em-
bryos, including those involved in the defense and immune re-
sponses. bB2 embryos also showed unique pathways, including
those involved in neuropeptide signaling and the stress response
to metal ion (Fig. 4D). These results suggest that up-regulation of
these genes may contribute to the unique arrest phenotypes in
the bB2 embryos. Notably, no biological process was enriched in
the up-regulated genes in the F1 embryos. The down-regulated
genes were not shared between the three categories of hybrid
embryos. For example, those showing significant down-regulation
in bB2 embryos were mainly enriched in the processes including
protein degradation and amino acid metabolism, whereas those
significantly down-regulated in the F1 embryos were mostly
enriched in the processes including heat shock responses. It is
worth noting that no biological process was significantly enriched
for down-regulated genes in the nB2 embryos (Fig. 4E). These re-
sults suggest that down-regulated genes in the hybrid background
are highly dependent on the genetic makeup.

Given that both bB2 and nB2 embryos show embryonic le-
thality, we sought to determine whether essential genes were sig-
nificantly enriched in the dysregulated genes of hybrid embryos.
We, therefore, performed enrichment analysis of the up- and
down-regulated genes in terms of essential genes in the F1, bB2,
and nB2 embryos, as previously described (Supplemental Fig. S7;
Li et al. 2016b). These results show that, except for the down-reg-
ulated genes in F1 hybrids, both the up- and down-regulated genes
in all categories of hybrid embryos were significantly depleted for
essential genes (Supplemental Fig. S7D). The results showed that
the essential genes were less susceptible to dysregulation than oth-
er genes in the hybrids.

piRNAs and 22G small RNAs are significantly up-regulated in

bB2 embryos compared with nB2 embryos

Wepreviously reported that increased levels of 22G RNAs in sterile
C. nigoni strains carrying an introgression fragment from the C.
briggsae X Chromosome is associated with the down-regulation
of spermatogenesis genes (Li et al. 2016b), demonstrating that
22G RNAs play an important role in the regulation of TEs and cod-
ing genes in the hybrid background. 22G RNAs can be generated
from many different primary small RNA triggers, including both
piRNA-dependent and piRNA-independent mechanisms. They
mediate the silencing of protein-coding genes, transposons, pseu-
dogenes, and cryptic loci through both transcriptional and post-
transcriptional mechanisms (Gu et al. 2009; de Albuquerque
et al. 2015). To examine whether small (18–30 nt) regulatory
RNAs, including 22G RNAs, were differentially dysregulated be-
tween bB2 and nB2 embryos, we performed small RNA sequencing
after 5′ polyphosphatase treatment of the extracted RNAs from
each of the parental and hybrid embryos as described previously
(Supplemental Fig. S1; Supplemental Table S1; Li et al. 2016b).
To evaluate the quality of our sequencing data, we calculated the
proportion of small RNA reads ranging from 18 to 30 nucleotides
in length with regard to their first nucleotide at the 5′ end. We ob-
served a large proportion of reads that were 22 nucleotides long

and bore a guanine at their 5′ end, whichwas indicative of the suc-
cessful retrieval of this specific type of small RNAs (Supplemental
Fig. S8; Pak and Fire 2007; Pak et al. 2012).

We compared the abundance of piRNAs between the bB2 and
nB2 embryos. We found that both C. briggsae- and C. nigoni-origi-
nating piRNAs were significantly up-regulated in the bB2 embryos
compared with the nB2 embryos (P<2.2 × 10−16 for both catego-
ries of RNAs, Wilcoxon ranked-sum test; Fig. 5A,B; Supplemental
Tables S9, S10), suggesting a role of piRNAs inmediating the differ-
ential arresting phenotypes of the bB2 embryos. We next com-
pared the expression abundances of 22G RNAs targeting TEs
between bB2 and nB2 embryos. We found that the expression lev-
els of TE-targeting 22G RNAs, including those that were dysregu-
lated in the bB2 embryos, were highly similar between bB2 and
nB2 embryos (Supplemental Fig. S9A,B; Supplemental Table
S11). We finally examined whether 22G RNAs that target coding
genes showed a biased expression profile toward their parent-of-or-
igin. We found that 22G RNAs in both types of hybrid embryos
barely showed any biased correlation with either of their parents
(Supplemental Fig. S9C,D; Supplemental Table S12). This may be
because the majority of 22G RNAs were maternally deposited in
the embryos, even though paternal contribution of 22G RNAs in
C. elegans was also reported (Stoeckius et al. 2014).

To determinewhether there were any dysregulated 22G RNAs
in the hybrid embryos, we directly contrasted the abundance of
22G RNAs targeting coding genes between bB2 and nB2 embryos.
We observed 116 genes that were targeted by a significantly higher
abundance of 22G RNAs in the bB2 embryos relative to the nB2
embryos, compared with 69 in the nB2 embryos (χ2 test, P<
0.001) (Fig. 5C). To further determine to what extent the 22G
RNAswere dysregulated relative to both parents, we performed dif-
ferential gene expression analysis of the 22G RNAs relative to both
parents, similar to the analysis of coding genes. We found 177
genes were targeted by a significantly higher abundance of 22G
RNAs in the bB2 embryos relative to both parents, compared
with 140 in nB2 embryos (χ2 test, P<0.05). However, the number
of genes targeted by the significantly down-regulated 22G RNAs
was slightly lower in bB2 than in nB2 embryos (Fig. 5D). Most of
the coding genes targeted by the dysregulated 22G RNAs were
not shared between nB2 and bB2 (Fig. 5D). Taken together, these
results suggest a greater role of 22G RNAs in the dysregulation of
their corresponding coding genes in bB2 embryos than in nB2
embryos.

Potential dysregulation of microRNAs in bB2 embryos

In addition to piRNAs and 22G RNAs, miRNAs are another catego-
ry of small RNAs that frequently show differential expression in
hybrids (Li et al. 2016a,b). We previously reported a significantly
up-regulated miRNA, miR-237, in sterile males of a C. nigoni strain
carrying a C. briggsae introgression fragment, which may affect
spermatogenesis in the hybrid males (Li et al. 2016b). We sought
to determine whether miRNAs were also dysregulated in the bB2
embryos relative to the nB2 embryos. To this end, we compared
the number and expression intensity of dysregulated miRNAs be-
tween the two categories of hybrid embryos. We observed an in-
creased number of up-regulated miRNAs in bB2 embryos
compared with nB2 embryos. Specifically, we identified nine sig-
nificantly up-regulated miRNAs in the bB2 embryos but only
two in the nB2 embryos relative to the parental species. Notably,
the two miRNAs that were significantly up-regulated in the nB2
embryos were also significantly up-regulated in the bB2 embryos
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(Fig. 6A). Similarly, we observed a total
of three significantly down-regulated
miRNAs in the bB2 embryos but only
one in the nB2 embryos relative to both
parental species. No miRNAwas uniquely
dysregulated in thenB2 embryos (Fig. 6A).
In direct comparison between nB2 and
bB2, we found seven and 10 miRNAs
were up-regulated and down-regulated in
bB2 relative to nB2, respectively (Fig.
6B). Three out of the sevenmiRNAs specif-
ically up-regulated in the bB2 embryos,
that is, Cbr-miR-77, Cbr-miR-239b, and
Cbr-miR-786, also showed a significant
increase in their abundance relative to
that of both parents. Two out of the 10
miRNAs specifically down-regulated in
the bB2 embryos, Cbr-miR-244 and Cbr-
miR-245, also showed a significant
decrease in their abundance in the bB2
embryos relative to both parents (Fig. 6B;
Supplemental Table S13). Although the
numbers of altered miRNAs are too small
to conclude that this is a significant differ-
ence, this is indicative that dysregulation
in miRNAs may be important in the phe-
notypic difference between the two.

Discussion

Caenorhabditis species have indepen-
dently evolved androdioecy (hermaphro-
dites and males) from dioecy (females
andmales) multiple times, such that her-
maphrodites are able to fertilize them-
selves in addition to being fertilized by
their conspecific males (Brenner 1974;
Kiontke et al. 2004, 2011). This change
in reproductive mode is associated with
a substantial reduction for genome size
and an increase in the homozygosity of
hermaphroditic species (Kanzaki et al.
2018; Ren et al. 2018; Yin et al. 2018). These two types of changes
are likely to be coupled, because in hermaphroditic species, paren-
tal conflicts are expected to be reduced, andDNA elements that are
necessary for dealing with incoming DNA sequences, including
foreign repetitive elements such as TEs, are less likely to be under
purifying selection and so may be subject to degeneration and ul-
timate loss. This takes place on top of the loss of coding genes that
tend to bemale-specific (Rödelsperger et al. 2018). Consistent with
this, our data and data from previous studies show that numerous
repetitive DNA sequences have been lost from the genome of the
selfing species C. briggsae compared with the genome of the out-
crossing species C. nigoni (Ren et al. 2018; Yin et al. 2018).
Crossing and simulation data in C. elegans suggest that segregation
distortion of chromosomes of different size may lead to genome
size reduction in hermaphroditic species (Wang et al. 2010a),
and such a trend appears to be the ancestral state in the
Caenorhabditis lineage (Le et al. 2017). Given the significant size
difference between C. briggsae and C. nigoni homologous chromo-
somes, it would be interesting to test whether such distortion is up-
held in interspecies hybrids.

Here, we provide evidence that genome-wide gene expression
regulation in the selfing species, C. briggsae, is strongly affected by
introgressions from its outcrossing relative, C. nigoni, whereas the
genome of outcrossing C. nigoni appears to be more robust at tak-
ing DNA elements from C. briggsae. These results are consistent
with the WISO hypothesis—the selfing species is “overpowered”
by introgressions, whereas the outcrossing species is less strongly
affected. Our analysis of the expression of protein-coding genes,
transposable elements, and small regulatory RNAs offer a potential
explanation for the vulnerability of the C. briggsae genome. This is
because we show a significantly greater genome-wide dysregula-
tion in the bB2 hybrids, which contains∼75%of theC. briggsae ge-
nome and 25% of the C. nigoni genome, compared with the nB2
hybrids with ∼75% and 25% of the C. nigoni and C. briggsae ge-
nomes, respectively. It is plausible that the elevated dysregulation
is responsible for the full-penetrance of lethality in the bB2 hybrid
embryos, which essentially prevents the subsequent crossing. We
speculate that there might be some key regulatory elements in the
C. briggsae outcrossing ancestor, present in either a heterozygous
or homozygous form, that are essential for dealing with foreign

A B
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Figure 5. The abundances of 21U RNAs and 22G RNAs targeting coding genes are significantly higher
in the bB2 embryos than in the nB2 embryos. (A) Scatter plot showing pairwise comparison of normal-
ized read counts of the Caenorhabditis briggsae- (blue) or Caenorhabditis nigoni-specific 21U RNAs (pink)
between bB2 and nB2 embryos. Note that the overall abundances of 21U RNAs are apparently higher in
the bB2 than in the nB2 regardless of their parent-of-origin. (B) Box plots showing the normalized read
counts of C. briggsae- (blue) or C. nigoni-specific 21U RNAs (pink) in the bB2 and nB2 embryos. P values of
pairwise comparison with Wilcoxon ranked-sum test is indicated. (C) Scatter plot showing the pairwise
comparison of normalized read count of 22G RNAs targeting orthologous coding genes between the
bB2 and nB2 embryos. The numbers of genes with a significantly higher abundance of targeting 22G
RNAs in the bB2 relative to the nB2 embryos (purple) or vice versa (green) are indicated. (D) Venn dia-
gram showing the number of coding genes targeted by the 22G RNAs that were significantly up- (top)
and down-regulated (bottom) in the bB2 or nB2 embryos relative to both parents.
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DNA elements, such as repetitive TEs, and these regulatory ele-
ments were lost from the C. briggsae genome during the transition
to hermaphroditism. This proposed hypothesis helps explain why
there are no viable F2 progeny resulting from backcrossing with C.
briggsae, although the F2 progeny frombackcrossing withC. nigoni
are viable. The loss of these elementsmade bB2 embryos incompe-
tent to deal with DNA elements from their outcrossing sisters. This
leads to the reinforcement of reproductive isolation between the
two species, whichmay explain how the stability of the C. briggsae
genome is able to be maintained, even when C. briggsae likely oc-
cupies a similar ecological niche as its sister species (Félix et al.
2014; Schulenburg and Félix 2017). Consequently, the nearly iso-
genicC. briggsae genome becomes a relatively closed systemwith a
smaller genome, adopting a unique evolutionary trajectory that is
independent of its outcrossing sister species once hermaphrodit-
ism is achieved. Multiple such key elements may evolve after the
initial element to further reinforce species boundaries. The identi-
fication of such regulatory elements remains the central task for
understanding how the stability of the isogenic genome is main-
tained.We speculate that a similarmechanism is used in the devel-
opment of hermaphroditism in other species, including C. elegans
and C. tropicalis. Taken together, our results show that regulation
of the C. briggsae genome is vulnerable to genetic exchange with
its outcrossing sister species, C. nigoni, whereas regulation of the
C. nigoni genome is not so strongly affected. These results are con-
sistent with theWISO hypothesis, which has previously been sup-
ported by evidence mostly from studies in plants (Brandvain and
Haig 2005).

An important caveat to this interpretation is the application
of Haldane’s rule to our results. Haldane’s rule states that the het-
erogametic sex is more likely to be sterile than the homogametic
sex (Schilthuizen et al. 2011). This is consistent with our observa-
tions as judged in both F1 hybrid progeny and those in the subse-
quent generations of hybrids betweenC. briggsae andC. nigoni. It is
possible therefore that the observed bias in gene dysregulation
could be partially caused by a distorted ratio between the male
and female embryos, which carry one and two X Chromosomes,

respectively. However, it seems very un-
likely that Haldane’s rule could be fully
responsible for the observed asymmetry
in gene regulation. There must be some
transcriptional dysregulation that is
caused by the introgression rather than
solely the result of distortion of the sex
ratio. It is also worth noting that our hy-
brid F1 females were derived from the
cross between C. briggsae males and C.
nigoni females only. It would be interest-
ing to repeat the experiments in the fu-
ture using the hybrid F1 females derived
from the cross between C. briggsae her-
maphrodites and C. nigoni males, and
contrast the results to those of this study.

A thorough understanding of hy-
brid incompatibility relies on establish-
ing the molecular identity of the hybrid
incompatible loci we mapped previously
through systematic introgression (Bi
et al. 2015). By crossing these introgres-
sion-bearing C. nigoni strains with C.
briggsae (which is expected to lead to
the homozygosity of the introgression

fragment in the C. nigoni background), we showed that the homo-
zygosity of multiple genomic fragments from C. briggsae chromo-
somes produced complete lethality in the hybrids (Bi et al. 2019).
This result should provide a nice entry point for mapping and
cloning the loci responsible for the lethality, owing to the simplic-
ity of the phenotypes. For example, the hybrid F1 progeny
between the two wild-type species only show incomplete
inviability, whereas the hybrid F1 progeny between C. briggsae
and a C. nigoni strain carrying a marked C. briggsae genomic frag-
ment led to complete inviability. The difference between these
two phenotypes can be readily scored during mapping.
Furthermore, the complete lethality suggests that the homozygos-
ity of the C. briggsae fragments led to the loss of the homologous
regions from the C. nigoni genome, and that these regions are es-
sential for the viability of the bB2 embryos. Mapping and molecu-
lar cloning of the loci responsible for this lethality should identify
the key regulatory DNA elements responsible for maintaining the
genome stability of the selfing species, and thus the species boun-
dary between the two.

Methods

Worm maintenance, egg preparation, and microscopy

All worm strains weremaintained onNGMplates at 25°Cwith pre-
seeded OP50 Escherichia coli. Wild-type C. briggsae (AF16) and C.
nigoni (JU1421) were used as the starting strains for all the RNA-
seq analyses. F1 worms were obtained by crossingC. briggsaemales
with virgin C. nigoni females. F1 progeny from such crosses were
used as the mothers to produce the two backcrossing hybrids,
bB2 (progeny from the crossing of the F1 females and C. briggsae
males) and nB2 (progeny from the crossing of the F1 females
and C. nigoni males) (Fig. 1A; Supplemental Fig. S1). To collect
the embryos of the parental and hybrid strains, the worms were al-
lowed to cross for 5 h, after which themales were removed. The fer-
tilized females were allowed to lay eggs for 12 h followed by egg
harvest. To determine embryonic lethality, five females were first
allowed to cross with five males for at least 5 h prior to removing

A B

Figure 6. Number of up-regulated microRNAs is higher in the bB2 embryos than in the nB2 embryos.
(A) Venn diagram showing the numbers of significantly up- (top) and down-regulated (bottom) miRNAs
in bB2 or nB2 embryos relative to both parental embryos. (B) Volcano plot showing pairwise comparison
of the abundances ofmiRNAs between the bB2 and nB2 hybrid embryos. Shown is log2 fold changes (FC)
of miRNA expression in bB2 relative to nB2 embryos. miRNAs with significant up- or down-regulation, or
no significant change relative to both parents, are highlighted in red, blue, and gray, respectively. Names
of the miRNAs that are significantly up- or down-regulated specifically in the bB2 embryos compared
with both parents are indicated.
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themales. The successfully mated females were allowed to lay eggs
for another 5 h, after which the mothers were removed. The num-
ber of laid eggs was counted and the unhatched eggs were counted
again after 12 h. Worms entering the elongation stage of embryo-
genesis were judged by the presence of embryonic folding and a
pharynx. For imaging hybrid embryos, a histone labeled (HIS-
72::GFP) C. briggsae strain was used as the starting strain (Zhao
et al. 2010). The differential interference contrast (DIC) and fluo-
rescent micrographs were captured using a Leica LSM510 confocal
laser microscope.

RNA extraction and sequencing

All collected embryos were pooled, then soaked in TRIzol reagent
(Invitrogen) and subjected to 10 rounds of flash freeze–thaw cycles
in liquid nitrogen to thoroughly disrupt the eggs. Released total
RNAs were extracted according to the manufacturer’s instructions.
mRNA purification and sequencing were performed by Novogene
using the Illumina TruSeq stranded mRNA library preparation
method (paired-end, 150 bp) on a HiSeq sequencing instrument
(Illumina). For small RNA sequencing, total RNAs were first treated
with RNA 5′-polyphosphatase (Lucigen) to convert all of the 5′-tri-
phosphates tomonophosphates before purified again by TRIzol re-
agents. Small RNA extraction and the preparation of sequencing
libraries were also performed by Novogene using the Illumina
TruSeq small RNA library preparation kit.

TE consensus library compilation

A TE consensus library was first complied by the concatenation of
all the Caenorhabditis repeat library from Repbase (Bao et al. 2015)
with theC. briggsae andC. nigoni repeat families that we previously
predicted (Li et al. 2016b). All rRNAs, tRNAs, satellite DNAs, and
simple repeats were removed from the combined library. To fur-
ther remove redundancy, we aligned the consensus library to itself
using BLASTNandoutput all of the paired comparison entrieswith
more than 90% identity along over 90% of the subject or query se-
quence.We then discarded the shorter sequences of the paired en-
tries and retained the longer ones by a customized Python
script. The resulting TE consensus, after the removal of redundan-
cy, and the Python script used for the removal were deposited
in GitHub (https://github.com/JeffreyXIE/TE_library) and as
Supplemental Code.

Analysis of mRNA-seq reads for TE expression

The adaptor sequences of raw mRNA-seq reads were first trimmed
using Trim Galore! (version 0.5.0) (https://www.bioinformatics
.babraham.ac.uk/projects/trim_galore/), and the low-quality reads
(Phred quality score < 25) were filtered out. The processed reads
were assessed using FastQC (v0.11.8) (https://www
.bioinformatics.babraham.ac.uk/projects/fastqc/) for quality con-
trols. For TE expression analysis, clean mRNA-seq reads were
mapped against the TE consensus library using Bowtie 2 (version
2.3.4.3) (Langmead and Salzberg 2012) with “–‐‐very-sensitive”
mode. The number of reads mapped to each TE family was calcu-
lated by summation of themapped reads recorded in the SAM files.
Only those with counts per million (CPM) larger than 1 in at least
one of the three replicates were considered as being expressed. To
calculate the overall and individual TE expression levels, the
length of each TEwas also taken into consideration duringnormal-
ization processes, and thus the fragment per kilobase of transcript
per million mapped reads (FPKM) from the three replicates was
adopted for the calculation of read abundance. The differential
TE expression analyses were performed by DEGseq package (ver-
sion 1.46.0) installed in R (v4.1.0) (Wang et al. 2010b; R Core

Team 2021) as previously described (Kelleher et al. 2012).
Unmapped reads were also included in the differential TE expres-
sion analysis in order to produce more accurate results. For com-
parisons between the F1, bB2, or nB2 hybrids and the parental
species, the dysregulated TEs were defined as those that showed
a significant change (up or down) in expression relative to both
parents (Benjamini and Hochberg FDR corrected P value <0.05)
with the level of the change more than or equal to twofold. To
plot read abundance of bB2 or nB2 versus C. briggsae embryos,
the TEs that showed C. nigoni-specific expression were excluded.
Similarly, to plot read abundance of bB2 or nB2 versus C. nigoni
embryos, the TEs that showed C. briggsae-specific expression
were excluded.

Quantification of RNA-seq reads for mRNAs and small RNAs

mRNA and small RNA quantifications were conducted similarly as
we described previously (Li et al. 2016b). The details of the analyses
were included as Supplemental Materials. Briefly, raw RNA-seq
reads were trimmed and filtered as described for TE analysis. The
read count for eachmember of a given ortholog pair was combined
to represent the expression level of the pair, named after the C.
briggsae gene. C. briggsae- and C. nigoni-specific genes were exclud-
ed from subsequent analysis. A change in the normalized read
count <1.3-fold was treated as no change in the expression level.
For differentially expressed genes (DEGs) analysis, the significantly
dysregulated genes (up- or down-regulation) were defined as those
that showed a change in the expression level of at least twofold
with FDR corrected P value output by the edgeR being< 0.05. For
small RNA quantification, piRNAs were normalized to the total
piRNA size factors calculated using DESeq2 (Love et al. 2014).
22G-RNA counts were normalized to the total 22G-RNA size fac-
tors using DESeq2. miRNA counts were normalized to the total
miRNA size factors using DESeq2.

Statistical analysis

One-way ANOVA followed by multiple pairwise t-test with multi-
ple test correction (Benjamini and Hochberg) were performed for
comparing the median of embryonic lethality and elongated em-
bryos percentage. Wilcoxon ranked-sum test was performed
when comparing the median of transcript abundance, gene ex-
pression distances, and Ka/Ks values. Fisher’s exact test and chi-
square (χ2) test were performed for comparing the significance of
the numbers of dysregulated TEs, coding genes, and small RNAs.
The 95% confidence intervals of Pearson’s correlation coefficient
for TE and coding gene analysis were obtained by bootstrapping
analysis for 1000 times.

Data access

All RNA-seq data and small RNA-seq raw reads generated in this
study have been submitted to the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/bioproject) under accession num-
ber PRJNA849332.
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