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maternal mRNA provisioning to the egg.

gene expression in an egg made by the next generation.

Background Modifications to early development can lead to evolutionary diversification. The early stages of devel-
opment are under maternal control, as mothers produce eggs loaded with nutrients, proteins and mRNAs that direct
early embryogenesis. Maternally provided mRNAs are the only expressed genes in initial stages of development and
are tightly regulated. Differences in maternal mRNA provisioning could lead to phenotypic changes in embryogenesis
and ultimately evolutionary changes in development. However, the extent that maternal mMRNA expression in eggs
can vary is unknown for most developmental models. Here, we use a species with dimorphic development— where
females make eggs and larvae of different sizes and life-history modes—to investigate the extent of variation in

Results We find that there is significant variation in gene expression across eggs of different development modes,
and that there are both qualitative and quantitative differences in mRNA expression. We separate parental effects from
allelic effects, and find that both mechanisms contribute to mMRNA expression differences. We also find that offspring
of intraspecific crosses differentially provision their eggs based on the parental cross direction (a parental effect),
which has not been previously demonstrated in reproductive traits like oogenesis.

Conclusion We find that maternally controlled initiation of development is functionally distinct between eggs of
different sizes and maternal genotypes. Both allele-specific effects and parent-of-origin effects contribute to gene
expression differences in eggs. The latter indicates an intergenerational effect where a parent’s genotype can affect

Keyword Maternal effects; requlatory evolution; EvoDevo; parental genetic effects

Background

The unfertilized egg is a key time point to understand
how differences in maternal provisioning affect ontogeny.
In all metazoans, the first stages of embryonic develop-
ment are carried out entirely by maternal proteins and
mRNAs loaded into the oocyte [1-3]. Control of develop-
ment only transfers to the zygotic genome after a few cell
divisions during a period called the maternal-to-zygotic
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transition, when the zygotic genome is activated by
maternal transcription factors [1-5]. Because maternal
transcripts directly control the offspring’s initial devel-
opment, variation in maternal mRNA composition and
abundance could profoundly alter subsequent develop-
mental processes [6-9]. Changes in maternal mRNA
expression may allow for shifts in development that ulti-
mately lead to changes in life-history traits [10-14].

Egg size is a cornerstone trait of life-history theory
and developmental biology. Variation in egg size, even in
offspring with the same zygotic genotypes, can alter life-
history traits [15, 16]. However, while egg size is often
used as a proxy for maternal investment, size and mater-
nal mRNA investment may not always scale [17-21]. So

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-023-09291-8&domain=pdf

Harry and Zakas BMC Genomics (2023) 24:191

how are egg size and maternal mRNA deposition related?
There are some examples where egg size is linked with
differences in maternal RNA deposition: there is a change
in growth-related gene expression with different egg sizes
across cichlid species [22]. In frogs maternal RNA locali-
zation differs in species with different egg sizes [23, 24]
and RNA content changes with naturally occurring egg
size differences within species [25]. However, it remains
unknown whether mRNA expression will scale with
increased egg size (quantitative change), or if completely
different mRNAs are provided in conjunction with met-
abolic demands or new cellular functions (qualitative
change).

Study system

To investigate how mRNAs are provisioned to eggs of
different sizes (and consequent development modes), we
use the marine annelid Streblospio benedicti. This spe-
cies exhibits a developmental dimorphism: there are two
types of females found in natural populations that pro-
duce eggs of different sizes: 100 um and 200 um diam-
eter eggs that have an eight-fold difference in volume
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(Fig. 1b). The offspring develop into different larval types
with alternate life-histories categorized by their trophic
mode. Small eggs develop into planktotrophic (PP) lar-
vae (obligately plankton feeding) and large eggs develop
into lecithotrophic (LL) larvae (yolk-feeding; [26, 27]).
PP mothers produce hundreds of small eggs per clutch
and the larvae develop a gut and swimming structures
early in development [28, 29]. By comparison, LL moth-
ers produce tens of larvae per clutch with no swimming
structures. LL larvae have an abbreviated larval phase,
different larval morphologies, and require only mater-
nally provided energy to undergo metamorphosis [30].
Despite these developmental differences, both larval
morphs converge on the same body plan after metamor-
phosis. This intraspecific developmental dimorphism
provides an opportunity to study how development can
evolve from differences in egg provisioning.

Previous work in S. benedicti shows the genetic basis
of alternative larval phenotypes is modular, with inde-
pendent loci affecting individual traits [31]. For egg size
in particular, there are both parental and zygotic loci that
affect size [16]. However, the parental loci can act in both
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paternal and maternal effect directions [32]. This means
that egg size is partially determined by inherited alleles,
but also by the genotype of its parents. The mechanism
by which these parental effects shape development and
egg size is unknown.

As a single species, adults that arise from the two larval
types of S. benedicti can be crossed to produce viable F;
offspring. Crosses can be reciprocal, alternating parental
roles between PP and LL adults. F, females produce eggs
of intermediate size compared to their parents, which will
develop into F, offspring with segregating larval traits
([16, 31]; Fig. 1). This allows us to use F; females’ eggs to
disentangle the effects of egg size and mRNA expression.

Approach
In this study we use S. benedicti to understand how
maternally provided transcripts are associated with egg
size. We determine if a difference in egg size is correlated
with a quantitative change in mRNA provisioning by
comparing gene expression in the eggs. While there is a
large difference in overall egg size between the morphs,
we do not expect there to be a difference in the total
amount of RNA expressed in the two types of eggs. Much
of the difference in volume of the eggs is due to yolk and
lipid deposits, with the LL eggs having far more yolk [33].
When extracting total mRNA from eggs, we did not see
a difference in quantifiable yield between oocytes (data
not shown). This means that while there are differences
in egg size, there should not be a difference in overall
amount of mRNA per egg. We ask if changes in egg size
are accompanied by mRNA expression differences, not
because larger eggs might have more RNA, but because
reproductive changes in oogenesis that lead to larger eggs
may have pleiotropic effects on gene expression levels.
We use the eggs of F, females from crosses between
the two developmental types to investigate the regula-
tory architecture of mRNA expression changes. Using
F, females’ eggs allows us to disentangle allele-specific
effects on expression from parent-of origin effects
(Fig. 1c). For allele-specific expression, we determine the
mode of inheritance for differentially expressed genes
and show the extent of allelic dominance and additivity.
In contrast, we determine the effects of parent-of-ori-
gin: where the expression level depends on if the allele
originated from the mother or father. Parent-of-origin
differences in gene expression between reciprocal Fis
indicate an intergenerational effect on oocyte mRNA
provisioning; isolating allele-specific and parent-of-origin
inheritance patterns allows us to understand the extent
to which these mechanisms contribute to variation in
mRNA expression in eggs. However, this analysis is only
possible in species where reciprocal crosses are viable,
which is rare when considering crosses of individuals
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with dramatically different egg sizes and developmental
modes. In fact, no studies to date have demonstrated an
intergenerational effect on egg mRNA provisioning.

By using eggs of F; mothers we can determine the
regulatory architecture of differentially expressed genes:
expression differences can be attributed to cis or trans-
acting genetic factors (reviewed in [34]). Allele-specific
differences in hybrids or strain-crosses have been used
to investigate regulatory changes in a number of models:
yeast [35-37], flies [38—42], plants [43, 44], fishes [45, 46],
and mice [47, 48]. Such studies have demonstrated that
gene regulatory differences between species can be pre-
dominantly driven by either cis or trans-acting factors,
and this varies depending on the species crossed. Stud-
ies in Drosophila that account for evolutionary diver-
gence times across species show that cis-acting factors
are greater in interspecific hybrids than for intraspecific
F;s [41]. We test for the effects of cis and trans regulatory
modifications on differentially expressed genes in the
eggs made by F, mothers (the eggs that would give rise to
the F, generation). Therefore, we can determine if mRNA
expression differences are due to trans or cis-acting regu-
latory elements in the maternal genome. As S. benedicti
is a single species with little genome-wide differentia-
tion [31, 49], this analysis shows how genetic divergence
of coupled reproductive and life-history transitions may
first begin to evolve.

Results

Comparison of LL and PP egg gene expression

We dissected the unfertilized oocytes from PP and LL
females and used pooled oocytes to make mRNA librar-
ies (Fig. 1a). Both sets of libraries were aligned to the S.
benedicti reference genome for differential expression
analysis (summary shown in STable 1). Total mRNA dif-
ferences between the libraries will not change the signifi-
cance of differential expression, as that is accounted for in
the normalization. Therefore no effect of potential total
RNA differences on expression is observed in the results
because they are based on relative RNA abundance. For
example, we did not observe differential expression in
housekeeping genes between the two morphs. Our crite-
ria for differential expression is that genes have a 1.5 fold
change in expression value, and a multiple-test corrected
(Benjamini-Hochberg) p-value of less than 0.05.

There are many genes that are significantly differen-
tially expressed (Wald test with DESeq2; [50]) between
the eggs of the two morphs (1,155 genes) and the prin-
cipal component analysis (PCA) indicate that we cap-
ture significant biological differences between groups;
the samples separate by developmental mode on the first
principal component (Fig. 2a). While it is clear that there
is significant within-group variation in oocyte mRNA
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Fig. 2 Differential Gene expression between PP and LL oocytes. A PCA showing distinct clustering of samples by genotype on PC1. B Heatmap of
differentially expressed genes between PP and LL samples showing relative gene expression. Colors are scaled per-gene. C Volcano plot showing
genes upregulated in LL samples (orange) and genes upregulated in PP samples (green) with their log2-fold expression change between morphs

and multiple-test corrected p-values

provisioning, shown on PC2 (14% variance), more than
twice that variation is found between groups (PC1, 31%
variance). The differentially expressed genes make up
10.24% of total expressed genes (n=11,161 genes) and
4.4% of the total number of genes in the S. benedicti refer-
ence genome (n=26,216 genes). 515 genes (44.6% of the
differentially expressed genes) are expressed more in PP
oocytes, and 640 are expressed more in the LL oocytes
(Fig. 2b, c). Of those 1,155 differentially provisioned
genes, 92 genes (8%) are non-coding RNAs.

Genes that are only expressed in one of the morphs
are considered exclusive. 18 genes have very low (sam-
ple group mean read count is fewer than 10 reads) or
no expression in one morph. The PP eggs express eight
exclusive genes and the LL eggs express ten exclusive
genes. Most of these genes are unknown in function
(STable 2).

Examination of the functional gene annotations of
differentially expressed genes reveals several poten-
tially interesting avenues for further study: Zinc finger
proteins account for 12% (144 genes) of differentially
expressed genes and often serve transcriptional regula-
tors. Because of the relatively low gene annotation rate in
this dataset and lack of spiralian-specific genes in most
commonly used gene databases, it is possible that such
proteins may be lineage specific transcription factors, but
this requires further functional validation. We also find

that many known transcription factors are differentially
expressed between PP and LL oocytes, including fork-
head box protein (Sbene_G06980), polycomb protein
(Sbene_G10227), kruppel-like factor 15 (Sbene_G10036),
visual system homeobox 2 (Sbene_G05917), and paired-
box protein (Sbene_G17489). Additionally, we identify
genes involved in the Wnt signaling pathway, such as
frizzled-5 (Sbene_G05398) and six putative copies of
Notch (Sbene_G06517, Sbene_G09676, Sbene_G09677,
Sbene_G13608, Sbene_(G15020, Sbene G18208; Addi-
tional annotations in SFig. 1).

Comparison of reciprocal F, gene expression with LL

and PP

Reciprocal crosses generated F; females from PP and LL
parents (Fig. 1). The F, females were raised to maturity
and oocyte mRNA was made into libraries in the same
way as above. When the F,’s eggs are included in the PCA
(Fig. 3a) we found they fall between the parentals on PC2,
but the variance among F; samples is high with some
extreme expression values compared to the parents on
PC1(Fig. 3a, b). Most transcripts (78%, 8,722 genes) have
conserved expression levels among all eggs (PP, LL, and
F, expression levels are similar). Out of the 1,155 genes
that are differentially expressed between PP and LL eggs,
504 of the genes could be confidently assigned a mode
of inheritance based on expression in F,’s eggs (Fig. 4a,
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Fig. 3 Differential gene expression between PL and LP oocytes. A PCA shows F, expression is intermediate to the parentals. B Heatmap shows
both directions of F,'s relative gene expression alongside PP and LL expression. Colors are scaled per-gene. C Volcano plot of differential expression

between P and L with 38 genes that are also significantly differentially expressed between F, crosses highlighted in pink or purple. Color
corresponds to the direction of expression change between the F, crosses. All other significantly differentially expressed genes are show
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on expression. 24 genes are classified as primarily paternally inherited, and 17 as maternally inherited
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b) according to formal criteria (STable 3). 429 genes
are dominant for one morph, 4 are additive, and 71 are
over or underdominant. The remaining 651 differentially
expressed genes either were not sufficiently sequenced
in the F; samples (uninformative) or have an ambiguous
expression pattern likely due to high variation within F,
oocyte samples. The number of genes exhibiting domi-
nant expression is almost even between P and L-allelic
dominance, only slightly skewed in the L direction.

We compared the gene expression of the oocytes pro-
duced by reciprocal F;s (PL versus LP) to determine to
what extent parent-of-origin effects influence maternally-
loaded transcripts. Both F; females are heterozygotes
with respect to P and L alleles, so the only difference
between PL and LP expression is the direction of the
cross that gave rise to the mother (distinguishing if the
allele is inherited from the maternal or paternal side).
Genes that are differentially expressed between LP and
PL are expressed in either the maternal or paternal direc-
tion, matching the expression of the P parent or the L
parent. 102 genes are significantly differentially expressed
between PL and LP (Fig. 3c), which accounts for 1.58%
of the total number of genes expressed in oocytes. By
comparing the expression of these genes back to PP and
LL parental genotypes, we determine that 24 genes are
exhibiting paternal effects, and 17 genes are exhibiting
maternal effects, meaning they are overexpressed in the
same direction (Fig. 4c,d). Gene annotations and group-
mean expression values are given in STable 4. Briefly,
this set of genes has a variety of functions, including
zinc-finger proteins, several genes involved in various
types of metabolism, and several cell-structure proteins.
Additionally, we tested the possibility that one parents’
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allele may be expressed preferentially even if there is no
reciprocal differential expression. In our data this phe-
nomenon occurs very infrequently: we found only three
genes for which this is the case (one case of the maternal
allele being expressed preferentially, and two cases for the
paternal allele).

Mode of regulatory change

Many differentially expressed genes could be co-reg-
ulated by a few trams-acting factors in the maternal
genome. To assign mode of regulation we used SNP dif-
ferences in the transcripts of F;’s eggs to assign each read
as either the P or L allele. This analysis was only able to
assign parental origin to 21.6% of F; reads as there are
few differentiating SNPs in this intraspecific comparison.
This should not bias results towards genes with one type
of regulatory architecture because we do not expect the
occurrence of polymorphic sites in a gene to correspond
to a mode of regulatory change. We assigned the regu-
latory mode for 96 genes according to criteria shown in
STable 5. We found that, contrary to expectations, genes
whose expression could be explained by cis-regulatory
differences between alleles was only slightly greater
than the genes with trams-acting regulation (Fig. 5a).
Some genes exhibit compensatory expression patterns
(n=19), and there are only a few cis+ trans or of cis x
trans changes (Fig. 5a, STable 5). No clear pattern of bias
towards either morph’s alleles emerges when comparing
expression differences between parents to allelic expres-
sion patterns within F, offspring (Fig. 5b), though it is
clear that there are numerous genes with compensatory
expression patterns which are mis-expressed in the F;s.
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differences in F; oocytes compared to the ratio of gene expression found in PP and LL oocytes. Color shows the assigned mode of regulatory
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Discussion

We investigated the changes in oocyte mRNA provision-
ing that accompany a common life-history transition in
many animal taxa: increase in egg size. Using S. benedicti,
we can investigate the regulatory architecture of changes
in egg size and mRNA expression with F, crosses.
Females of the two developmental modes produce eggs
with a large difference in volume, and while F, females
produce intermediate egg sizes, F, females produce
a variable range of egg sizes, meaning that egg size is a
quantitative trait [32]. Evolutionary theory predicts that
the switch from planktotrophic to lecithotrophic larvae
initially involves an increase in egg size followed by adap-
tive changes to larval morphology [17, 51-54]. Despite
the clear difference in egg size in S. benedicti, it was pre-
viously unknown whether the evolution of the larger LL
egg included differences in maternal mRNA provision-
ing, and if these differences affect offspring ontogeny.

Comparison of LL and PP egg gene expression

To investigate quantitative (expression presence/absence)
and qualitative (differential expression) changes in mRNA
provisioning, we first compared the mRNA expression
between eggs of PP and LL mothers. We find that 43%
(11,161 genes) of all genes (26,216 genes) in the S. ben-
edicti genome are expressed in eggs of both morphs. This
is more than in humans (36%; [55]), Xenopus laevis (20%;
[56]), and coral Montipora capitata (12%; [57]) but fewer
than some vertebrates: mice (63%; [56]), cows (44.7%;
[56]), zebrafish (49%; [58]); and invertebrates: tunicate
Oikopleura dioica (63%; [59]), Drosophila (65%; [60]).
These studies represent a range of mRNA quantification
techniques that likely lead to different estimates; however
there is some conservation of genes that are maternally
derived across all bilaterians [61].

Of the 11,161 genes expressed in S. benedicti eggs,
10.2% are differentially expressed between the PP and
LL eggs, which is a large difference considering it is due
to allelic variation within a single species. We are not
aware of similar studies in other species with variable
egg sizes for comparison. However, it is not unheard of
for gene expression in eggs of the same species to vary
considerably. Variation in maternal mRNA deposi-
tion can certainly occur within a species, particularly
due to maternal condition or genotype. For example, in
Drosophila melanogaster the difference in oocyte gene
expression between extreme maternal environmental
conditions (starved mothers fed 5% of control mothers’
diet) is~1.8% [62, 63]. Another study, which sampled a
much greater amount of genetic diversity, found mater-
nal mRNA from embryos within populations of D. mela-
nogaster to be much greater (40-60% of expressed genes
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differentially expressed; [64]. In urchins of the genus
Heliocidaris, planktotrophic and lecithotrophic larvae
originate from different species, which are five million
years diverged. Through early development ~20% of their
genes have different expression patterns, although this
is not limited to the egg itself [65]. None of these stud-
ies are directly comparable to ours as they involve differ-
ent treatments, developmental timing, and population
structures. Therefore, whether the amount of differential
expression we see in S. benedicti eggs is unusually high
remains an open question.

We found 18 genes are exclusively expressed in eggs of
one morph. While not a particularly large subset, these
morph-specific genes indicate qualitative changes to the
mRNA make-up of eggs in these morphs. Whether this
set of genes has a substantial impact on development or
subsequent gene expression remains to be seen. None-
theless, these exclusive genes highlight the possibility
that the maternally controlled initiation of development
is functionally distinct between the morphs. With the
other developmentally relevant DE transcripts, we have
identified a set of genes that should be the target of future
studies investigating maternally directed development in
this species.

Comparison of reciprocal F, gene expression with LL

and PP

Because F; females are heterozygotes (PL or LP), and
they produce intermediate sized eggs, we may expect to
see additive inheritance resulting in intermediate expres-
sion levels. However, few genes have an additive mode of
inheritance and dominance is more pervasive. Because
the within-group variance of the F;’s egg samples is larger
than the variance between PP and LL, and because F;
expression is often intermediate, there may be statisti-
cal power issues that limit our ability to infer additivity
(Fig. 3a). (In this case, these genes would be classified
as ‘ambiguous’). An alternative possibility is that the F,’s
eggs would contain the same gene expression as one of
their parents due to dominance. Dominance early in
development may indicate that the genes of one morph
are required before the maternal-zygotic transition. A
third (38.9%) of differentially expressed genes are domi-
nant, and there is almost equal dominance between P
and L alleles with a slight increase in L-dominance. We
also see low levels of misexpression (over or underdomi-
nance: 0.8%, Fig. 2b) in the F;’s eggs, which is consistent
with misexpression scaling with evolutionary divergence
of the parents [41].

Reciprocal crosses can also disentangle the contri-
bution of each parent’s alleles to offspring phenotype
[66—69]. Because we can make reciprocal crosses in
S. benedicti, we are able to determine genes whose
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expression changes because of the parental back-
ground type alone: these are genes that have differ-
ential expression between LP and PL (Fig. 1). This
analysis reveals the extent of differential expression
and the particular genes that are impacted by genetic
differences in the maternal background. Parent-of-
origin effects have not previously been investigated
during oogenesis. By comparing expression between
the eggs of PL and LP females, we find that 41 genes
exhibit parent-of-origin effects, which act in both
the maternal and paternal direction. These expres-
sion differences occur when the F; mother is produc-
ing her eggs, which means the transcript number an
egg receives is due to the F; mother’s parental cross
direction. F, females whose mother was PP provision
their eggs differently than F; females whose mother
was LL, despite both F; females having the same het-
erozygous genotype. (Although it is also possible that
a minor amount of differentiation between F, gene
expression could be due to differences in the maternal
mitochondrial haplotypes. Allele expression switching
from maternal to paternal allele while keeping the total
expression the same was extremely rare). Our results
indicate that these parental-background effects persist
and alter mRNA expression in eggs that make the next
generation, which is an intergenerational effect on egg
mRNA provisioning.

How do these parent-of-origin expression effects
get passed to the next generation? Epigenetic modi-
fications by maternally deposited mRNAs have been
shown in vertebrates (zebrafish; [70]; mouse; [71]).
In invertebrates, most studies to date have identi-
fied sncRNAs as the maternally inherited drivers of
epigenetic change (C. elegans, [72-77], although it is
unclear if this is a pervasive mechanism across inver-
tebrate taxa. There is evidence for epigenetic modifi-
cations via histone variants in some species [78-80].
Perhaps the simplest mechanistic explanation would
be gene regulation by methylation, but studies on
invertebrates suggest methylation is unlikely to be
modifying expression [81-83]. It is possible that,
while these genes have significantly different expres-
sion patterns, they have no functional effect on devel-
opment. This role of these parent-of-origin genes in
development should be investigated in future studies.
However, maternal and paternal effects are evident
for some larval phenotypes in S. benedicti [32], sug-
gesting that these maternally expressed differences
could affect later developmental phenotypes. While
the mechanism that causes parent-of-origin effects
remains unknown, our results suggest there is some
kind of epigenetic (intergenerational, G ternal X G
interaction) regulation of reproduction.

zygotic
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Mode of regulatory change

An advantage of our cross design is that we can deter-
mine the mode of regulation for differentially expressed
genes. Typically regulatory analyses of cis and trans act-
ing factors are conducted in hybrids [38-41, 63, 84],
however, we were able to carry out these analyses in
intraspecific comparisons with the caveat that there are
fewer distinguishing polymorphisms between the alleles
of the two parents. As such, we focus on the genes that
are differentially expressed between the two morphs and
therefore are not capturing the genetic architecture of
genome-wide divergence between morphs, but rather the
mode of regulation of genes that are differently expressed.
Nonetheless, we are able to identify the regulatory mode
of 6.7% of the differentially expressed genes.

It is possible that differences in embryonic gene expres-
sion are due to a small number of trans-acting factors
that can act pleiotropically to change expression of multi-
ple genes. This is a parsimonious explanation for multiple
phenotypic differences arising from a small number of
changes to the genome. In closely related species, modi-
fications to trans regulatory elements are the main driver
of expression divergence [84]. More distantly related spe-
cies have more cis-acting regulatory differences, that pre-
sumably are selected for and individually modified over
evolutionary time [38—41]. We find that expression dif-
ferences in F; oocytes are explained by an almost even
combination of both cis-acting and trans-acting factors,
and a few instances of interactions (cis X/ trans). For
genes that are not differentially expressed between the
two morphs, we do detect many compensatory changes,
where the total expression is the same across parents
because trans-acting factors are compensating for cis-
acting changes or vice versa, and therefore expression
levels differ in the F;s. Theory predicts that this occurs
under stabilizing selection for expression level [85], but
over evolutionary time could lead to higher instances of
misexpression.

Conclusions

Our findings show that the mRNA provided to eggs of
different sizes in S. benedicti is not simply a modified
amount of the same maternal mRNAs. Maternal mRNA
provisioning to eggs can vary significantly depending on
the parents’ genotype. When comparing PP and LL eggs,
we find significant expression differences for~10% of
the genes, and this difference is only due to allelic vari-
ation across parents. While changes in expression level
make up the majority of the differences we see between
morphs, there are also genes that exclusively appear in
only one morph (only some of which are also expressed in
the F;s: SFig. 2). A similar quantitative change in mRNA
expression has been seen with egg size increases in other
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species such as echinoderms [59, 80], and may indicate a
general phenomenon associated with increased egg size.
The regulatory analysis of reciprocal F;s demonstrates
a complex genetic architecture in which maternal expres-
sion differences between the two morphs are due to both
trans and cis-acting regulatory changes. Interestingly,
this implies that numerous cis regulatory changes have
evolved between these intraspecific types, which we may
not expect in closely related species or populations. We
also find differences in maternal expression in eggs can
persist to the next generation, affecting how a mother
packages mRNA to her own eggs. How these differences
in mRNA egg expression affect downstream develop-
ment remains to be determined, but this study shows
that parental genetic effects on larval development could
originate from morph-specific maternal provisioning.

Methods

Animal collection

We used lab-reared females descendent from two popu-
lations: PP worms are from Newark Bay Bayonne, New
Jersey (40°41'11"N, 74°06’48W) and LL worms are from
Long Beach, California (33.71°N, 118.28°W). These popu-
lations are consistent with those used in previous genetic
studies [16, 31, 32, 86]. Females were reared in isolation
such that there was no possibility of fertilization prior to
sample collection. PP and LL individuals were recipro-
cally crossed to make F; offspring PL and LP (maternal
allele is listed first; Fig. 1). Female F;s were reared until
gravid (also in isolation), when we extracted and meas-
ured their eggs.

Oocyte RNA collection and library prep

Eggs were dissected from female bodies by mechani-
cal isolation of tissues in ice cold PBS. Extracted oocytes
were counted and moved immediately to Arcturus PicoP-
ure (Ref: 12,204—01) RNA extraction buffer. The entire
clutch of oocytes for a single-female was combined as
one pooled sample. Seven PP, and seven LL clutches were
used. A total of ten F, oocyte pools were sampled, five
from PL females, and five from LP females. A clutch of
pooled oocytes is roughly the same amount of physical
material regardless of maternal type, and the total RNA
yield of clutches was similar in preliminary tests of the
RNA extraction protocol as quantified by Qbit chemis-
try. Total input mRNA will not affect results of statistical
tests in subsequent analyses due to established data nor-
malization pipelines. Libraries were constructed with the
NEB Ultrall Stranded RNA library prep kit for Illumina.
Libraries were sequenced on two lanes of 150 bp on the
[lumina NovaSeq resulting in 80 million reads/library.
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Read quality trimming and alignment

We use a combination of TrimGalore (cutadapt [87] and
FastP [88]) to trim ambiguous bases. To remove rRNA we
used SortMeRNA [89], which identifies reads that map
to a database of common eukaryotic rRNA sequences
as well as annotated S. benedicti rRNA sequences. We
aligned reads to the S. benedicti reference genome using
HISAT2 [90] with strandedness, splice-site, and exon
annotation guidance enabled using the default scor-
ing parameters. SAM files were sorted by order of name
using samtools sort, and feature-counting was done with
HTSeq-count using the genome annotation file [86].
As the reference genome for S. benedicti is the plankto-
trophic morph, the final feature counts were averaged
within each sample group to assess whether there was a
significant bias towards this morph. We found PP sam-
ples had on average only 4% more of their total sequenced
reads assigned to features than LL. This is a small differ-
ence which demonstrates no large mapping bias between
the morphs. (STable 1).

Normalization of F, reads

When the F, comparisons are incorporated in the anal-
yses, all read counts were normalized together with the
additional use of RUVg (RUVseq; [91]) where a set of a
priori housekeeping genes is used to standardize across
samples (STable 6). This was necessary as the F, sam-
ples were sequenced separately from the planktotrophic
and lecithotrophic samples. A normalization step based
on housekeeping genes enables us to compare between
the parental and F; sample groups and remove variance
added by batch effects from the two separate sequenc-
ing runs. This does not introduce bias due to egg size
differences because the mean egg size of the parental
samples is equal to the mean egg size of F; samples, and
because the selected housekeeping genes do not exhibit
differential expression between the PP and LL eggs.
This indicates that the expression of these housekeeping
transcripts does not scale with egg size relative to other
genes, making them a good reference for batch effects.
After accounting for batch effects, variance stabilizing
transformation was applied to counts in all four groups
to make the PCA clustering, which is plotted for the first
two principal components with ggplot2 (Fig. 2a) and a
heatmap of the expression values using the R package
‘pheatmap’ (Fig. 2b).

Differential expression

Feature counts from all samples were concatenated
and normalized together with DESeq2’s median of
ratios method [50]. This second sample normalization
accounts for sequencing depth variance between each
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sample, independent of the sequencing batch. (Whereas
the batch normalization step with RUVg permits com-
parisons between batches, the median of ratios normali-
zation permits comparisons among all samples.) As part
of the standard DESeq?2 pipeline, p-values resulting from
Wald tests were additionally corrected based on the
Benjamini—Hochberg false discovery rate (FDR) algo-
rithm to reduce the incidence of false positives for differ-
ential expression. Thresholds for significant differences
were set as an FDR adjusted p-value of 0.05 or less, and
an absolute fold change of more than 1.5x. Genes were
considered very lowly expressed for a group if the group-
mean normalized read count for a gene was below 10. If
the other group’s mean normalized read count for those
genes was above 150, then those genes were considered
qualitatively differentially expressed. The significance
level was adjusted for the analyses that include F, oocyte
RNAseq samples to accept FDR adjusted p-values of
less than 0.10 in order to compensate for increased vari-
ability and mis-expression among the F; samples. This
adjustment allows us to classify more genes by their
mode of inheritance and regulatory mode in subse-
quent analyses. It does not change the relative propor-
tion of genes attributed to each category in any of those
analyses.

Mode of inheritance (Allele-specific effects)

To investigate the genetic basis of the expression differ-
ences found between PP and LL eggs (n =7 of each), we
made reciprocal F; crosses (n=5 in each cross direc-
tion; Fig. 1) and compared expression in their eggs back
to PP and LL eggs. We assigned the primary mode of
inheritance for each expressed gene using differential
expression tests from DESeq2 according to established
criteria (see STable 3; [41, 84]). First, genes with parent-
of-origin specific expression (differences in expression
between F;s: PL and LP) were removed. The remaining
genes were classified as being additive, dominant for
one haplotype, or mis-expressed in heterozygotes (over/
under-dominant). For example, a P-dominant gene
is expressed at the same level in PP, PL and LP eggs,
but differentially expressed in LL eggs (FDR adjusted
p-value 0.1). Genes whose expression level is intermedi-
ate in the F;s (PL or LP) compared to PP and LL eggs
are classified as additive, and genes expressed in F;s (PL
or LP) at lower or higher levels than both PP and LL
eggs are classified as underdominant and overdominant
respectively.

Parent of origin effects

For those genes exhibiting differential expression
between reciprocal F;s (n=5 for each cross direc-
tion), the same classification was applied to each group
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independently, and the results were compared. In these
cases, genes are considered maternal dominant if they
were classified as P-dominant in PL eggs, but not in LP
eggs, or L-dominant in LP eggs but not in PL eggs. Con-
versely, genes are considered paternal dominant if they
were classified as L-dominant in PL eggs, but not in LP
eggs, or P-dominant in LP eggs but not in PL eggs.

Mode of regulatory change

Alleles from F,’s eggs were assigned to one of the two
parents by identifying fixed SNPs within the transcripts.
We used HyLiTE [92]; default parameters) to find SNPs
and assign reads to the planktotrophic or lecithotrophic
allele. To improve allele assignment rates, we included an
additional 200 bp upstream and downstream of the input
gene models to capture any reads which may align to
untranslated regions not included in the annotations of
coding sequences [84].

The per-gene categorization of regulatory mode fol-
lowed established empirical methods [38, 39, 41, 84].
Only genes for which more than 20%, and no less than
10 total, of reads in the F; samples could be assigned to
a parent were considered. Three comparisons of each
gene’s expression were made: First, we use genes that
are differentially expressed between the parental morphs
(PP and LL). Second, we calculate the allele-specific
expression of each gene in the F; (either PL or LP, n=5
of each), using a negative binomial generalized linear
model and Wald statistical tests using DESeq2 (v1.32.0).
Third, we use a ratio of the differential expression of
PP:LL alleles to the differential expression of LP:PL
alleles. This analysis uses a significance level of 0.1 as
its criterion for significance. We use DESeq2, using the
design (~W_1+ Geno * Ori) where W_1 is the normali-
zation factor returned by RUVg, Geno identifies reads as
either a P or L allele, and Ori identifies the reads as orig-
inating from the parentals or F; samples. Based on the
results of the three above comparisons, DE genes were
categorized as either in “cis’, “trans’, “cis 4 trans’, or “cis
* trans” [38, 39, 41, 84]. Further explanation of cis/trans
categories in STable 5.

Functional annotations

Previously established genome annotations [86] were
improved by performing a BLASTx search against the
complete UniProt/SwissProt protein databases, add-
ing any annotations that had an e-value less than 107
Gene functional information was retrieved from the
UniProtKB database. We used gene ontology (GO) infor-
mation (SFig. 1) but did not test for term enrichment
because we could not assign terms to the majority of the
genes in our dataset.



Harry and Zakas BMC Genomics (2023) 24:191

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-023-09291-8.

Additional file 1: Supplement Table 1. Sequencing and read process-
ing results for all libraries. Supplement Table 2. Genes exclusive to one
group: mean counts and annotations. Supplement Table 3. Criteria for
mode of inheritance assignments. Supplement Table 4. Annotation of
differentially expressed genes with parental effects. Supplement Table 5.
Criteria for regulatory mode assignments. Supplement Table 6. Selected
Housekeeping genes (for RUVQ). Supplement Figure 1. REVIGO tree-map
of GO terms associated with differentially expressed genes between PP
and LL eggs. Supplement Figure 2. Differences in F1 egg expression for
genes exclusive to LL or PP eggs. Supplement Figure 3. Shared gene
expression across all groups.

Acknowledgements

We would like to thank S. Cole for assistance with animal care. Thanks to
members of the C. Zakas lab and G. Wray lab (2019-2022) for feedback on the
project. Thanks to M. Rockman, G. Wray, and H. Devens for specific feedback
on the manuscript.

Authors’ contributions

N. D. Harry is responsible for data curation and formal analysis. C. Zakas is
responsible for conceptualization, funding acquisition, and project administra-
tion. Authors shared responsibility for methodology, investigation, visuali-
zation, and writing and reviewing the manuscript. The author(s) read and
approved the final manuscript.

Funding

We received funding from the National Institute of Health: MIRA
5R35GM142853-02 and North Carolina State University startup funds to C.
Zakas.

Availability of data and materials

The datasets generated during the current study are available in the NCBI GEO
repository, ACCESSION NUMBER: GSE225230. Updated functional annotations
are submitted to NCBI. All analyses and datasets are available in the sup-
plemental files, which contain input data and a Rmarkdown file. The GitHub
repository for this project is: https://github.com/NathanDHarry/Harry-Zakas
2023

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 3 February 2023 Accepted: 1 April 2023
Published online: 10 April 2023

References

1. Baroux C, Autran D, Gillmor CS, Grimanelli D, Grossniklaus U. The Maternal
to zygotic transition in animals and plants. Cold Spring Harb Symp Quant
Biol. 2008;73:89-100.

2. Tadros W, Lipshitz HD. The maternal-to-zygotic transition: a play in two
acts. Development. 2009;136(18):3033-942.

3. Vastenhouw NL, Cao WX, Lipshitz HD. The maternal-to-zygotic transition
revisited Development. 2019;146(11):dev161471.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Page 11 of 13

McDaniel SL, Gibson TJ, Schulz KN, Fernandez Garcia M, Nevil M, Jain SU,
et al. Continued activity of the pioneer factor Zelda is required to drive
zygotic genome activation. Mol Cell. 2019;74(1):185-195.e4.

Stitzel ML, Seydoux G. Regulation of the oocyte-to-zygote transition. Sci-
ence. 2007;316(5823):407-8.

Hamm DC, Harrison MM. Regulatory principles governing the maternal-
to-zygotic transition: insights from Drosophila melanogaster. Open Biol.
2018;8(12):180183.

Johnstone O, Lasko P. Translational regulation and RNA locali-

zation in Drosophila oocytes and embryos. Annu Rev Genet.
2001;35(1):365-406.

Langdon YG, Mullins MC. Maternal and zygotic control of Zebrafish
dorsoventral axial patterning. Annu Rev Genet. 2011;45(1):357-77.

Ma L, Strickler AG, Parkhurst A, Yoshizawa M, Shi J, Jeffery WR. Mater-

nal genetic effects in Astyanax cavefish development. Dev Biol.
2018;441(2):209-20.

Harvey SA, Sealy |, Kettleborough R, Fenyes F, White R, Stemple D, et al.
Identification of the zebrafish maternal and paternal transcriptomes.
Development. 2013;140(13):2703-10.

. Laver JD, Marsolais AJ, Smibert CA, Lipshitz HD. Regulation and function

of maternal gene products during the maternal-to-zygotic transition in
Drosophila. In: Lipshitz HD, editor. Current Topics in Developmental Biol-
ogy. Academic Press; 2015. p. 43-84.

Li L, Zheng P, Dean J. Maternal control of early mouse development.
Development. 2010;137(6):859-70.

Mousseau TA, Fox CW. The adaptive significance of maternal effects.
Trends Ecol Evol. 1998;13(10):403-7.

Wolf JB, Wade MJ. Evolutionary genetics of maternal effects. Evolution.
2016;70(4):827-39.

Azevedo RBR, FrenchV, Partridge L. Life-history consequences of egg size
in Drosophila melanogaster. Am Nat. 1997;150(2):250-82.

Zakas C, Rockman MV. Dimorphic development in Streblospio benedicti:
genetic analysis of morphological differences between larval types. Int J
Dev Biol. 2014;58(6-7-8):593-9.

Wray GA, Raff RA. The evolution of developmental strategy in marine
invertebrates. Trends Ecol Evol. 1991;6(2):45-50.

Moran AL, McAlister JS. Egg size as a life history character of marine
invertebrates: Is it all it's cracked up to be? Biol Bull. 2009;216(3):226-42.
McAlister JS, Moran AL. Relationships among egg size, composition,
and energy: a comparative study of geminate Sea Urchins. PLoS ONE.
2012;7(7):41599.

McEdward L, Carson S. Variation in egg organic content and its relation-
ship with egg size in the starfish Solaster stimpsoni. Mar Ecol Prog Ser.
1987;37:159-69.

McEdward LR, Morgan KH. Interspecific relationships between egg size
and the level of parental investment per offspring in Echinoderms. Biol
Bull. 2001;200(1):33-50.

Ahi EP, Singh P, Lecaudey LA, Gessl W, Sturmbauer C. Maternal mRNA
input of growth and stress-response-related genes in cichlids in relation
to egg size and trophic specialization. EvoDevo. 2018;9:23.

Collazo A, Keller R. Early development of Ensatina eschscholtzii: an
amphibian with a large, yolky egg. EvoDevo. 2010;1:6.

Elinson RP, Sabo MC, Fisher C, Yamaguchi T, Orii H, Nath K. Germ plasm
in Eleutherodactylus coqui, a direct developing frog with large eggs.
EvoDevo. 2011;2(1):20.

Leibovich A, Edri T, Klein SL, Moody SA, Fainsod A. Natural size variation
among embryos leads to the corresponding scaling in gene expression.
Dev Biol. 2020;462(2):165-79.

Levin LA. Multiple patterns of development in Streblospio benedicti
webster (spionidae) from three coasts of North America. Biol Bull.
1984;166(3):494-508.

Levin LA, Zhu J, Creed E. The genetic basis of life-history characters in

a polychaete exhibiting planktotrophy and lecithotrophy. Evolution.
1991,45(2):380-97.

Pernet B, McArthur L. Feeding by larvae of two different developmen-
tal modes in Streblospio benedicti (Polychaeta: Spionidae). Mar Biol.
2006;149(4):803-11.

Allen JD, Pernet B. Intermediate modes of larval development: bridg-
ing the gap between planktotrophy and lecithotrophy. Evol Dev.
2007,9(6):643-53.


https://doi.org/10.1186/s12864-023-09291-8
https://doi.org/10.1186/s12864-023-09291-8
https://github.com/NathanDHarry/Harry-Zakas2023
https://github.com/NathanDHarry/Harry-Zakas2023

Harry and Zakas BMC Genomics

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.
51

52.

53.

54.

(2023) 24:191

Zakas C. Streblospio benedicti: A genetic model for understand-

ing the evolution of development and life-history. Curr Top Dev Biol.
2022;147:497-521.

Zakas C, Deutscher JM, Kay AD, Rockman MV. Decoupled maternal

and zygotic genetic effects shape the evolution of development. eLife.
2018;7:€37143.

Zakas C, Rockman MV. Baby makes three: Maternal, paternal, and
zygotic genetic effects shape larval phenotypic evolution. Evolution.
2021,75(7):1607-18.

Eckelbarger KJ. Vitellogenic mechanisms and the allocation of energy to
offspring in polychaetes. Bull Mar Sci. 1986;39(2):426-43.

Davidson EH, Peter IS. Genomic control processes in adult body part
formation. In: Davidson EH, Peter IS, editors. Genomic Control Process.
Oxford: Academic Press; 2015. p. 133-200.

Tirosh |, Reikhav S, Levy AA, Barkai N. A yeast hybrid provides

insight into the evolution of gene expression regulation. Science.
2009;324(5927):659-62.

Emerson JJ, Hsieh LC, Sung HM, Wang TY, Huang CJ, Lu HHS, et al.
Natural selection on cis and trans regulation in yeasts. Genome Res.
2010;20(6):826-36.

Schaefke B, Emerson JJ, Wang TY, Lu MYJ, Hsieh LC, Li WH. Inheritance of
gene expression level and selective constraints on trans- and cis-regula-
tory changes in yeast. Mol Biol Evol. 2013;30(9):2121-33.

Wittkopp PJ, Haerum BK, Clark AG. Evolutionary changes in cis and trans
gene regulation. Nature. 2004;430(6995):85-8.

Graze RM, McIntyre LM, Main BJ, Wayne ML, Nuzhdin SV. Regulatory
divergence in Drosophila melanogaster and D. simulans, a genomewide
analysis of allele-specific expression. Genetics. 2009;183(2):547-61.
McManus CJ, Coolon JD, Duff MO, Eipper-Mains J, Graveley BR, Wittkopp
PJ. Regulatory divergence in Drosophila revealed by mRNA-seq. Genome
Res. 2010,20(6):816-25.

Coolon JD, McManus CJ, Stevenson KR, Graveley BR, Wittkopp PJ.
Tempo and mode of regulatory evolution in Drosophila. Genome Res.
2014,24(5):797-808.

Glaser-Schmitt A, Parsch J. Functional characterization of adaptive varia-
tion within a cis-regulatory element influencing Drosophila melanogaster
growth. PLoS Biol. 2018;16(1):e2004538.

Shi X, Ng DWK, Zhang C, Comai L, Ye W, Jeffrey Chen Z. Cis- and trans-
regulatory divergence between progenitor species determines gene-

expression novelty in Arabidopsis allopolyploids. Nat Commun. 2012;3:950.

Bell GDM, Kane NC, Rieseberg LH, Adams KL. RNA-seq analysis of allele-
specific expression, hybrid effects, and regulatory divergence in hybrids

compared with their parents from natural populations. Genome Biol Evol.

2013;5(7):1309-23.

Murata Y, Oda S, Mitani H. Allelic expression changes in Medaka (Oryzias
latipes) hybrids between inbred strains derived from genetically distant
populations. PLoS ONE. 2012;7(5): e36875.

ShenY, Catchen J, Garcia T, Amores A, Beldorth I, Wagner J, et al. Identifi-
cation of transcriptome SNPs between Xiphophorus lines and species for
assessing allele specific gene expression within F, interspecies hybrids.
Comp Biochem Physiol Part C Toxicol Pharmacol. 2012;155(1):102-8.
Goncalves A, Leigh-Brown S, Thybert D, Stefflova K, Turro E, Flicek P et al.
Extensive compensatory cis-trans regulation in the evolution of mouse
gene expression. Genome Res. 2012,22(12):2376-84.

Mack KL, Campbell P, Nachman MW. Gene regulation and speciation in
house mice. Genome Res. 2016;26(4):451-61.

Zakas C, Rockman MV. Gene-based polymorphisms reveal limited

genomic divergence in a species with a heritable life-history dimorphism.

Evol Dev. 2015;17(4):240-7.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.
Wray GA. Parallel Evolution of Nonfeeding Larvae in Echinoids. Syst Biol.
1996;45(3):308-22.

McEdward LR, Janies DA. Relationships among development, ecology,
and morphology in the evolution of Echinoderm larvae and life cycles.
Biol J Linn Soc. 1997,60(3):381-400.

Villinski JT, Villinski JC, Byrne M, Raff RA. Convergent maternal pro-
visioning and life-history evolution in echinoderms. Evolution.
2002;56(9):1764-75.

Smith MS, Zigler KS, Raff RA. Evolution of direct-developing larvae: selec-
tion vs loss. BioEssays. 2007;29(6):566-71.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

68.

69.

70.

71

72.

73.

74.

75.

76.

Page 12 of 13

Virant-Klun |, Knez K, Tomazevic T, Skutella T. Gene expression profiling of
human oocytes developed and matured in vivo or in vitro. BioMed Res
Int. 2013;2013:879489.

Vallee M, Aiba K, Piao Y, Palin MF, Ko MSH, Sirard MA. Comparative analysis
of oocyte transcript profiles reveals a high degree of conservation among
species. Reproduction. 2008;135(4):439-48.

Van Etten J, Shumaker A, Mass T, Putnam HM, Bhattacharya D. Tran-
scriptome analysis provides a blueprint of coral egg and sperm func-
tions. PeerJ. 2020;8:€9739.

Rauwerda H, Wackers P, Pagano JFB, de Jong M, Ensink W, Dekker

R, et al. Mother-specific signature in the maternal transcriptome
composition of mature, unfertilized Zebrafish eggs. PLoS ONE.
2016;11(1):e0147151.

Wang K, Omotezako T, Kishi K, Nishida H, Onuma TA. Maternal and
zygotic transcriptomes in the appendicularian, Oikopleura dioica: novel
protein-encoding genes, intra-species sequence variations, and trans-
spliced RNA leader. Dev Genes Evol. 2015;225(3):149-59.

Lécuyer E, Yoshida H, Parthasarathy N, Alm C, Babak T, Cerovina T, et al.
Global analysis of MRNA localization reveals a prominent role in organ-
izing cellular architecture and function. Cell. 2007;131(1):174-87.

Liu MM, Davey JW, Jackson DJ, Blaxter ML, Davison A. A conserved set
of maternal genes? Insights from a molluscan transcriptome. Int J Dev
Biol. 2014;58(6-7-8):501-11.

Crofton AE, Cartwright EL, Feitzinger AA, Lott SE. Effect of larval
nutrition on maternal mMRNA contribution to the Drosophila egg. G3
GenesGenomesGenetics. 2018;8(6):1933-41.

Cartwright EL, Lott SE. Evolved differences in cis and trans regulation
between the maternal and zygotic mRNA complements in the Dros-
ophila embryo. Genetics. 2020;216:805-21.

Feitzinger AA, Le A, Thompson A, Haseeb M, Murugesan MK, Tang AM,
et al. Natural variation in the maternal and zygotic mRNA comple-
ments of the early embryo in Drosophila melanogaster. BMC Genomics.
2022;23(1):641.

Israel JW, Martik ML, Byrne M, Raff EC, Raff RA, McClay DR, et al. Com-
parative developmental transcriptomics reveals rewiring of a highly
conserved gene regulatory network during a major life history switch
in the Sea Urchin genus Heliocidaris. PLoS Biol. 2016;14(3):.e1002391.
Cowles CR, Hirschhorn JN, Altshuler D, Lander ES. Detection of regula-
tory variation in mouse genes. Nat Genet. 2002;32(3):432-7.

. Takada Y, Miyagi R, Takahashi A, Endo T, Osada N. A generalized linear

model for decomposing cis-regulatory, parent-of-origin, and maternal
effects on allele-specific gene expression. G3 GenesGenomesGenetics.
2017;7(7):2227-34.

Zhuo Z, Lamont SJ, Abasht B. RNA-seq analyses identify additivity as
the predominant gene expression pattern in F, chicken embryonic
brain and liver. Genes. 2019;10(1):27.

Ren L, Yan X, Gao X, Cui J, Yan P, Wu C, et al. Maternal effects shape
the alternative splicing of parental alleles in reciprocal cross hybrids
of Megalobrama amblycephala x Culter alburnus. BMC Genomics.
2020;21(1):457.

Celeghin A, Benato F, Pikulkaew S, Rabbane MdG, Colombo L, Dalla Valle
L. The knockdown of the maternal estrogen receptor 2a (esr2a) mRNA
affects embryo transcript contents and larval development in zebrafish.
Gen Comp Endocrinol. 2011;172(1):120-9.

Zhang G, Xu'Y, Wang X, Zhu Y, Wang L, Zhang W, et al. Dynamic FMR1
granule phase switch instructed by m6A modification contributes to
maternal RNA decay. Nat Commun. 2022;13(1):859.

Anderson P, Kedersha N. RNA granules: post-transcriptional and
epigenetic modulators of gene expression. Nat Rev Mol Cell Biol.
2009;10(6):430-6.

Rajyaguru P, Parker R. CGH-1 and the control of maternal mRNAs. Trends
Cell Biol. 2009;19(1):24-8.

Ashe A, Sapetschnig A, Weick EM, Mitchell J, Bagijn MP, Cording AC,

et al. piRNAs can trigger a multigenerational epigenetic memory in the
germline of C. elegans. Cell. 2012;150(1):88-99.

Buckley BA, Burkhart KB, Gu SG, Spracklin G, Kershner A, Fritz H, et al. A
nuclear argonaute promotes multigenerational epigenetic inheritance
and germline immortality. Nature. 2012;489(7416):447-51.
Grentzinger T, Armenise C, Brun C, Mugat B, Serrano V, Pelisson A, et al.
piRNA-mediated transgenerational inheritance of an acquired trait.
Genome Res. 2012;22(10):1877-88.



Harry and Zakas BMC Genomics

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

(2023) 24:191

Rechavi O, Houri-Ze'evi L, Anava S, Goh WSS, Kerk SY, Hannon GJ, et al.
Starvation-induced transgenerational inheritance of small RNAs in C.
elegans. Cell. 2014,158(2):277-87.

Arenas-Mena C, Wong KSY, Arandi-Foroshani NR. Histone H2A. Z expres-
sion in two indirectly developing marine invertebrates correlates with
undifferentiated and multipotent cells. Evol Dev. 2007;9(3):231-43.
Schulmeister A, Schmid M, Thompson EM. Phosphorylation of the
histone H3.3 variant in mitosis and meiosis of the urochordate Oikopleura
dioica. Chromosome Res. 2007;15(2):189-201.

Gonzalez-Romero R, Rivera-Casas C, Frehlick LJ, Méndez J, Ausié J, Eirin-
Lépez JM. Histone H2A (H2A.X and H2A.Z) variants in molluscs: molecular
characterization and potential implications for chromatin dynamics. PLoS
ONE. 2012;7(1):30006.

Xu X, Li G, Li G, Zhang J, Wang Q, Simmons DK, et al. Evolutionary transi-
tion between invertebrates and vertebrates via methylation reprogram-
ming in embryogenesis. Natl Sci Rev. 2019;6(5):993-1003.

de Mendoza A, Lister R, Bogdanovic O. Evolution of DNA methylome
diversity in eukaryotes. J Mol Biol. 2020;432(6):1687-705.

Dixon G, Matz M. Changes in gene body methylation do not corre-

late with changes in gene expression in Anthozoa or Hexapoda. BMC
Genomics. 2022,23:234.

Wang L, Israel JW, Edgar A, Raff RA, Raff EC, Byrne M, et al. Genetic basis
for divergence in developmental gene expression in two closely related
sea urchins. Nat Ecol Evol. 2020:4(6):831-40.

Landry CR, Wittkopp PJ, Taubes CH, Ranz JM, Clark AG, Hartl DL. Compen-
satory cis-trans evolution and the dysregulation of gene expression in
interspecific hybrids of Drosophila. Genetics. 2005;171(4):1813-22.

Zakas C, Harry ND, Scholl EH, Rockman MV.The genome of the
poecilogonous annelid Streblospio benedicti. Genome Biol Evol.
2022;14(2):evac008.

Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet. 2011;17(1):3.

Chen'S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preproc-
essor. Bioinformatics. 2018;34(17):i884-90.

Kopylova E, Noé L, Touzet H. SortMeRNA: fast and accurate filter-

ing of ribosomal RNAs in metatranscriptomic data. Bioinformatics.
2012,28(24):3211-7.

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome
alignment and genotyping with HISAT2 and HISAT-genotype. Nat Bio-
technol. 2019;37(8):907-15.

Risso D, Ngai J, Speed TP, Dudoit S. Normalization of RNA-seq data

using factor analysis of control genes or samples. Nat Biotechnol.
2014,32(9):896-902.

Duchemin W, Dupont PY, Campbell MA, Ganley AR, Cox MP. HyLiTE: accu-
rate and flexible analysis of gene expression in hybrid and allopolyploid
species. BMC Bioinformatics. 2015;16(1):8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Maternal patterns of inheritance alter transcript expression in eggs
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Study system
	Approach

	Results
	Comparison of LL and PP egg gene expression
	Comparison of reciprocal F1 gene expression with LL and PP
	Mode of regulatory change

	Discussion
	Comparison of LL and PP egg gene expression
	Comparison of reciprocal F1 gene expression with LL and PP
	Mode of regulatory change

	Conclusions
	Methods
	Animal collection
	Oocyte RNA collection and library prep
	Read quality trimming and alignment
	Normalization of F1 reads
	Differential expression
	Mode of inheritance (Allele-specific effects)
	Parent of origin effects
	Mode of regulatory change
	Functional annotations

	Anchor 28
	Acknowledgements
	References


