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Abstract

Background: Canalization, or buffering, is defined as developmental stability in the face of genetic and/or environ-
mental perturbations. Understanding how canalization works is important in predicting how species survive envi-
ronmental change, as well as deciphering how development can be altered in the evolutionary process. However,
how developmental gene expression is linked to buffering remains unclear. We addressed this by co-expression
network analysis, comparing gene expression changes caused by heat stress during development at a whole-embry-
onic scale in reciprocal hybrid crosses of sibling species of the ascidian Ciona that are adapted to different thermal
environments.

Results: Since our previous work showed that developmental buffering in this group is maternally inherited, we first
identified maternal developmental buffering genes (MDBGs) in which the expression level in embryos is both cor-
related to the level of environmental canalization and also differentially expressed depending on the species’gender
roles in hybrid crosses. We found only 15 MDBGs, all of which showed high correlation coefficient values for expres-
sion with a large number of other genes, and 14 of these belonged to a single co-expression module. We then calcu-
lated correlation coefficients of expression between MDBGs and transcription factors in the central nervous system
(CNS) developmental gene network that had previously been identified experimentally. We found that, compared to
the correlation coefficients between MDBGs, which had an average of 0.96, the MDBGs are loosely linked to the CNS
developmental genes (average correlation coefficient 0.45). Further, we investigated the correlation of each develop-
mental to MDBGs, showing that only four out of 62 CNS developmental genes showed correlation coefficient > 0.9,
comparable to the values between MDBGs, and three of these four genes were signaling molecules: BMP2/4, Wnt7,
and Delta-like.

Conclusions: We show that the developmental pathway is not centrally located within the buffering network. We
found that out of 62 genes in the developmental gene network, only four genes showed correlation coefficients as
high as between MDBGs. We propose that loose links to MDBGs stabilize spatiotemporally dynamic development.
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Background

Development of organisms is adjusted toward one defi-

nite end-result irrespective of minor variation in environ-

mental or genetic conditions. However, the environment
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or buffering, was originally defined by Waddington to
describe developmental stability in the face of variable
environmental or genetic conditions. The idea of envi-
ronmental canalization has been a matter of debate over
the past half a century. In addition to chaperone proteins
[2-7], various other molecules and potential mechanisms
have been identified as relevant to environmental canali-
zation (see reviews, [8—10]). Other studies suggested
that canalization is a property of gene networks [11-13].
In silico computer simulation showed that extracellular
cell signaling plays an important role in stabilizing com-
plex morphogenesis [14]. However, how buffering that
stabilizes development is linked to the spatiotemporally
dynamic processes of development at a transcriptome
level remains to be discovered.

To this end, we exploit populations of sibling species of
the ascidian Ciona that show a prominent difference in
levels of canalization under thermal environmental vari-
ation [6] and occupy different, but overlapping, thermal
ranges [15-19]. These populations have generally been
known as C. intestinalis type A and C. intestinalis type
B [16], although morphological differences between them
have been identified [6, 16, 20, 21], and led to the reclas-
sification of type A as C. robusta by Brunetti et al. [21].
For clarity and continuity with the previous literature, we
use the ‘type A’ and ‘type B’ nomenclature here. Ciona
release gametes to undergo external fertilization in the
surrounding water, and gametes can be obtained by dis-
section to carry out planned fertilizations in the labora-
tory with large numbers of eggs from a given individual.
These two species are found in sympatry in some areas
and can be hybridized by mixing gametes in seawater
[22-24]. Hybridization of these sibling species produces
broods with different, maternally-determined levels of
canalization depending on the gender (gamete) role of
the respective parents [6, 24], which provides an excel-
lent opportunity to explore the molecular basis of envi-
ronmental canalization. In particular, study of reciprocal
hybrid crosses showed greater control of the canalization
of development in heat-shocked hybrid embryos with
mothers of type A [6]. Here we investigate this finding
further by examining patterns of gene expression and to
what extent gene expression that correlates with buffer-
ing level behaves similarly to the gene expression of a
well-defined developmental pathway. We found that buft-
ering molecules are tightly linked to a small number of
signaling molecules in the developmental pathway.

Results

Identification of maternal developmental buffering genes
(MDBGs)

Crosses of the sibling species type A and type B with the
species in the alternative parental roles produce embryos
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with different developmental buffering levels [6]. Hybrid
crosses (Additional file 1: Table S1) yielded three AB
broods (type A mother) and three BA broods (type B
mother), and were reared for 8 h at 17 °C, by which time
they were at the neurula stage. Half of the embryos were
exposed to 27 °C for 1 h, after which they had reached
the early tailbud stage. Some of the embryos hatched
abnormally, with a deformed notochord or the otolith
and ocellus not properly formed, or even with whole-
body deformation as shown in Sato et al. 2015 [6] (typi-
cal deformed phenotypes are shown in Fig. 1). The level
of environmental canalization was significantly higher in
AB samples than BA samples (Additional file 1: Fig. Sla,
Table S3; P<8.08 x 107'%), confirming a previous study
showing this pattern of maternal control of environmen-
tal canalization [6].

Since previous studies showed that the developmen-
tal buffering level is maternally inherited, if a gene is
involved in the maternal control of developmental buft-
ering, we expect its expression level to be (i) positively
correlated to the level of buffering, and also (ii) differ-
ent between types AB and BA. We call a gene a ‘mater-
nal developmental buffering gene’ (MDBG) if it meets
both criteria. To assess (i), we first scored the propor-
tion of normally developing heat-shocked progeny after
hatching, as a measure of developmental buffering level
(Fig. 1, Additional file 1: Table S3). Statistical analy-
sis using a generalized linear model with quasibinomial
errors showed that the expression levels of 458 genes out
of 17,074 in total are significantly positively correlated to
developmental buffering levels (glmP<0.05; Additional
file 1: Fig. S1b). (Here we call the P-value of this analysis
glmP, to avoid confusion with P-values from other analy-
ses.) These genes thus satisfied criterion (i).

To identify genes that meet criterion (ii), we com-
pared the transcriptomes from AB embryos and BA
embryos using edgeR [25]. We found 853 gene mod-
els that are differentially expressed between heated AB
and BA embryos in the entire transcriptome (Addi-
tional file 1: Fig. S1d). These include genes showing
negative correlation to the buffering level. However,
since these genes may be involved in necrotic reaction
in less canalized condition and difficult to distinguish
from those involved in canalization, we analysed only
these gene expressions positively correlated to buffer-
ing level. Amongst these, we found only 15 qualifying
gene models (False Discovery Rate, FDR<0.05) out
of the 458 genes showing positive correlation to the
buffering level; and thus we considered these to be
MDBGs (Additional file 1: Fig. S1c,d; Additional file 2:
Table S4). A previous study of yeast reported that the
gene ontology terms (GO) of genes involved in envi-
ronmental canalization were concerned with cellular
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Fig. 1 Experimental procedure. Type A and type B specimens collected from the wild were dissected to acquire gametes, and the species
reciprocally crossed in vitro to generate three different hybrid broods for each alternative parental combination (i.e. six broods in all). At 8 h post
fertilization (hpf), embryos were heat shocked at 27 °C for 1 h and a portion of each sample was collected for RNA-Seq. The rest of the embryos
were then cultured at normal temperature from 9 hpf and the number of normally and abnormally developing larvae counted after hatching
to measure the level of developmental buffering (Additional file 1: Table S3). After RNA-Seq, we conducted edgeR and generalized linear model
analysis (glm) respectively to test gene expression level and developmental buffering level

homeostasis, such as DNA maintenance and organi-
zation, cell cycle, response to stimuli, RNA elongation
and protein modification [26] rather than development
as such. Supporting this, the 15 MDBGs include genes
involved in the cell cycle (KY.Chr2.1529, Leucine ami-
nopeptidase 3 (LAP3)), translation, stress response
(KY.Chr2.2295, catalase), degradation in homeosta-
sis (KY.Chr6.691, glycosylated lysosomal membrane
protein (GLMP)), innate immunity (KY.Chr14.407;
interferon regulatory factor 2 (IRF2)) and metabolism
(Chr2.1046; galactocerebrosidase; KY.Chr9.550, speedy
protein; Chr7.688, serine protease 27 (PRSS27)), while
we did not find any transcription factors that are
involved in development (Additional file 2: Table S4).
We note that one of the other MDBGs, DnaJC10, was
previously shown to be involved in canalization [6, 7].

To further understand maternal control of MDBGs,
we undertook allele imbalance analysis using the
embryonic transcriptome data (Additional file 2:
Table S4). We found that, out of nine MDBGs that we
analysed, six were maternally imbalanced, suggesting
that MDBGs are mostly maternal transcripts.

Identification of coexpression modules in environmental
canalization

We next focused on understanding of the properties of
MDBGs. Previous studies have uncovered properties
of gene networks that cause canalization, such as hav-
ing hub genes with high connectivity [26—28]. However,
these studies were not performed at the transcriptome
level. We aimed to investigate the property of buffering
modules at the transcriptome level using our current data
set. Since a protein—protein interaction network (PPI
network) or other gene networks at the transcriptome
level are not yet defined in Ciona, we identified coex-
pression modules correlated to environmental canaliza-
tion using Weighted Gene Correlation Network Analysis
(WGCNA) [29]. Using the data from 17,074 gene mod-
els in heat-treated embryos of the two hybrid genotypes
(AB and BA), we identified 24 modules with WGCNA
(Additional file 1: Figs. S2-S4). Notably, 14 out of 15
MDBGs were found in one of these modules, module 23
(Additional file 2: Table S4). The remaining MDBG was
included in module 1. We named module 23 the ‘buffer-
ing module! The buffering module consists of 3485 genes,
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the largest of all the modules identified (Additional file 1:
Fig. S5a, b, Additional file 3: Table S5). The buffering
module showed the lowest mean ABvsBA_FDR value
overall and the third lowest mean glmP value (Additional
file 1: Fig. S5c¢, d).

To identify the characteristics of the buffering module
and how MDBGs are integrated in the module, we calcu-
lated the connectivity of each gene to all the other genes
in the transcriptome data and compared the distribu-
tion of those values in each module (Fig. 2a, Additional
file 4: Table S6). The buffering module had the highest
mean connectivity, which was significantly different from
the rest of the modules (t-test, P<2.2 x 107'%) (Fig. 2a).
We also found that all the MDBGs have high connec-
tivity (Fig. 2b, ¢; P<9.068 x 107'%; mean connectivity of
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MDBGs was 477.7, whereas that of the whole network
was 198.9). Since mean connectivity is significantly cor-
related to the module size (F-test, P<2e—16; Addi-
tional file 1: Fig. S6a), we also compared connectivity of
MDBGs within the buffering module to the connectivity
of the other genes in that module. The mean connectiv-
ity of the MDBGs is significantly higher than that of the
other genes in the buffering module (¢-test, P<1.44e—05;
Additional file 1: Fig. S6b, c). Hence we confirmed that
the module composed of genes with highest connectiv-
ity is correlated to environmental canalization, as shown
in the previous studies on yeast [26-28], and that the
MDBGs in the buffering module have even higher mean
connectivity than the remaining genes in that module.
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Developmental pathway genes in the buffering module

The gene regulatory network studied by Imai et al. [30] is
involved in the formation of the Ciona CNS, including the
developmental stage at which our transcriptome data was
collected. We found that the 62 CNS genes (Additional
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file 5: Table S7) were distributed across 20 out of the 24
modules (Fig. 3a, Additional file 6: Table S8). Fourteen of
the 62 CNS genes (Fig. 3a) were found in the buffering
module; this proportion did not differ significantly from
the value expected by random distribution (P=0.6377),
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Fig. 3 Genes identified in the gene regulatory network in Ciona central nervous system formation (‘CNS genes’) according to Imai et al. [30]. a
Distribution of CNS genes in the 24 coexpression modules identified within the embryonic transcriptome. Note that CNS genes are present in

20 out of 24 modules but are well represented in the buffering module (Module 23), shown in blue; Module 1 is shown in green. b Correlation
coefficients of all the CNS genes to each individual MDBG (white box-plots). Blue box-plots show correlation coefficients of each MDBG with the
other MDBGs. All the values are shown in Additional file 8: Table S10 and Additional file 7: Table S9. ¢ Correlation coefficient values of individual
CNS genes to all the MDBGs (individual CNS-genes arrayed on x-axis). The CNS genes on the x-axis are in the same order shown in Additional file 7:
Table S9; the CNS genes in the buffering module (Module 23) are indicated by the red box. Red line shows 0.9 in correlation coefficients. Red line

shows 0.9 in correlation coefficients
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given that the buffering module is a large module con-
taining 3485 genes within the total transcriptome.

To understand how CNS genes are linked to MDBGs,
we examined the absolute values of correlation coef-
ficients between pairs of MDBGs, and between CNS
genes and MDBGs. We found that MDBGs are more
tightly connected to each other (Fig. 3b; average cor-
relation coefficients is 0.96+0.03) (Additional file 8:
Table S10) than to CNS genes (where all the MDBGs
show an average correlation of 0.45 £ 0.26) (Fig. 3¢, Addi-
tional file 7: Table S9), showing that the developmental
gene network is not centrally located in the buffering net-
work, and only a small number of genes are tightly linked
to MDBGs. To investigate which developmental genes
are strongly linked to MDBGs, we also examined corre-
lation coefficients between each CNS gene and MDBGs.
Only one gene showed an average correlation coeffi-
cient>0.93, comparable to the values between MDBGs:
Chr8.1185 (Wnt7). Three other genes, Chr3.267 (emc),
Chr 4.449 (BMP2/4), and Chr3.298 (Delta-like) showed
correlation coefficients above 0.9 but lower than 0.93.
Importantly, apart from Chr3.267 (emc), these genes are
involved in signaling pathways.

Discussion
We found 15 MDBGs that are both correlated to the
developmental buffering level and show a marked mater-
nal effect. Fourteen of these genes are included in a
large co-expression module of high connectivity. While
we used a relatively small sample size for WGCNA, our
results confirmed previous studies on yeast and Caeno-
rhabditis elegans showing high connectivity of genes in
a canalized network [26-28, 31]. These MDBGs include
DnaJC5, a chaperone previously shown to confer devel-
opmental buffering [6, 7] and five un-annotated genes
that are located 3’ downstream of a gene encoding 28S
rRNA. It is of note that these five genes encoding a part
of 28S rRNA were all identical short sequences of only
215 bp, located downstream of 28S rRNA transcribed
from different 45S rDNA loci. These sequences do not
appear in the results of BLAST searches against other
well-characterised genomes, such as mammals, fruit flies,
and the worm Caenorhabditis elegans. Moreover, other
rDNA genes did not show any correlation to the environ-
mental buffering level, so we suggest that the short RNA
sequence acts separately from rRNAs. Recent studies
indicate the importance of small RNAs derived from 5
upstream of 28RNA [32] or tRNA in stress responses and
development [33, 34]. Further study is required to iden-
tify the role of short sequences from 45S rRNA in devel-
opmental and environmental canalization.

How spatiotemporal developmental pathways are inte-
grated into canalization and how canalization relates to
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general homeostasis has been a matter of debate since
Waddington clearly separated developmental buffer-
ing from general homeostasis [35]. Here we found that
developmental pathways are integrated with environ-
mental canalization via a small number of MDBGs and
a small number of genes in the developmental network
we studied. The observed loose integration of MDBGs
and a developmental pathway might allow dynamic
gene regulation of development through time and space.
Our data also indicates that a small number of genes in
a developmental pathway that are linked to MDBGs are
responsible for determining the developmental pathway
and therefore evolutionary innovation under changing
environmental temperatures. A recent in silico study
showed that cell signaling stabilizes development against
noise [14]. Supporting this idea, our data also showed
that three of the top four developmental genes showing
an average correlation coefficient>0.9 with the MDBGs
were signaling molecules. How expression of these extra-
cellular signaling molecules tightly-linked to MDBGs
are destabilized under thermal stress and whether the
response in gene expression under thermal stress dif-
fers between lineages of Ciona would be interesting
future questions to address. Our data has several limita-
tions. For example, our data was generated using whole
embryos, not at a single-cell level. Furthermore, our data
is limited to RNA, and no other materials, while studies
of metabolites have shown that cellular metabolic state
is tightly coupled with development [36]. Testing our
hypothesis in a larger dataset including the metabolome
at single-cell resolution will be a future challenge.

A maternal effect on environmental canalization has
also been reported in other aquatic organisms, such as
sea urchins [37] and several fish species [38, 39]. Since
embryonic development is particularly susceptible to
thermal stress, further studies of the role of these mater-
nally provided materials in controlling environmental
canalization will contribute to understanding how devel-
opment was modified by the environment in the past and
will be affected in the future by anthropogenic influences
including global warming.

Conclusions

In this study, we identified 15 MDBGs that are both cor-
related to the developmental buffering level and show a
marked maternal effect. They are tightly correlated to
each other, showing an average correlation coefficient
of 0.96+0.03. On the other hand, an experimentally
identified gene network involved in the formation of the
Ciona CNS showed an average correlation coefficient
of 0.45+0.26 to MDBGs, suggesting that this develop-
mental gene network is not centrally located within the
buffering network. We found that out of 62 genes in the
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developmental gene network, only four genes showed
correlation coefficients as high as between MDBGs. We
propose that loose links to MDBGs stabilize spatiotem-
porally dynamic development.

Materials and methods

Animals, eggs and embryos

Adult C. intestinalis of types A (C. robusta) and B (C.
intestinalis) were collected from either Queen Anne’s
Battery or Sutton Harbour, adjacent sites in Plymouth,
UK, during summers (July and August) in 2016-2017
and kept in tanks under identical conditions at 17 °C
and continuous light for 1-2 days until dissection. Ani-
mals were fed a mixture of Rhinomonas reticulata and
Isochrysis galbana once a day. The specimens were ret-
rospectively confirmed as pure-bred individuals of type
A or type B by genotyping their sperm as described
by Sato et al. [20]. Eggs and sperm were collected and
fertilized as described previously [20, 22] and used in
hybrid crosses between different pairs of individuals of
types A and B, as shown in Fig. 1. We refer to progeny of
crosses using type A eggs and type B sperm as type AB,
and to progeny of crosses using type B eggs and type A
sperm as type BA. Heat-shock experiments were con-
ducted as previously described by Sato et al. [6] (Fig. 1).
In brief, broods of embryos at 8 h post fertilization
(hpf) at 17 °C, by which time they were at the neurula
stage, were split and either heat-shocked by transfer to
an increased temperature (27 °C) for 1 h or (not shown
in Fig. 1) maintained at the control temperature of
17 °C. We previously established this experimental pro-
tocol as the minimum heat shock to see the difference
in phenotypic outcome between reciprocal hybridiza-
tions of the sibling species. At 8 hpf, all the chordate
characteristics of the central nervous system start to
appear, and the gene network investigated experimen-
tally by Imai et al. [30] is relevant to this stage. In each
brood a portion of heat-shocked embryos was collected
for extracting RNAs, and both heat-shocked and con-
trol embryos were reared at 17 °C and the number of
progeny developing normally was counted after hatch-
ing at 22 hpf. We define the developmental buffering
level as the proportion of normal development after
hatching in the heat-shocked embryos [6]. Only crosses
in which >84% of embryos developed normally in con-
trol conditions were used for further analysis.

For egg transcriptome analysis, adults of types A and
B growing side by side in a marina were collected, dis-
sected and eggs were obtained from the oviduct. These
adults were different individuals from the parents used
to produce embryos for embryonic transcriptome
analysis.
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RNA isolation, purification and cDNA library construction
RNA from hybrid embryos was isolated and purified as
previously described [6], with the exception that we used
Isogen (Nippon Gene) rather than Trizol (Invitrogen),
and sequenced using Illumina HiSeq by Hokkaido System
Science. 21-23 million reads per sample were obtained
and processed for analysis (Additional file 1: Table S1).

RNA from unfertilized eggs was isolated using Iso-
gen (Nippon Gene), purified and any DNA contamina-
tion was removed using MagMax (Applied Biosystems)
according to the manufacturers’ instructions. The RNA
of eggs and embryos was isolated and purified on dif-
ferent dates using different methods. However, we con-
firmed that the quantity of RNA collected and purified
per egg or embryo did not differ significantly (Additional
file 1: Fig. S7; ANCOVA, P=0.929). Quality of the puri-
fied RNA was checked using Bioanalyzer 2100 (Agilent)
and only samples that showed an RNA Integrity Num-
ber (RIN)>8 were used for cDNA library construction.
c¢DNA libraries were constructed using NEBNext ultra
directional RNA library prep kit for Illumina (NEB, Eng-
land) according to the manufacturer’s instructions.

Sequencing analysis

The workflow of sequence analysis is shown in Addi-
tional file 1: Fig. S8. The adaptor sequences were trimmed
from all reads by Trimmomatic [40], and trimmed
reads > 10 bp in length were kept. Trimmed paired reads
were mapped onto the HT Ciona intestinalis type A
genome [41] using robust mapping software, BWA-MEM
[42] with the default settings, yielding over 90% of paired
reads mapped onto the genome. We found about 1%
more reads mapped onto the masked HT genome from
crosses using type A eggs than from crosses using type B
eggs (Additional file 1: Table S2). Since the Ciona genome
is highly polymorphic, we masked the HT genome to
adjust the mapping bias between the samples, using
either the six RNA-Seq analyses from type B eggs or all
three RNA-Seq analyses of the type BA tailbud embryos.
To seek a better way of masking the genome, we exam-
ined the allelic imbalance of genes on the mitochon-
drial genome, which should be maternally expressed,
using the Ensembl genome that includes the mitochon-
drial genome (https://asia.ensembl.org/). We found bet-
ter results when using reads from all three BA embryo
batches to mask the genome (Additional file 1: Fig. S9).
Therefore, we used the genome masked by the three BA
embryonic sequences in the analysis.

We employed Allele Workbench (AW) [43], a pipeline
for analyzing allele-specific expressions, using the Vari-
ants.pl batch script to identify SNPs using all the reads
with a quality above 10 without base alignment qual-
ity computation. Using the vcf file created by Variants.


https://asia.ensembl.org/

Sato et al. BMC Ecology and Evolution (2022) 22:53

pl with parameter t=01, which takes SNPs with bial-
lelic expression, and collecting SNPs that were shared
between at least five samples amongst the six transcrip-
tome data sets, we generated a masked genome using
GSmask.pl in AW. All reads were mapped again to the
masked genome to minimize the difference in the pro-
portion of type A-originated mapped reads versus that
of type B-originated mapped reads. Mapped read counts
were summarized by featureCounts [44] and differen-
tially expressed genes were statistically analyzed by edgeR
[25] using the read counts, treating the False Discovery
Rate (FDR)<0.05 as the cut-off for differential expres-
sion. Transcription factors were identified by searching
for gene names in the gene annotation of the HT genome
[41].

Correlation between the levels of buffering and gene
expression was assessed with a generalized linear model
using the quasibinomial function in R [45]. Transcripts
per million (TPM) was calculated to obtain the normal-
ized gene expression level (x,,.) in three heat-treated
samples of crosses using type A eggs and type B sperm
(ABH) and three crosses of type B eggs and type A sperm
(BAH). The developmental buffering level was measured
by counting the number of progeny showing normal
development (N, ) and abnormal development (N,) after
hatching in each sample. Therefore the model was:

glm (cbind(Nn, Na) ~ Xgene, family = quasibinomial)

and those correlations with P<0.05 were identified as
significant.

Allelicimbalance

We used AW (Souderlund et al. [43]), with some modi-
fications, to identify allelic imbalance (AI). The number
of SNPs was counted using snpASE.pl in AW to gener-
ate bed files from the reads mapped to the masked HT
genome. We created in-house python scripts (see foot-
note) to sort the bed files and extracted the number of
SNPs the same as the reference type A genome (=Ref)
and the same as the type B genome (= Alt), and calcu-
lated the ratio Al

Al = Ref/(Ref + Alt)

for each gene. We then calculated the average of Al in
type AB samples (Al,p) and in type BA samples (Alg,)
and genes having |AI,;—Alp, |>0.3 were defined as being
in allelic imbalance according to Xu et al. [46].

Network analysis
We identified coexpression modules correlated to envi-
ronmental canalization using weighted correlation
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network analysis, WGCNA [29], following the tuto-
rial. Ideally, we would undertake functional screening to
identify gene networks. However, conducting functional
genetic screening of thousands of genes was beyond
our resources. To investigate the gene network here, we
investigated and categorized genes by their patterns of
gene expression based on the idea that genes in the same
gene regulatory modules are expected to be co-expressed
[47]. This method will not resolve causative or functional
relationships between the genes. However, we believe
that WGCNA, using the correlation pattern of gene
expression, is an unbiased approach to extracting groups
of genes of related function. In brief, we first normalised
the transcriptome data to TPM, then computed the gene
expression similarity s;; of genes Gene; and Gene; in the
transcriptome data as the absolute value of their correla-
tion coefficient. We then computed an adjacency matrix
A=(a;) describing the connections between genes by
applying a soft threshold P to the correlation matrix for
all pairs i,j a;=s;"p, which allows us to compute the con-
nectivity of Gene; as the sum of the values of all the pairs
in the adjacency matrix that involved Gene;:

Connectivity, = Zi# ajj
B is called a soft threshold and is used to keep informa-
tion about the strength of correlations while minimizing
the impact of weak correlations. While one could also use
a hard threshold for this purpose (all values below the
threshold are considered 0, others are kept as they are),
doing so will give as much impact to numerous weaker
connections as to a few strong connections. Setting 3
allows us to give a larger impact to strong connections,
which are more relevant to the study of modules. The
value of soft threshold B was determined by following
the instructions of WGCNA [29]. In the current data, we
found =18 for hybrid embryonic transcriptome data to
be an appropriate threshold to identify modules (Addi-
tional file 1: Fig. S10).

Developmental pathway genes in the buffering module

To examine to what extent developmental pathways are
integrated with buffering, we calculated correlation coef-
ficients between MDBGs and genes involved in an exper-
imentally tested gene regulatory network characterized
by Imai et al. [30]. These genes are involved in the forma-
tion of the Ciona central nervous system (CNS) including
the developmental stage where our transcriptome data
was collected. Here we call these genes ‘CNS genes’

Abbreviations
CNS: Central nervous system; GO: Gene ontology; hpf: Hours post fertilization;
MDBG: Maternal developmental buffering gene, in which the expression level
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is positively correlated to the level of buffering, and also different between
progeny types AB and BA; WGCNA: Weighted correlation network analysis.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512862-022-02006-9.

Additional file 1: Figure S1. Identification of maternal developmental
buffering genes (MDBGs) by comparing alternative hybrid crosses. Figure
S2. Linkage hierarchical clustering dendrogram of the genes. Figure S3.
Topological Overlap Matrix among all genes regarding genotype. Figure
S4. Topological Overlap Matrix among all genes regarding robustness.
Figure S5. Identification of buffering module by comparing alternative
hybrid crosses. Figure S6. Connectivity of the buffering module. Figure
S7. Comparisons of mRNA yields from different samples. Figure S8. Work-
flow of sequencing analysis. Figure S9. Allelic imbalance of mitochondrial
genes using different parameter values in Variants.pl in AW. Figure S10.
Determining the threshold value for WGCNA analysis. Table S1. Embryo
transcriptome sample details, sequencing data obtained, and associ-

ated developmental buffering level. Table S2. Mapped reads to the HT
genome in the transcriptome samples. Table S3. Developmental buffer-
ing data in each sample used for sequencing. H indicates heat stressed
samples, and C indicates control sample.

Additional file 2: Table S4. Summary of MDBGs.

Additional file 3: Table S5. Module size.

Additional file 4: Table S6. Connectivity of each gene.

Additional file 5: Table S7. List of 62 CNS_genes used for the analysis.

Additional file 6: Table S8. Summary of number of CNS_genes in each
module.

Additional file 7: Table S9. Correlation coefficient of between CNS_
genes and MDBGs.

Additional file 8: Table S10. Correlation coefficient of between MDBGs.

Acknowledgements

We thank Christine Wood, Colin Brownlee and other members of the Marine
Biological Association of the UK staff for technical assistance and hospitality
while collecting samples at Plymouth. We also thank Hokkaido System Sci-
ence for generating of RNA-Seq data, and Manabu Fujie, Kanako Hisata, Yutaka
Satou and Yukie Mihirogi for technical assistance and advice, and Sebastian
Shimeld and Wataru Iwasaki for discussion.

Author contributions

AS conceived of the study, designed the study, carried out molecular lab work
and data analysis, and drafted the manuscript; GMO carried out molecular lab
work, contributed new analytic tools and data analysis; NA-K contributed new
analytic tools and critically revised the manuscript; KY contributed new ana-
lytic tools; JDB critically revised the manuscript. All authors read and approved
the final manuscript.

Funding

This project was supported by Konuma Eiko scholarship and Avanade
scholarship to GMO, KAKENHI Grant-in-aid Number JP20K12061 to N.A-K, and
KAKENHI Grant Numbers 15K18584, 17K15167 and 21K06287, Hiroko Takada
scholarship, Human Life Innovation Center at Ochanomizu University and
Ray Lankester Investigatorship from the Marine Biological Association of the
UK to AS. The funders played no part in the design of the study, analysis and
interpretation of the data or in writing the manuscript.

Availability of data and materials
DNA sequences: Deposited to DDBJ Project Number PSUB014723. Code:
binbucket.org/atsukos/maternal-control-of-canalization.

Page 9 of 10

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

"Department of Biology, Ochanomizu University, Tokyo, Japan. “The Labora-
tory, Marine Biological Association of the UK, Plymouth, UK. *Department

of Information Sciences, Ochanomizu University, Otsuka, Bunkyo-ku, Tokyo,
Japan. *Department of Life Science & Medical Bioscience, Graduate School

of Advanced Science & Engineering, Waseda University, Tokyo, Japan. "Human
Life Innovation Center, Ochanomizu University, Tokyo, Japan. °Graduate
School of Life Sciences, Tohoku University, Sendai, Japan.

Received: 26 October 2021 Accepted: 1 April 2022
Published online: 28 April 2022

References

1. Waddington CH. Canalization of development and the inheritance of
acquired characteristics. Nature. 1941;150:563.

2. Rutherford SL, Lindquist S. Hsp90 as a capacitor for morphological evolu-
tion. Nature. 1998;396:336-42. https://doi.org/10.1038/24550.

3. Queitsch C, Sangster TA, Lindquist S. Hsp90 as a capacitor of phenotypic
variation. Nature. 2002;417:618-24. https://doi.org/10.1038/nature749.

4. Yeyati PL, Bancewicz RM, Maule J, van Heyningen V. Hsp90 selectively
modulates phenotype in vertebrate development. PLoS Genet. 2007;3:
e43. https//doi.org/10.1371/journal.pgen.0030043.

5. Rohner N, Jarosz DF, Kowalko JE, Yoshizawa M, Jeffery WR, Borowsky RL,
Lindquist S, Tabin CJ. Cryptic variation in morphological evolution: HSP90
as a capacitor for loss of eyes in cavefish. Science. 2013;342:1372-5.
https://doi.org/10.1126/science.1240276.

Sato A, Kawashima T, Fujie M, Hughes S, Satoh N, Shimeld SM. Molecular
basis of canalization in an ascidian species complex adapted to different
thermal conditions. Sci Rep. 2015. https://doi.org/10.1038/srep16717.

7. Hughes S, Vrinds |, de Roo J, Francke C, Shimeld SM, Woollard A, Sato A.
DnaJ chaperones contribute to canalization. J Exp Zool. 2019;331:201-12.
https://doi.org/10.1002/jez.2254.

8. Lachowiec J, Queitsch C, Kliebenstein DJ. Molecular mechanisms govern-
ing differential robustness of development and environmental responses
in plants. Ann Bot. 2015;117:795-809. https://doi.org/10.1093/aob/
mcv15T1.

9. Irvine SQ. Embryonic canalization and its limits—a view from tempera-
ture. J Exp Zool (Mol Dev Evol). 2020;334:128-44. https://doi.org/10.1002/
jez.b.22930.

10. Sato A. Chaperones, canalization, and evolution of animal forms. Int J Mol
Sci. 2018;19:3029. https://doi.org/10.3390/ijms19103029.

11. Bergman A, Siegal ML. Evolutionary capacitance as a general feature of
complex gene networks. Nature. 2003;424:549-52. https://doi.org/10.
1038/nature01765.

12. Tsuda ME, Kawata M. Evolution of gene regulatory networks by fluc-
tuating selection and intrinsic constraints. PLoS Comput Biol. 2010;6:
€1000873. https://doi.org/10.1371/journal.pcbi.1000873.

13. Iwasaki WM, Tsuda ME, Kawata M. Genetic and environmental factors
affecting cryptic variations in gene regulatory networks. BMC Evol Biol.
2013;13:91. https://doi.org/10.1186/1471-2148-13-91.

14. Hagolani PF, Zimm R, Marin-Riera M, Salazar-Ciudad I. Cell signaling stabi-
lizes morphogenesis against noise. Development. 2019;146:dev179309.
https://doi.org/10.1242/dev179309.

15. Suzuki MM, Nishikawa T, Bird A. Genomic Approaches Reveal Unexpected
Genetic Divergence Within Ciona intestinalis. J Mol Evol. 2005;61:627-35.
https://doi.org/10.1007/500239-005-0009-3.


https://doi.org/10.1186/s12862-022-02006-9
https://doi.org/10.1186/s12862-022-02006-9
https://doi.org/10.1038/24550
https://doi.org/10.1038/nature749
https://doi.org/10.1371/journal.pgen.0030043
https://doi.org/10.1126/science.1240276
https://doi.org/10.1038/srep16717
https://doi.org/10.1002/jez.2254
https://doi.org/10.1093/aob/mcv151
https://doi.org/10.1093/aob/mcv151
https://doi.org/10.1002/jez.b.22930
https://doi.org/10.1002/jez.b.22930
https://doi.org/10.3390/ijms19103029
https://doi.org/10.1038/nature01765
https://doi.org/10.1038/nature01765
https://doi.org/10.1371/journal.pcbi.1000873
https://doi.org/10.1186/1471-2148-13-91
https://doi.org/10.1242/dev179309
https://doi.org/10.1007/s00239-005-0009-3

Sato et al. BMC Ecology and Evolution

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

(2022) 22:53

. Caputi L, Andreakis N, Mastrototaro F, Cirino P, Vassillo M, Sordino P. Cryp-

tic speciation in a model invertebrate chordate. Proc Natl Acad Sci USA.
2007;104:9364-9. https://doi.org/10.1073/pnas.0610158104.

. lannelli F, Pesole G, Sordino P, Gissi C. Mitogenomics reveals two cryptic

species in Ciona intestinalis. Trend Genet. 2007;23:419-22. https://doi.
0rg/10.1016/}.tig.2007.07.001.

. Nydam ML, Harrison RG. Genealogical relationships within and among

shallow-water Ciona species (Ascidiacea). Mar Biol. 2007;151:1839-47.
https://doi.org/10.1016/j.ympev.2010.03.042.

. Zhan A, Macisaac HJ, Cristescu ME. Invasion genetics of the Ciona intesti-

nalis species complex: from regional endemism to global homogeneity.
Mol Ecol. 2010;19:4678-94. https://doi.org/10.1111/j.1365-294x.2010.
04837 ..

Sato A, Satoh N, Bishop JDD. Field identification of ‘types’A and B

of the ascidian Ciona intestinalis in a region of sympatry. Mar Biol.
2012;159:1611-9.

Brunetti R, Gissi C, Pennati R, Caicci F, Gasparini F, Manni L. Morphological
evidence that the molecularly determined Ciona intestinalis type A and
type B are different species: Ciona robusta and Ciona intestinalis. J Zool
Syst Evol Res. 2015;53:186-93. https://doi.org/10.1111/jz5.12101.

Sato A, Shimeld SM, Bishop JDD. Symmetrical reproductive compatibility
of two species in the Ciona intestinalis (Ascidiacea) species complex,

a model for marine genomics and developmental biology. Zool Sci.
2014;31:369. https://doi.org/10.2108/z5130249.

Malfant M, Coudret J, Le Merdy R, Viard F. Effects of temperature and
salinity on juveniles of two ascidians, one native and one invasive, and
their hybrids. J Exp Mar Biol Ecol. 2017;497:180-7. https://doi.org/10.
1016/jjembe.2017.09.019.

Ohta N, Kaplan N, Ng JT, Gravez BJ, Christiaen L. Asymmetric fitness of
second-generation interspecific hybrids between Ciona robusta and
Ciona intestinalis. G3. 2020;10:2697-711. https://doi.org/10.1534/93.120.
401427.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a bioconductor pack-
age for differential expression analysis of digital gene expression data.
Bioinformatics. 2009;26:139-40. https://doi.org/10.1093/bioinformatics/
btp616.

Levy SF, Siegal ML. Network hubs buffer environmental variation in Sac-
charomyces cerevisiae. PLoS Biol. 2008,6: e264. https://doi.org/10.1371/
journal.pbio.0060264.

Lehner B. Genes confer similar robustness to environmental, stochastic,
and genetic perturbations in yeast. PLoS ONE. 2010;5: €9035. https://doi.
0rg/10.1371/journal. pone.0009035.

Fierst JL, Phillips PC. Variance in epistasis links gene regulation and evolu-
tionary rate in the yeast genetic interaction network. Genome Biol Evol.
2012;4:1080-7. https://doi.org/10.1093/gbe/evs083.

Dong J, Horvath S. Understanding network concepts in modules. BMC
Syst Biol. 2007. https://doi.org/10.1186/1752-0509-1-24.

Imai KS, Stolfi A, Levine M, Satou Y. Gene regulatory networks underlying
the compartmentalization of the Ciona central nervous system. Develop-
ment. 2008;136:285-93. https://doi.org/10.1242/dev.026419.

Lehner B, Crombie C, Tischler J, Fortunato A, Fraser AG. Systematic map-
ping of genetic interactions in Caenorhabditis elegans identifies common
modifiers of diverse signaling pathways. Nat Genet. 2006;38:896-903.
https://doi.org/10.1038/ng1844.

Li S. Human 28s rRNA 5’ terminal derived small RNA inhibits ribosomal
protein MRNA level. bioRxiv. 2019. https://doi.org/10.1101/618520.
Sharma U, Conine CC, Shea JM, Boskovie A, Derr AG, et al. Biogenesis and
function of tRNA fragments during sperm maturation and fertilization

in mammals. Science. 2016;351:391-6. https://doi.org/10.1126/science.
2ad6780.

Chen Q, Menghong Y, Zhonghong C, Li X, Yunfang Z, et al. Sperm tsRNAs
contribute to intergenerational inheritance of an acquired metabolic
disorder. Science. 2016;351:397-400. https://doi.org/10.1126/science.
aad7977.

Waddington CH. The strategy of the genes. London: George Allen &
Unwin; 1957.

Miyazawa H, Aulehla A. Revisiting the role of metabolism during develop-
ment. Development. 2018;145.dev131110.

Fujisawa H. Temperature sensitivity of a hybrid between two species of
sea urchin differing in thermotolerance. Dev Growth Differ. 1993;35:395—
401. https://doi.org/10.1111/j.1440-169X.1993.00395 x.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

Page 10 of 10

Kubota Y, Shima A. Comparative study of embryonic thermoresistance
of two inbred strains of the medaka (Oryzias latipes). ) Comp Physiol B.
1991;160:621-5.

Burt JM, Hinch SG, Patterson DA. Parental identity influences progeny
responses to incubation thermal stress in sockeye salmon Onchorhynchus
nerka. J Fish Biol. 2011;80:444-62. https://doi.org/10.1111/j.1095-8649.
2011.03190.x.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illu-
mina sequence data. Bioinformatics. 2014;30:2114-20. https://doi.org/10.
1093/bioinformatics/btu170.

Satou Y, Nakamura R, Yu D, Yoshida R, Hamada M, Fujie M, Hisata K, Takeda
H, Satoh N. A nearly complete genome of Ciona intestinalis type A (C.
robusta) reveals the contribution of inversion to chromosomal evolution
in the genus Ciona. Genome Biol Evol. 2019;11:3144-57. https://doi.org/
10.1093/gbe/evz228.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics. 2009;25:1754-60. https://doi.org/10.
1093/bioinformatics/btp324.

Souderlund CA, Nelson WM, Goff SA. Allele Workbench: transcriptome
pipeline and interactive graphics for allele-specific expression. PLoS ONE.
2014;9: e115740. https://doi.org/10.1371/journal.pone.0115740.

LiaoY, Smyth GK, Shi W. featureCounts: an efficient general purpose
program for assigning sequence reads to genomic features. Bioinformat-
ics. 2013;30:923-30. https://doi.org/10.1093/bioinformatics/btt656.
Crawley MJ. Statistics: an introduction using R. Hoboken: Wiley; 2005.

Xu J, Carter AC, Gendrel A-V, Attia M, Loftus J, Greenleaf WJ, Tibshirani

R, Heard E, Chang HY. Landscape of monoallelic DNA accessibility in
mouse embryonic stem cells and neural progenitor cells. Nat Genet.
2017;49:377-86. https://doi.org/10.1038/ng.3769.

Wagner GP, Pavlicev M, Cheverud JM. The road to modularity. Nat Rev
Genet. 2007;8:921-31. https;//doi.org/10.1038/nrg2267.

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

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



https://doi.org/10.1073/pnas.0610158104
https://doi.org/10.1016/j.tig.2007.07.001
https://doi.org/10.1016/j.tig.2007.07.001
https://doi.org/10.1016/j.ympev.2010.03.042
https://doi.org/10.1111/j.1365-294x.2010.04837.x
https://doi.org/10.1111/j.1365-294x.2010.04837.x
https://doi.org/10.1111/jzs.12101
https://doi.org/10.2108/zs130249
https://doi.org/10.1016/j.jembe.2017.09.019
https://doi.org/10.1016/j.jembe.2017.09.019
https://doi.org/10.1534/g3.120.401427
https://doi.org/10.1534/g3.120.401427
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1371/journal.pbio.0060264
https://doi.org/10.1371/journal.pbio.0060264
https://doi.org/10.1371/journal.pone.0009035
https://doi.org/10.1371/journal.pone.0009035
https://doi.org/10.1093/gbe/evs083
https://doi.org/10.1186/1752-0509-1-24
https://doi.org/10.1242/dev.026419
https://doi.org/10.1038/ng1844
https://doi.org/10.1101/618520
https://doi.org/10.1126/science.aad6780
https://doi.org/10.1126/science.aad6780
https://doi.org/10.1126/science.aad7977
https://doi.org/10.1126/science.aad7977
https://doi.org/10.1111/j.1440-169X.1993.00395.x
https://doi.org/10.1111/j.1095-8649.2011.03190.x
https://doi.org/10.1111/j.1095-8649.2011.03190.x
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/gbe/evz228
https://doi.org/10.1093/gbe/evz228
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1371/journal.pone.0115740
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1038/ng.3769
https://doi.org/10.1038/nrg2267

	Co-expression network analysis of environmental canalization in the ascidian Ciona
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Identification of maternal developmental buffering genes (MDBGs)
	Identification of coexpression modules in environmental canalization
	Developmental pathway genes in the buffering module

	Discussion
	Conclusions
	Materials and methods
	Animals, eggs and embryos
	RNA isolation, purification and cDNA library construction
	Sequencing analysis
	Allelic imbalance
	Network analysis
	Developmental pathway genes in the buffering module

	Acknowledgements
	References


