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ARTICLE INFO ABSTRACT

During vertebrate evolution, whole genome duplications resulted in a number of duplicated genes, some of
which eventually changed their expression patterns and/or levels via alteration of cis-regulatory sequences.
Hand o However, the initial process involved in such cis-regulatory changes remains unclear. Therefore, we investigated
Whole g;’nome ‘li“phcanon this process by analyzing the duplicated handl genes of Xenopus laevis (handl.L and hand1.S), which were
Cis-regu atory element . generated by allotetraploidization 17-18 million years ago, and compared these with their single ortholog in the
Xenopus laevis (X. laevis) C . . .. e e .

o - ancestral-type diploid species X. tropicalis. A dN/dS analysis indicated that handI.L and hand1.S are still under
Xenopus tropicalis (X. tropicalis) o X . . X X X

purifying selection, and thus, their products appear to retain ancestral functional properties. RNA-seq and in

situ hybridization analyses revealed that handl.L and handl.S have similar expression patterns to each other
and to X. tropicalis handl, but the hand1.S expression level was much lower than the handI.L expression level
in the primordial heart. A comparative sequence analysis, luciferase reporter analysis, ChIP-PCR analysis, and
transgenic reporter analysis showed that a single nucleotide substitution in the handl.S promoter was
responsible for the reduced expression in the heart. These findings demonstrated that a small change in the
promoter sequence can trigger diversification of duplicated gene expression prior to diversification of their
encoded protein functions in a young duplicated genome.

Keywords:
Tetraploidization

1. Introduction

The allotetraploid frog Xenopus laevis and its diploid relative X.
tropicalis provide an excellent model system for studying gene evolu-
tion in a young duplicated genome (Evans, 2006; Hellsten et al., 2010;
Uno et al., 2013). Gene-by-gene estimates from transcriptomes and
whole genome-sequencing projects have shown that the X. tropicalis
and X. laevis lineages diverged from a common diploid ancestor 48
million years ago (Evans, 2006; Hellsten et al., 2010; Session et al.,
2016). Following this, two diploid species evolved in the X. laevis
lineage, which subsequently hybridized to form the allotetraploid
genome of X. laevis 17—18 million years ago. This genome duplication
was significantly more recent than the ancient vertebrate whole
genome duplications (WGDs), which occurred 520-550 million years
ago, and the teleost-specific WGD, which occurred 225-333 million
years ago (Dehal et al., 2003; Putnam et al., 2008; Near et al., 2012). It
has previously been demonstrated that these ancient WGDs are
suitable for studying subfunctionalization and neofunctionalization of
duplicated genes. However, the much younger WGD in the X. laevis
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lineage appears to be more suitable for studying earlier events
following a WGD (Hellsten et al., 2007).

Immediately after a WGD, all genes and their cis-regulatory
elements must be present as two functionally equivalent copies, with
the same expression patterns at equivalent levels—otherwise, a dosage
imbalance in the gene regulatory network would cause developmental
disorders. However, duplicated gene pairs often exhibit distinct
expression patterns in modern vertebrates (Kleinjan et al., 2008),
and massive gene loss has occurred in the teleost fish lineage, with
mathematical modeling indicating that this occurred in the first 60
million years after WGD (Petit et al., 2004; Berthelot et al., 2014; Inoue
et al., 2015). The evolution of the cis-regulatory elements must have
occurred prior to the diversification of duplicated gene expression and/
or the loss of one of the duplicated genes. However, although many
studies have found dynamic differences in the cis-regulatory elements
by comparing evolutionarily distant species (Kleinjan et al., 2008; Ochi
et al., 2012), the initial state of cis-regulatory elements following a
WGD remains largely unclear.

Hand1 and Hand?2 are basic helix-loop-helix (bHLH) transcription
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factors that are expressed in multiple tissues, such as the heart, limbs,
neural crest, and extraembryonic mesoderm (Firulli et al., 1998; Riley
et al., 1998; Srivastava et al., 1997). Biochemical analyses have shown
that Hand1 and Hand2 form both homo- and heterodimers with each
other and with other bHLH proteins, such as Hairy-related transcrip-
tion factors (HRT1-3) (Firulli et al., 2000, 2003). It has previously been
shown that overexpression of Hand1 in the mouse heart increases the
proliferation of cardiomyocytes and disrupts cardiac morphogenesis
(Risebro et al., 2006), and overexpression of the Hand1 protein in the
adult mouse heart causes a predisposition toward arrhythmia
(Breckenridge et al., 2009). By contrast, embryos that specifically
deleted handl from the embryonic myocardium exhibited defects in
the left ventricle and endocardial cushions (McFadden et al., 2005).
Thus, it is likely that Hand1 is critical for the proper formation and
physical functioning of the heart.

Here we chose to study the handl gene in X. laevis as the first step
toward revealing how the cis-regulatory element has changed in this
young duplicated genome. A comparative expression analysis of X.
laevis hand homeologs and X. tropicalis orthologs by in situ hybridiza-
tion revealed that although ancestral expression in the branchial arches
and epidermal cells has been preserved for each homeolog pair, the S
genes of handl were not detected in the developing heart. In addition,
a comparative sequence, luciferase reporter, chromatin immunopreci-
pitation (ChIP)-PCR, and transgenic reporter analysis showed that a
single nucleotide substitution in the hand1.S promoter was responsible
for this reduced expression. This result suggested that a small change
in the promoter sequence occurred, which reduced the expression of
hand homologs in the heart without gene loss.

2. Materials and methods
2.1. Syntenic comparison

We downloaded the following sequences from the X. laevis (v9.1)
and X. tropicalis (v9) genome browsers (http://www.xenbase.org/
entry/) and compared the genes flanking the hand gene loci:

X. tropicalis hand1: chr03:9,077,411...9,527,410
X. laevis handl1.L: chr3L:15,157,662...15,607,661
X. laevis hand1.S: chr3S:13,442,349...13,942,348
X. laevis hand3.S: chr4S:103,742,452...103,942,451

2.2. Phylogenetic tree and dN/dS analyses

We used gene models mapped to the following locations in the X.
laevis genome assembly, v9.1 (annotation v1.8 and RefSeq (X. laevis)):

X. tropicalis hand1: chr03:9,256,025...9,265,422

X. laevis handl1.L: chr3L: chr3L:15,411,576...15,418,045
X. laevis hand1.S: chr3S:13,684,095...13,697,003

X. laevis hand3.S: chr4S:103,876,052...103,876,528

Phylogenetic trees were constructed using the neighbor-joining meth-
od (Saitou N, 1987). The non-synonymous to synonymous substitution
ratios (AN/dS ratios) between X. laevis homeologs and their X. tropicalis
orthologs were calculated with PAL2NAL (Suyama et al., 2006).

2.3. Cloning of X. laevis handl homeologs

Nucleotide sequence alignments of transcript models showed that
X. laevis handl homeologs had a striking similarity to each other,
particularly in the coding regions (Supplementary Fig 1). Thus, when
developing in situ hybridization probe templates, we carefully chose to
clone the untranslated regions and parts of the coding regions to
minimize sequence similarity between the isolated DNA fragments. The
resultant DNA fragments of handI.L and hand1.S were amplified from
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Table 1
Primer sequences for cloning hand genes and promoters.

PCR primers for cloning the hand genes were carefully designed to include untrans-
lated regions and parts of the coding regions to avoid cross-hybridization between
homeologs, and primers for cloning the promoters were designed using the ends of the
CNE. Primer linker sequences are shown in lowercase letters.

Gene Primer sequences

X. laevis handl.L tagaactagtggatcTTGTGGTGCTTCCCTGAG
geageeegggggatccGGTTCCCTTCTCCTCTT
tagaactagtggatcATGAACTTGATTGGGAGCTA
geageeegggggatccGGTTCCCTTCTCCTCTT
tagaactagtggatcCAGGAATGCCACTACAGC

cggtategataagctATGCCGCCGCTTGTATAG

X. laevis hand1.S

X. tropicalis hand1

tropicalis hand1-
CNE

accgeggtggcGGCCATAGGAAATATGTAATATTGTTTT
atccactagttctagAAGTTTCCACAGCTCCACT

X. laevis hand1.L-CNE accgeggtggcGGCCAAGCATTCAGAATACTTTCC
atccactagttctagGGTCTGTACAAGTTTCTGC

X. laevis hand1.S-CNE accgeggtggcGGCCATACAACATTTTGCTCTTTT
atccactagttctagGGTCTGCACAAGTTTCCAC

X. laevis handI.L-RT- ATGAACCTGATTGGGAGCTACC
PCR TGACACCTCTCCTGGGTTC

X. laevis hand1.S-RT- ACCATGAACTTGATTGGGAGCT
PCR GTGACACCTCCCCAGGGTTG

X. laevis hand1.L-ChIP-
PCR

CAGACTCTACCAATGTGAGAGACTAAACAG
ATACAGCAGACCTACACAGCATGAGG

X. laevis hand1.S-ChIP-
PCR

GAGAGAGGCAGGTAATTAGGTCTGTTTATTT
GTTCAGTCTGTGCTGCTCTGG

the genomic DNA of X. laevis J-strain (kindly gifted by Dr. Masanori
Taira, University of Tokyo) or a cDNA pool prepared from stage 26 and
35 X. laevis J-strain embryos (kindly gifted by Dr. Shuji Takahashi,
Hiroshima University). The primer sequences used in this study are
summarized in Table 1. The PCR products were cloned into either the
BamHI sites or BamHI and HindIIl sites of a pBluescript SKII+
plasmid and verified by sequencing analysis. The resulting plasmids
were linearized for use as the templates for RNA probe synthesis.

2.4. Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed using digoxi-
genin (DIG)-labeled antisense RNA, as described previously (Hazel
et al., 2000). To eliminate cross-hybridization signals between home-
ologs, all X. laevis embryos were hybridized with probes at 60 °C and
then treated with RNase A in 2x saline sodium citrate at room
temperature for 30 min (Khokha et al, 2002). We omitted this
RNase A treatment for X. tropicalis embryos with no such homeologs.

2.5. RT-PCR

Total RNA was extracted from the heart tubes of stage 36 and 40
embryos and converted to cDNA template. The primers for handl.L
and hand1.S are shown in Table 1 and Supplementary Fig 1.

2.6. Motif analysis for transcription factor-binding sites

The open-access database JASPAR v5 was used to search for
potential transcription factor-binding sites in the X. tropicalis handl
cis-regulatory element. The handl cis-regulatory elements for X.
tropicalis and X. laevis homeologs were then aligned by ClustalWw
using GENETEYX, and the conserved sequences for the candidate
transcription factor-binding sites were further analyzed by phyloge-
netic footprinting.
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2.7. Construction of transgenic reporter plasmids and nucleotide
substitution within the cis-regulatory elements

Candidates for the handl cis-regulatory element were amplified
from the genomic DNA of the X. tropicalis Nigerian-strain and X.
laevis J-strain and cloned into a firefly luciferase reporter vector
(Promega, Madison, WI, USA) and a green fluorescent protein (GFP)
reporter vector (Ogino et al., 2008). Nucleotide substitutions within the
handl.S cis-regulatory element were then performed using the
PrimeSTAR Mutagenesis Basal Kit (TaKaRa Bio Inc., Otsu, Shiga,
Japan). The primer sequences used in this study are summarized in
Table 1. We used the following genomic regions in the X. laevis genome
assembly v9.1 and X. tropicalis genome assembly v9:

X. laevis handl.L: chr3L:15,410,020...15,412,700
X. laevis hand1.S: chr3S:13,696,287...13,697,746
X. tropicalis hand1: chr03:9,264,629...9,266,168

2.8. Luciferase reporter analysis

Human 293T cells were co-transfected with the firefly luciferase
reporter plasmid of handl.L or handl.S (25 ng) and the expression
vector of pCS-MT-xt-Myodl (200 pg), together with the Renilla
luciferase vector (10 ng). After 24 h, the luciferase activities were
measured. Each firefly luciferase activity was normalized to the
Renilla activity using the dual luciferase assay system (Promega,
Madison, WI, USA).

2.9. Chromatin immunoprecipitation (ChIP)-PCR

Myec tagged X. tropicalis Myodl (pCS-MT-xt-Myod1) plasmid was
linearized with NotI, and mRNA was in vitro transcribed using the SP6
mMessage mMachine kit (Ambion Foster City, CA, USA). To note,
125 pg Myodl mRNA and 200 pg mCherry mRNA were co-injected
into fertilized eggs, and 100 mCherry positive embryos were selected
and fixed at stage 33/34. Sonication was performed using a Branson
Sonifier 250. Chromatin samples were immunoprecipitated with anti-
myc antibody (9E10, Santa Cruz) or control IgG using Dynabeads
protein A immunoprecipitation kit (ThermoFisher, Waltham, MA,
USA).

2.10. Transgenic reporter assay

Transgenic X. laevis embryos were generated using the sperm
nuclear transplantation method with oocyte extracts (Kroll and Amaya,
1996). The manipulated embryos were cultured until stage 33/34, and
all normally developed embryos were subjected to in situ hybridization
to examine GFP expression with maximum sensitivity.

2.11. Ethics statement

All animal care procedures and experiments conformed to the
Guidelines of Animal Experiments of Yamagata University, Japan, and
the experimental protocols were approved by the Animal Research
Committee of Yamagata University (26-075).

3. Results
3.1. Identification of X. laevis handl gene

A Basic Local Alignment Search Tool (BLAST) search for the
previously reported X. laevis ehand/handl sequence (Genbank acces-
sion number: Z95080) identified three related genes in the X. laevis
genome sequence assembly (Fig. 1). One of these is located on
chromosome 3 L and has an identical coding sequence to ehand, while
the other two are located on the homeologous chromosome 3S and a
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non-homeologous chromosome 4S. A comparison of the syntenies
around these loci and around the X. tropicalis handl locus revealed a
homeologous relationship between the putative handl genes on
chromosomes 3L and 3S and orthologous relationships between these
and X. tropicalis handl (Fig. 1A). Hence, we chose to call these X.
laevis genes on chromosomes 3L and 3S as handl.L and handl.S,
respectively, according to the new nomenclature method that has been
used in the X. laevis genome sequence assembly (Session et al., 2016).
The gene set that flanks the remaining gene on chromosome 4S is
completely different from those flanking handI.L, handl.S, and X.
tropicalis handl. Therefore, since neither X. tropicalis nor other
vertebrates including zebrafish, coelacanth, mouse, and human has a
handI-like gene in the orthologous genome region (data not shown),
we inferred that this handl-like gene on chromosome 4S was gener-
ated following tetraploidization rather than during the two rounds of
vertebrate-specific WGDs, and thus, we named this hand3.S. A
phylogenetic tree analysis illustrated that Hand1.L and Hand1.S are
much closer to X. tropicalis Hand1 than Hand3 at the protein sequence
level (Fig. 1B and C).

3.2. Comparative expression analysis of handl genes in developing X.
laevis and X. tropicalis embryos

The expression of handI.L was first detected in the epidermis of
early neurula embryos at stage 17 using in situ hybridization analysis
(Fig. 2B, white arrowheads). The expression of this gene then appeared
in the anterior ventral portion of early tailbud embryos (Fig. 2C, white
arrows), which corresponds to the presumed heart and proctodeum
region (Sparrow et al., 1998). Expression also appeared in the
epidermal cells at the early tailbud stage (Fig. 2C, white arrowheads).
In late tailbud embryos, hand1.L expression was detected in the heart
and branchial arches (Fig. 2D, E and K, gray and black arrowheads,
respectively). Similarly, hybridization signals for the expression of its
homeologous counterpart handl.S were also detected in most of the
handl.L-expressing tissues; however, the signal intensity appeared to
be lower than that of hand1.L, and no expression was detected in the
heart (Fig. 2J, gray arrowhead, Table 2). Because handl homeologs
have highly similar sequences, there is a risk of these probes cross-
reacting and detecting the transcripts of the other homeolog pairs
(Supplementary Fig 1). To confirm whether the lower signal intensity
of hand1.S was not due to cross-reaction with handl1.L, we cloned only
hand1.S-UTR and performed in situ hybridization analysis
(Supplementary Fig 2). Although hand1.S-UTR probe is more identical
and shorter than probes used in the above-mentioned analysis, the
signal intensity still appeared in the branchial arches and epidermal
cells. Furthermore, to confirm whether the S locus transcripts are fewer
than L locus transcripts in heart, we performed RT-PCR using total
RNA that was extracted from the heart tubes (Fig. 2L). First, we tested
the amplification efficiency of handI.L and handl.S primers using X
laevis J-strain genomic DNA that contains 1 copy of handl.L and
handl.S, respectively, and found that handl.L and handl.S primers
have approximately equal amplification efficiency in genomic DNA
(Fig. 2L). By contrast, the amplicons of handI.L primer in the heart
tubes were more than those of hand1.S primer (Fig. 2L). Thus, both
handl.L and handl.S are expressed in the branchial arches, whereas
hand1.S expression in the heart and epidermal cells is much lower than
hand1.L expression. This qualitative expression divergence detected by
in situ hybridization is consistent with the results of the RNA-seq
analysis, which showed that the expression level of handl.L was higher
than that of hand1.S at stage 25, when both exhibit a peak (Fig. 3A and
C) (Session et al., 2016).

In X. tropicalis, handl showed expression in the heart, branchial
arches, and epidermal cells of tailbud embryos (Fig. 4A and B, gray,
black, and white arrowheads) which is very similar to the expression
pattern of handl.L. Therefore, assuming that X. tropicalis handl
represents the ancestral-type expression pattern, we infer that
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Fig. 1. (A) Synteny conservation analysis of handl. These genes were identified in the Xenopus laevis genome assembly X. laevis (v9.1) and X. tropicalis (v9). Arrows indicate the
orientation of transcription. Only part of the chromosome around the hand loci is shown. (B) A phylogenetic tree analysis of handI gene products. This tree was constructed using the
neighbor-joining method. Numbers indicate the ratios of non-synonymous to synonymous divergence (dN/dS) between X. tropicalis and X. laevis homeologs. (C) Amino acid
alignments of the Hand1 family. The bHLH DNA-binding domains are indicated by the magenta boxes.

handl.L has taken over most of the ancestral function following
tetraploidization, whereas hand1.S has partially lost this.

3.3. Comparative transgenic cis-regulatory reporter analysis of
handl homeologs

A comparative expression analysis using in situ hybridization
showed that handl.L has taken over most of the ancestral function

following tetraploidization, whereas hand1.S is no longer expressed in
the heart. These findings suggest that the cis-regulatory elements of the
hand]1.S locus have changed since tetraploidization.

We initially compared the genomic sequence of a 13.3-kb segment
encompassing X. tropicalis handl with the orthologus region in X.
laevis L and S using the VISTA alignment tool (Frazer et al., 2004).
This analysis showed that the sequences surrounding the proximal
promoter were highly conserved between X. tropicalis hand1, hand1.L,

K L

hand1.L hand1.S

heart tube cDNA
hand1.L hand1.S eeflal.S

hand1.L | a_——
: “ primer | st.35/36 - —
b
hand1.S
o 2nd?. S —-— st40, -
by N

Fig. 2. Developmental expression of hand1.L and hand1.S in Xenopus laevis. (A—K) The whole embryos showing expression at stages 15 (A and F), 17 (B and G), 19 (C and H), and 35/
36 (D and I), and their high-magnification images (E and J). Cross-section showing heart at stage 35/36 (K). White arrowhead: epidermal cells; white arrow: anterior ventral portion;
gray arrowhead: heart; black arrowhead: branchial arches. (L) RT-PCR analysis of handl.L and hand1.S. The amplification efficiency of each primer pair was confirmed using genomic
DNA from J-strain (5 ng, 1 ng, and 0.2 ng, respectively). RT-PCR was performed with ¢cDNA from the heart tubes. Eukaryotic translation elongation factor 1 alpha 1/EF-1 alpha

(eefla.S) was used as internal control.
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Table 2

Scoring results from the handI.L and handl.S is situ hybridization. handl.L and
hand1.S expression patterns were examined at stage 33/34. The percentage indicates the
number of embryos that showed the expression pattern in the left column among the
examined embryos.

Expression pattern of handl.L handl.S
embryos (% of embryos that showed the expression pattern
in the left column)
heart, branchial arches, 96.2 3.8
epidermal cells
branchial arches, epidermal 3.8 96.2
cells

n=26 n=26

and handl.S, making these conserved noncoding elements (CNEs)
candidates for the handI enhancer (Fig. 5A). We then analyzed the
putative transcription factor-binding motifs to find the responsible
transcription input that changed handl.S expression following tetra-
ploidization. The open-access database JASPAR ver. 5 was used to
define potential transcription factor-binding motifs using X. tropical
handl cis-regulatory elements (Mathelier et al., 2014). The resultant
candidate transcription factors were then narrowed down on the basis
of their heart expression using the Expression Atlas (Petryszak et al.,
2014), followed by phylogenetic footprinting (Fig. 5). This resulted in
the identification of the putative Myodl-binding motif, which is
upstream of the TATA-binding protein (TBP)-binding motif and is
separated from it by Myog, Elf5, Nfic, and Nkx3-2 (Fig. 5A). A detailed
sequence comparison of the core DNA-binding motifs indicated that a
single nucleotide substitution had occurred in the enhancer box (E-
box) of the Myod1 putative binding site in hand1.S promoter (Fig. 5B).
Previous studies showed that mutations in E-box, such as CAnnTG to
TGnnTG and CAnnTG to GAnnTG, effectively abolished the binding of
bHLH transcription factors (Blackwell and Weintraub, 1990; Czernik
et al., 1996; Ohno et al., 2003). Next, we examined whether the single
nucleotide substitution in the E-box of handl.S promoter show the
differential enhancer activities to Myodl input. We first cloned the
proximal promoter elements shown in Fig. 5A into the firefly luciferase
reporter plasmid and then performed luciferase reporter analysis. The
luciferase activity of X. tropicalis handl and handI.L promoters was
enhanced by X. tropicalis Myodl expression (Fig. 5C). By contrast,
Myod1 did not increase the handl.S promoter activity. Subsequently,
we performed Chromatin immunoprecipitation analysis to know

A
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whether the Myod1 directly binds to handl.L promoter in X. laevis
embryo. The ChIP-PCR analysis showed that Myod1 enriched on the
handI.L promoter, while not on the hand1.S promoter (Fig. 5D). Thus,
Myodl seems to preferentially up-regulate the expression of handl.L
thought the its promoter region.

Finally, we examined whether the handl.L promoter has an
enhancer activity in the heart using X. laevis reporter transgenic
system. We cloned the proximal promoter elements shown in Fig. 5A
into a GFP reporter vector. Transgenic embryos of the X. tropicalis
handl promoter with GFP showed enhancer activities in the heart,
branchial arches, and epidermal cells of tailbud embryos (Fig. 6, gray
arrowhead and white arrowheads), although reporter expression in the
branchial arches was broader than endogenous handl expression. We
also observed the reporter gene expression in the pronephric duct,
where endogenous handl was not expressed (Fig. 6, white arrow). We
have previously shown that some of enhancer activates the reporter
gene expression in multiple tissues where endogenous gene is not
expressed (Ochi et al., 2012; Suzuki et al., 2015). Such pleiotropic
enhancers require the tissue-specific silencer to recapitulate the
endogenous gene expression pattern. Indeed, we previously have
shown that tissue-specific gene expression is produced through a
combination of an enhancer and silencer (Ochi et al., 2012).
Therefore, although the promoter used in this reporter analysis can
drive reporter gene expression in heart, it may lack the tissue-specific
silencers. Previous studies have shown that multiple enhancers are
often retained in one gene locus for its expression (Ochi et al., 2012;
Suzuki et al., 2015). Since we only examined the promoter activity, it is
still possible that strong heart-specific enhancers are retained in
upstream and/or downstream of handl gene. Regarding the promoters
of handl.L and handl.S, their transgenic reporter embryos showed
enhancer activities in most of the X. tropicalis handl promoter
activating tissues. However, the handl.L CNE showed promoter
activity in the heart, whereas the handl.S CNE failed to activate
reporter expression here (Fig. 6, gray arrowheads; Table 3). Thus, we
inferred that the handl.L promoter has taken over most of the
ancestral function following tetraploidization, whereas handl.S has
partially lost this function.

To confirm whether the single nucleotide substitution in the Myod1
E-box has contributed to the differential expression of handl.L and
handl.S, we substituted a thymidine in the mydol E-box of handl.S
with cytosine (Fig. 6). These transgenic reporter embryos carrying the
single nucleotide replaced promoter exhibited expression in the hearts
of tailbud embryos (Fig. 6, gray arrow; Table 3). Thus, the single
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Fig. 3. RNA-seq analysis of developing embryos and adult tissues. Expression of handl homeologs in developing embryos (A) and in adult tissues (B).
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Fig. 4. Expression of handl in Xenopus tropicalis. Expression at stage 28 at low (A) and high (B) magnification. White arrowhead: epidermal cells; gray arrowhead: heart; black

arrowhead: branchial arches.
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Fig. 5. Divergence of enhancer activity between hand1.L and hand.S promoters. (A-B) Alignment of the handl promoter element (CNE) and potential transcription factor-binding
motifs (A) and higher magnification image of potential Myod1-binding motifs. (C) Transcriptional activation of the handI.L promoter by Myod1. Firefly luciferase activity was measured
and normalized to Renilla luciferase using the dual luciferase assay kit. Luciferase data are expressed as fold activation relative to the empty expression vector. Error bars indicate + SD,
and an asterisk indicates p-value (P < 0.05, n=3, two-tailed Student's T-test). (C) Myod1 protein enriched on hand1.L promoter compared with hand1.S promoter. Error bars indicate +
SD, and an asterisk indicates p-value (P < 0.05, determined by one-way ANOVA with Tukey's multiple comparison test).

nucleotide substitution in the cis-regulatory element following allote-
traploidization has produced the differential tissue expression between
handl1.L and hand1.S.

4. Discussion

Here, we demonstrate that the handl.L and handl.S genes that
were generated by allotetraploidization in X. laevis exhibit distinct
expression patterns in the heart and that a single nucleotide substitu-
tion in the handl.S promoter has contributed to this differential
expression.

WGD produces two functionally equivalent cis-regulatory elements
and gene copies, meaning that all genes must be expressed at
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equivalent levels immediately after this event. It is particularly
important that the gene expression level of physically interacting
dosage-sensitive transcription factors is maintained to prevent a
dosage imbalance in the gene regulatory network, which would result
in developmental disorders. The gene balance hypothesis explains the
evolutionary mechanisms by which genes whose products physically
interact with each other are over-retained in young duplicated genomes
(Edger and Pires, 2009). However, it is well known that in modern
vertebrates, many duplicated genes are expressed in distinct tissues
and/or one of the duplicated genes has often been lost (Petit et al.,
2004; Kleinjan et al., 2008; Ochi et al., 2012; Berthelot et al., 2014). It
has been estimated that this gene loss occurred in the first 60 million
years after the WGD event (Inoue et al., 2015) and so the evolution of
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Fig. 6. Transgenic reporter analysis of the handI.L and hand1.S promoters. Green fluorescent protein (GFP) expression pattern driven by hand1 promoters. The reporter constructs are
shown on the left, and higher magnification images and cross-section of the heart are shown in the middle. A thymidine in hand1.S putative Myod1-binding site was substituted into
cytosine. E-box was indicated by the green boxes. Gray arrowhead: heart; white arrowhead: branchial arches; white arrows: pronephric duct.

cis-regulatory elements that cause the expression loss should have
occurred more rapidly. RNA-seq analysis has indicated that not only
handl.S but also the Handl interacting protein homeologs hand2.S
and hairy-related transcription factorl.S (heyl.S) exhibit the much
lower expression than hand2.L and heyl.L (Session et al., 2016). These
simultaneous reductions in hand2.S and heyl.S expression with
hand1.S expression must have been accompanied by the simultaneous
evolution of cis-regulatory elements for each locus. This will have
involved both mutations in the enhancers/promoters and the acquisi-
tion of silencers, although the simultaneous acquisition of novel heart-
specific silencers in the handl, hand2, and heyl loci seems unlikely.
Therefore, we believe that a simultaneous single nucleotide substitu-

Table 3

tion in the cis-regulatory element is one of the evolutionary processes
that have maintained the optimal expression balance between physi-
cally interacting dosage-sensitive transcription factors and that this
genomic status may reflect the early stage of diploidization following
WGD.
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