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Abstract

Background: EP300 is a conserved protein in vertebrates, which serves as a key mediator of cellular homeostasis.
Mutations and dysregulation of EP300 give rise to severe human developmental disorders and malignancy. Danio

rerio is a promising model organism to study EP300 related diseases and drugs; however, the effect of EP300 dupli-
cates derived from teleost-specific whole genome duplication should not just be neglected.

Results: In this study, we obtained EP300 protein sequences of representative teleosts, mammals and sauropsids,
with which we inferred a highly supported maximum likelihood tree. We observed that Ep300 duplicates (Ep300a
and Ep300b) were widely retained in teleosts and universally expressed in a variety of tissues. Consensus sequences
of Ep300a and Ep300b had exactly the same distribution of conserved domains, suggesting that their functions
should still be largely overlapped. We analyzed the molecular evolution of Ep300 duplicates in teleosts, using branch-
site models, clade models and site models. The results showed that both duplicates were subject to strong positive
selection; however, for an extant species, generally at most one copy was under positive selection. At the clade level,
there were evident positive correlations between evolutionary rates, the number of positively selected sites and
gene expression levels. In Ostariophysi, Ep300a were under stronger positive selection than Ep300b; in Neoteleostei,
another species-rich teleost clade, the contrary was the case. We also modeled 3D structures of zf-TAZ domain and its
flanking regions of Ep300a and Ep300b of D. rerio and Oryzias latipes and found that in either species the faster evolv-
ing copy had more short helixes.

Conclusions: Collectively, the two copies of Ep300 have undoubtedly experienced directional divergence in main
teleost clades. The divergence of EP300 between teleosts and mammals should be greater than the divergence

between different teleost clades. Further studies are needed to clarify to what extent the EP300 involved regulatory
network has diverged between teleosts and mammals, which would also help explain the huge success of teleosts.
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Background

Cells under changing external environments need to
regulate their transcriptions to maintain internal home-
ostasis, during which lysine acetylation plays a key role
in connecting external signals and downstream regula-
tions [1]. Tens of human proteins have been convincingly
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demonstrated to be lysine acetyltransferases (KATs),
which, together with their complexes, are recruited in a
context-specific and cell type-specific manner to particu-
lar genomic elements (promoters, enhancers and gene
bodies) to modulate the transcriptional output required
for proper development and housekeeping functions.
Apart from histones in chromatin, thousands of pro-
teins are also substrates of KATs, which are distributed
in the cell nucleus, cytoplasm, mitochondria, endoplas-
mic reticulum and peroxisomes. Acetylation of these
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proteins can change their cellular localization, enzymatic
activity and their ability to interact with other protein
complexes [1, 2]. Of the many KATs, the EP300/CREBBP
family has been reported to play an essential role in the
HIF-1a pathway that responds to hypoxia stress [3].
Since hypoxia is a common character in many types of
solid tumors [4], EP300/CREBBP and HIF-1a that con-
fer a survival pathway for hypoxic tumor cells have been
heavily studied as cancer drug targets [5, 6]. EP300 and
CREBBP originated from a whole genome duplication
(WGD) event that occurred in the common ancestor of
vertebrates more than 450 million years ago (MYA) [5,
7]. Having diverged for such a long time, their structures
are still highly similar: they display 57% identity at the
whole protein level and 88% similarity in their core KAT
domains [8]. Besides the KAT domain, they also share
other non-catalytic conserved regions: a nuclear receptor
interacting domain (NRID) at the N-terminal side; three
cysteine-histidine (CH)-rich domains (CH1, CH2 and
CH3), of which the CH1 and CH3 contain transcriptional
adaptor zinc fingers (TAZ1 and TAZ2) and the CH3
also contains a ZZ zinc finger, while the CH2 is part of
the catalytic KAT domain and contains a plant homeo-
domain (PHD) and an interleaved RING domain; a KIX
domain and a bromodomain between the CH1 and CH2;
a nuclear receptor coactivator binding domain (NCBD)
at the C-terminal side [6, 8, 9]. Based on these domains,
both EP300 and CREBBP contain at least nine protein-
binding sites for a huge variety of proteins, including TFs,
kinases, chromatin remodelers, structural proteins and
others [10]. The structural similarity between EP300 and
CREBBP makes their functions largely overlapping. Yet
there is increasing evidence that they also serve unique
functions, which may be due to slight differences in sub-
strate specificity or a subset of protein-protein binding
interactions or both [11].

Danio rerio (zebrafish) is a useful model organism
to study genetic diseases and test new drugs due to its
transparent embryos and fast growing speed [12-14].
However, we should be cautious in conducting experi-
ments and interpreting results when EP300 or CREBBP
is involved. In addition to two rounds of WGD events
occurred in the common ancestor of vertebrates, a third
round of WGD event occurred in the common ancestor
of teleosts about 320-350 MYA [15-17]. It was estimated
that approximately 80% of the duplicated genes lost one
copy in a very short time [18]. However, by searching
against the TreeFam database, we found that the two
copies of both EP300 and CREBBP are likely to be widely
retained in teleosts [19, 20]. As “master coactivators” in
regulatory networks [1, 2], the initial reason why dupli-
cates of EP300 and CREBBP are retained is most prob-
ably to maintain dosage balance [21]. It was reported that
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genes kept in double after genome duplication represent
the subset under strongest purifying selection [22]. On
the other hand, two duplicates generally evolve asym-
metrically [22], which will finally lead to functional diver-
gence and even gene separation (genesis of new genes).
By searching against the Selectome database, we found
that both EP300 and CREBBP of teleosts have positively
selected branches, while mammals and sauropsids have
none [23-26]. If EP300 and CREBBP of teleosts have
experienced strong and constant positive selection, they
may have diverged considerably in functions from their
mammalian orthologs. Given the fundamental roles of
EP300 and CREBBP in regulatory networks, positive
selection on them may also correlate with the huge suc-
cess of teleosts [27]. However, the Selectom database
cannot provide more details since it only includes a lim-
ited number of teleost species and the method used is
restricted to branch-site models.

In this study, we focused on the molecular evolution
of Ep300 in teleosts. We are particularly interested in the
way and the extent of divergence of the retained dupli-
cates in different teleost clades, which were explored
through analyses of molecular evolution of Ep300 dupli-
cates based on diverse evolutionary models, tissue
expression profiles and protein structures.

Results

Retention of Ep300 duplicates in teleosts

Through blastp search against NCBI nr database, we
obtained 114 EP300 protein sequences from 28 fishes,
30 mammals and 25 sauropsids (a detailed list of these
species and their respective lineage information can be
found in Additional file 1). All mammals and sauropsids
had only one copy; the fishes had 2.1 copies on average,
with 21 fishes had exactly 2 copies and only one teleost
fish had one copy (Additional file 2). Sinocyclocheilus
anshuiensis, Carassius auratus (goldfish), Austrofundu-
lus limnaeus and Oncorhynchus kisutch (coho salmon)
had 3~4 copies, which was in accordance with the
fact that their respective ancestors underwent recent
genome duplications [28-30]. The two non-teleost
fishes, Erpetoichthys calabaricus (reedfish) and Lepi-
sosteus oculatus (spotted gar), had only one copy. We
also conducted tblastn search against RefSeq genomes
of 19 fish species that have available assembled chro-
mosomes and found no evidence of any species to have
additional copies that might originate from small-scale
duplications (SSDs) (Additional file 3). Therefore, the
best explanation is that the commonly appeared two
copies in teleost fishes originated from the teleost-spe-
cific WGD. To get more direct evidence, we inferred
phylogenetic trees by both maximum likelihood (ML)
and Bayesian methods, both of which showed clear
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separation of two big teleost clades (Additional files 4
and 5). The topologies of the two trees were very simi-
lar: at least 98% of edges of one tree could be found on
the other and the normalized Robinson-Foulds distance
was 0.03 (see Table S1 in Additional file 6). However,
the Bayesian tree unreasonably placed Ep300a of Scle-
ropages formosus (Asian bonytongue) and Paramormy-
rops kingsleyae (Additional file 5); therefore, only the
ML tree was used for further analyses.

We also generated consensus protein sequences
of Ep300a and Ep300b of teleost fishes and EP300 of
mammals and sauropsids. We queried the conserved
domains within these consensus sequences and found
that Ep300a and Ep300a had exactly the same distri-
bution of conserved domains as EP300 of mammals
and sauropsids (Fig. 1). That is not unexpected since
EP300 and CREBBP are also highly similar to each
other (Additional file 6, Fig. S1 and S2) [31]. It should
be noted, however, that conserved domains shown in
Fig. 1 were just specific hits reported by CDD search;
there were also non-specific hits called superfami-
lies (Additional file 6, Fig. S3—S8). For specific species,
two copies of Ep300 can differ in both specific hits and
superfamilies. Take D. rerio as an example: its Ep300b
did not have the specific PHD_p300 domain that
existed in Ep300a, but had a PHD_SF superfamily in the
corresponding region (Additional file 6, Fig. S5 and S6).
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Ep300a and Ep300b were widely subject to positive
selection
We used aBSREL [32] to test branches that were subject
to episodic positive selection throughout the ML tree
(Fig. 2). Since multiple testing greatly reduces the statis-
tical power in an exploratory analysis, we considered all
branches with uncorrected p value lower than 0.05. Of
the 55 branches of Ep300a, 22 were under positive selec-
tion; of the 57 branches of Ep300b, 21 were under posi-
tive selection. By contrast, the proportions of positively
selected branches of mammals and sauropsids were
5/59 and 4/49, respectively. The proportion of positively
selected branches of either Ep300a or Ep300b was very
significantly higher than that in mammals and sauropsids
(p values all lower than 0.01, see Table S2 in Additional
file 6); however, the difference between the two cop-
ies was not significant (all comparisons were conducted
by Fisher’s exact test [33]). Of the 43 positively selected
branches of Ep300a and Ep300b, over half were inter-
nal branches, viz. common ancestors. Furthermore, in
9 ancestral species (branches #1-#8 and Neoteleostei,
which were all dated back to more than 100 MYA), both
duplicates were under positive selection, while in most
extant species, only one or none duplicate was under
positive selection.

When we inspected the o ratio of every branch
(reported by aBSREL test; see Additional file 7), we
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Fig. 1 A collapsed ML tree of EP300 and conserved domains within consensus sequences. The original tree can be seen in Additional file 4. From
left to right, the displayed conserved domains were zf-TAZ (pfam02135), KIX (pfam02172), Bromo_cbp_like (cd05495), RING_CBP-p300 (cd15802),
PHD_p300 (cd15646), HAT_KAT11 (pfam08214), ZZ_CBP (cd02337), ZnF_TAZ (smart00551) and Creb_binding (pfam09030). The Creb_binding
domain annotated by CDD search was called nuclear receptor coactivator binding domain (NCBD) or interferon binding domain (IBiD) elsewhere [6,
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Fig. 2 Positively selected branches reported by branch-site test. Fishes (a), mammals (b) and sauropsids (c) are displayed separately. A red square
indicates that the multiple testing corrected p value was lower than 0.05; a red circle indicates that the multiple testing corrected p value was
higher than 0.05, but the uncorrected p value was lower than 0.05

observed that the type of asymmetric evolutionary rates

of Ep300a and Ep300b was different
e.g. in D. rerio Ep300a evolved faster

in different species:
than Ep300b, while

in Oryzias latipes the contrary was the case. From the
common ancestor #1 to the majority of extant species,



Wang and Yan BMC Evol Biol (2020) 20:140

there was not a constant trend of which copy evolves
faster.

Faster evolving Ep300a/Ep300b contained more positively
selected sites

We used Clade model C (CmC) [34] and RELAX [35]
to compare overall evolutionary rates of Ep300a and
Ep300b in different clades. One significant difference
between CmC and RELAX is that the latter incorporates
rate variation in synonymous sites (ds) across sites and
branches. Still, their results were accordant: in each com-
parison, a higher w, in CmC result was accompanied by
a higher mean o value in RELAX result (Table 1). Both
duplicates evolved faster than mammals and sauropsids,
which was in accordance with previous results [22, 36].
At teleost level, the two duplicates evolved at almost the
same rate; p values of CmC test and RELAX test were
not sufficiently small either (Table 1). In four smaller
clades (Neoteleostei, Atherinomorphae, Ostariophysi
and Cypriniformes), the two duplicates evolved at signifi-
cantly different rates and with very low p values: in the
clade Neoteleostei and its subclade Atherinomorphae,
Ep300b evolved faster than Ep300a; in the clade Ostari-
ophysi and its subclade Cypriniformes, however, Ep300a
evolved faster than Ep300b. Although the duplicates gen-
erally evolved at different rates, the moderate k values
reported by RELAX indicated that there was no strong
evidence of one copy to be under intensified or relaxed
selection relative to the other.

Table 1 Results of CmC and RELAX analyses
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To get a thorough exploration of positively selected
sites of Ep300a and Ep300b, we used MEME [37] to
detect sites subject to episodic positive selection and
FUBAR [38] and M8&M?7 models [39] to detect sites
subject to pervasive positive selection. To speculate the
possible consequences of positively selected sites, we
matched their positions with conserved domains of the
consensus sequence (of the full sequence set). As shown
in Table 2, mammals and sauropsids had much fewer
positively selected sites than teleosts, which was consist-
ent with the above results that they also had fewer posi-
tively selected branches and slower evolutionary rates. At
any clade, we can find that the dominant proportion of
positively selected sites was detected by MEME, confirm-
ing that natural selection is predominantly episodic [37].
An unexpected observation was that there were much
fewer detected positively selected sites in big clades like
teleosts than in smaller clades like Neoteleostei or Ostari-
ophysi, suggesting that more data will not necessarily
provide greater power to detect positive selection [37]. In
either big or small clades of teleosts, positively selected
sites detected in two duplicates were generally non-
redundant, indicating that they were subject to divergent
selection. In smaller clades, it was evident that the copy
with a faster evolutionary rate generally had more posi-
tively selected sites. However, these positively selected
sites were most commonly appeared in non-conserved
regions, especially in regions before zf-TAZ domain and
between KIX and Bromo_cbp_like domains.

Clade CmC RELAX

branch label®  w, w, w, p° branchlabel meanw k¢ p
Mammal #1 0.01304 (70.9%) 1 (1.1%) 0.24285 (28.0%) Test 0.0794
Sauropsid #2 0.01304 (709%) 1(1.1%) 0.16454 (28.0%) 5.72e-14  Reference 0.0553 0.78 337le-14
Teleost (Ep300a) #1 0.02232 (56.6%) 1(2.9%) 0.22425 (40.5%) Test 0.1122
Teleost (Ep300b) #2 0.02232 (56.6%) 1(2.9%) 023696 (40.5%) 0.04754  Reference 0.1230 1.08 0.00124
Neoteleostei (Ep300a) #1 0.02234 (56.4%) 1(3.0%) 0.16996 (40.5%) Test 0.0899
Neoteleostei (Ep300b) #2 0.02234 (564%) 1(3.0%) 0.24039 (40.5%) 1.64e-33  Reference 0.1280 114 1.25e-12
Atherinomorphae (Ep300a)  #1 0.02225 (56.5%) 1 (2.9%) 0.16380 (40.6%) Test 0.0907
Atherinomorphae (Ep300b)  #2 0.02225 (56.5%) 1(29%) 0.26161 (40.6%) 1.28e-14  Reference 0.1569 106 031731
Cichliformes (Ep300a) #1 0.02222 (56.5%) 1(2.9%) 0.26189 (40.6%) Test 0.1513
Cichliformes (Ep300b) #2 002222 (56.5%) 1(2.9%) 024542 (406%) 0.13992  Reference 0.1335 1.20  0.01602
Ostariophysi (Ep300a) #1 0.02208 (56.4%) 1 (3.0%) 0.31933 (40.6%) Test 0.1553
Ostariophysi (Ep300b) #2 0.02208 (56.4%) 1(3.0%) 0.25481(40.6%) 6.52e-20 Reference 0.1228 095 5.10e-06
Cypriniformes (Ep300a) #1 0.02173 (56.1%) 1(3.0%) 0.41002 (40.9%) Test 0.2036
Cypriniformes (Ep300b) #2 0.02173 (56.1%) 1 (3.0%) 0.24213 (40.9%) 1.72e-27 Reference 0.1204 441 2.25e-11

@ The labels “#1” and “#2” here have nothing to do with the same labels in Fig. 2

b The p value here is an indication of whether the CmC model is significantly better than the M2a_rel model

¢ Ak>1 combined with a p <0.05 indicates that the selection strength has been intensified in the test branches relative to the reference; a k< 1 combined with a
p<0.05 indicates that the selection strength has been relaxed in the test branches relative to the reference
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Table 2 Distribution of detected positively selected sites

Clade Positively selected sites

Mammal 0, 0zF-TAZ, (5495), (KIX, (6685, 817, 8987, 1015, 1078M), ()Bromo_cbp_like, (12215), ()RING_CBP-p300, (13235)PHD_
p300, (13465, (1369, 1510F)HAT_KAT11, (), )ZZ_CBP, (), )ZnF_TAZ, (), (2174%)Creb_binding, (2280F, 2328F)

Rodentia (267™, 318F), ()zf-TAZ, (486F, 545, 549F 5505), ()KIX, (851F, 875F, 1015M, 1053™), ()Bromo_cbp_like, (), (RING_CBP-p300,
()PHD_p300, (1342F, 1344, 1346), (HAT_KAT11, (), )ZZ_CBP, (), )ZnF_TAZ, (), (2086%)Creb_binding, ()

Sauropsid 0, 0zf-TAZ, (), OKIX, (8175, 1044M 10795, ()Bromo_cbp_like, (), ()RING_CBP-p300, ()PHD_p300, (), ()HAT_KAT11,
(17045), (1740%)2Z_CBP, (), ()ZnF_TAZ, (2083F), ()Creb_binding, (2187, 2189F)

Teleost (Ep300a) (115, 12F, 15F 66F, 155F, 173F 2365, 256F, 268F, 315F), ()zf-TAZ, (500F), ()KIX, (797F, 925F, 1089™), ()Bromo_cbp_like, (),
(1293E)RING_CBP-p300, ()PHD_p300, (), (1463F)HAT_KAT11, (), ()ZZ_CBP, (), )ZnF_TAZ, (19815, 20315), ()Creb_bind-
ing, (

Teleost (Ep300b) (2%, 4F, 128, 42F, 125F, 267F, 275F 3305), (3975)2f-TAZ, (485F, 498F, 5055), ()KIX, (735F, 832", 880F, 910 911M), (1135F)

Bromo_cbp_like, (), )RING_CBP-p300, (13295)PHD_p300, (), )HAT_KAT11, (), )ZZ_CBP, (), )ZnF_TAZ, (), (2109,
21525)Creb_binding, (23275

(665, 1555, 1655), ()2f-TAZ, (500F, 575F), (581F)KIX, (715F, 765F, 768F, 812F 850F, 10115), ()Bromo_cbp_like, (), (RING_CBP-
p300, ()PHD_p300, (), (1463F)HAT_KAT11, (), )ZZ_CBP, (), )ZnF_TAZ, (1968%), ()Creb_binding, (2188, 2242

(25, 4F, 28F 375, 42F, 271F,303F, 313F), (360F, 397F)2f-TAZ, (485F, 487F, 498F, 5355), OKIX, (721F, 759, 926F, 932, 1009,
1085), ()Bromo_cbp_like, (), )RING_CBP-p300, (13295)PHD_p300, (), )HAT_KAT11, (), ()ZZ_CBP, (), ()ZnF_TAZ, (),
(2109E, 2152F)Creb_binding, (2342F, 2444, 2502F)

(515, 695), 0zf-TAZ, (5375), (581E)KIX, (7155, 7195, 750, 887™, 1089M), ()Bromo_cbp_like, (), )RING_CBP-p300, (1303F)
PHD_p300, (), (HAT_KAT11, (), )ZZ_CBP, (), )ZnF_TAZ, (1971, ()Creb_binding, (2480

(25,128 37F, 1155, 123M 127M 136F, 138F, 186, 197F, 233F, 269F, 276F, 280F, 292M, 303F, 305F, 3365, 3375), (389F)zf-TAZ,
(473F, 4875, OKIX, (727F, 735F, 803F, 868F, 935F, 959F, 972F 992F, 1009, 1015F, 1034%, 10975), ()Bromo_cbp_like, (), ()
RING_CBP-p300, (13295)PHD_p300, (), ()HAT_KAT11, (), )ZZ_CBP, (), )ZnF_TAZ, (), (2097™)Creb_binding, (2271F,
23235

(2145), 0zf-TAZ, (), (594FM)KIX, (723M, 7635, 765, 766™, 7787M, 781F, 788FF), ()Bromo_cbp_like, (), (JRING_CBP-p300, ()
PHD_p300, (), (HAT_KAT11, (, ()ZZ_CBP, (), )ZnF_TAZ, (), ()Creb_binding, ()

0, 0zf-TAZ, (), OKIX, (904 910M 911F), ()Bromo_cbp_like, (), )RING_CBP-p300, ()PHD_p300, (), )HAT_KAT11, (), ()
ZZ_CBP, (), ()ZnF_TAZ, (), ()Creb_binding, ()

(118,12, 148 158 66F, 155F, 259, 262F, 266F, 277F, 282F, 283F, 3315), ()zf-TAZ, (5765, (OKIX, (676", 7278, 753F, 762F, 802F,
805 841M 842F 849F, 861F, 867, 880F, 884F, 929F 932F, 982F, 1002F, 1007F, 1015¢, 1068F, 1090™, 1094M), ()Bromo_
cbp_like, (1223), (1293F)RING_CBP-p300, (1323%)PHD_p300, (), (1467™, 1529 1569F)HAT_KAT11, (), ()ZZ_CBP,
(17735, (1810, 18125)ZnF_TAZ, (1892F, 1900F, 2038F, 20595), (2098E, 2121™, 2127 2129F)Creb_binding, (2331F,
2409F, 2423F 2446F)

(125™, 179, 2675), (400%)zf-TAZ, (), OKIX, (708F, 735E, 740F, 822M 10995), (1135E)Bromo_cbp_like, ), (()RING_CBP-p300,
()PHD_p300, (1339), )HAT_KAT11, (1671F), (1754%)ZZ_CBP, (), ()ZnF_TAZ, (19825), (2106F, 2119F)Creb_binding,
(24985

Neoteleostei (Ep300a)

Neoteleostei (Ep300b)

Atherinomorphae (Ep300a)

Atherinomorphae (Ep300b)

Cichliformes (Ep300a)
Cichliformes (Ep300b)

Ostariophysi (Ep300a)

Ostariophysi (Ep300b)

Cypriniformes (Ep300a) (9F, 125 15F, 665, 155M, 262F, 266F, 268F, 277F, 2825), ()2f-TAZ, (), ()KIX, (676™, 689F, 762F, 802F, 805M, 841F, 849FM, 852F 880F,
885F, 887 929F, 936™, 1002, 10075, 10645, 10685F, 1090'), ()Bromo_cbp_like, (), (RING_CBP-p300, ()PHD_p300, (),
(1463M)HAT_KAT11, (), )ZZ_CBP, (1773F), (1810, 18125"M 1813F)ZnF_TAZ, (), (2098F)Creb_binding, (2196, 2409,
24235

Cypriniformes (Ep300b) (1257 2675), )zf-TAZ, (), OKIX, (740F, 8227, ()Bromo_cbp_like, (), )RING_CBP-p300, ()PHD_p300, (), )HAT_KAT11,

(16715, (1754™)2Z_CBP, (), ()ZnF_TAZ, (), ()Creb_binding, (2215, 2470F)

A pair of parentheses without a following name indicates that they contain positively selected sites outside conserved domains; whereas a pair of parentheses with a
following name (like zf-TAZ) indicates that they contain positively selected sites located inside a conserved domain. The numbers in parentheses indicate the position
of positively selected sites; the superscripts (E, F and M) of a number indicate which method reported this position, with E to represent MEME, F to represent FUBAR
and M to represent M8&M7 models

Structural features of zf-TAZ domain and its flanking
regions

We modeled structures of zf-TAZ domain and its flank-
ing regions of Ep300a and Ep300b of D. rerio and O.

file 6). In three best models (except for Ep300b of D.
rerio), the region corresponding to zf-TAZ domain was
characterized by long a-helixes, further confirming the
credibility of the best models (Fig. 3). In flanking regions,

latipes (as representatives of Ostariophysi and Neotele-
ostei, respectively) using I-TASSER suit. All four best
models of respective sequences had significantly greater
structure density (by the number of decoys) than
respecti,ve lower-rank models; three of them even had
TM-score greater than 0.5 (see Table S3 in Additional

especially the N-terminal side, short helixes were fre-
quently appeared. Ep300a of D. rerio and Ep300b of O.
latipes, which evolved faster and had more positively
selected sites, also contained more short helixes than
their respective paralogs (Fig. 3). It should be noted that
the flanking regions are mainly loops, the modeling of
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Fig. 3 Structures of the zf-TAZ domain and its flanking regions. The source sequences were Ep300a of D. rerio (a), Ep300b of D. rerio (b), Ep300a
of O. latipes (c) and Ep300b of O. latipes (d). The first (always MET-1) and last residue of each sequence used for modeling are labeled; a-helixes are
colored red

which would heavily rely on remote homology (or ab ini-
tio modeling) and consequently may not be very stable.
We also modeled structures of the N-terminal side flank-
ing region of zf-TAZ domain and found that the number
and distribution of short helixes changed greatly in best
models of this region (Additional file 6, Table S4 and Fig.
S9). However, Ep300a of D. rerio and Ep300b of O. latipes
still contained more short helixes than their respective
paralogs.

Correlation between tissue expression profile

and evolutionary rate

We analyzed the tissue expression profiles of ep300a/
ep300b of five teleosts, D. rerio, Astyanax mexicanus
(Mexican tetra), O. latipes, Esox lucius (northern pike)
and Oreochromis niloticus (Nile tilapia); ep300 of one
holostean fish, L. oculatus, which had not been affected
by the teleost-specific WGD event; and Ep300 of Mus
musculus (house mouse) as control. In three teleosts (D.
rerio, E. lucius and O. niloticus), tissue expression pro-
files of ep300a/ep300b did not correlate with ep300 of L.
oculatus, neither individually nor on average (Fig. 4). The
extraordinarily high level of ep300b of A. mexicanus and

ep300a of O. latipes in testis made their tissue expression
profiles significantly correlate with ep300 of L. oculatus.
Simply removing the testis expression data will make the
correlations not significant. On the other hand, in all five
teleosts, the expression profiles of the two copies were
significantly correlated (for O. latipes, the testis expres-
sion data should be excluded), suggesting that their func-
tions have not sufficiently diverged yet. Compared to
teleosts and M. musculus, ep300 gene of L. oculatus was
highly expressed in a smaller subset of tissues. Accord-
ing to the PhyloFish database, the quality of sequencing
data of L. oculatus was not significantly inferior to that of
other fishes (see Table S5 in Additional file 6).

We also found that tissue expression profiles of the
two duplicates correlated with evolutionary rates: in four
fishes (D. rerio, A. mexicanus, O. latipes and E. lucius)
where one copy evolved faster than the other (Addi-
tional file 7), the copy with a faster rate had higher gene
expression levels in more tissues (Table 1 and Fig. 4). At
Neoteleostei level, Ep300b evolved faster than Ep300a;
therefore even for O. miloticus of which the duplicates
evolved at similar rates, the above correlation between
evolutionary rate and gene expression levels still holds
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Fig. 4 Tissue expression profiles of ep300 genes of different species. Four types of Pearson correlation coefficient (r) values were calculated: an r
value following “ep300a” indicates the correlation between ep300a of a teleost and ep300 of L. oculatus; an r value following “ep300b” indicates the
correlation between ep300b of a teleost and ep300 of L. oculatus; an r value following “average” indicates the correlation between average values of
€p300a and ep300b of a teleost and ep300 of L. oculatus; r, , indicates the correlation between ep300a and ep300b of a teleost. A single asterisk (*)
indicates that the correlation was significant (p < 0.05); two asterisks (**) indicate that the correlation was very significant (p <0.01)

true. We further analyzed tissue expression profiles of
ep300a/ep300b of D. rerio and O. latipes based on the
NCBI SRA Study ERP121186. The relative abundance of
ep300a and ep300b were largely in accordance with the
above observations (Additional file 6, Table S6).

Discussion

It has been widely acknowledged that the most com-
mon fate of duplicates originated from WGD is loss of
one copy and becoming singleton again [22, 30, 40].
Duplicates may be successfully retained due to subfunc-
tionalization, neofunctionalization and requirement to
keep dosage balance [21, 30]. It was reported that in D.
rerio, the Ep300b KAT domain does not have detectable
acetyltransferase activity [41]. In this study, we found that
Ep300b of D. rerio even lost the conserved PHD_p300
domain (Additional file 6, Fig. S6), which could be found
in EP300 of mammals and Ep300a/Ep300b of O. latipes. It
has been reported that PHD domain, together with other
domains that flank the KAT domain, regulates acetyl-
transferase activity and also promotes SUMOylation of
the adjacent CRD1 cell cycle regulatory domain [9]. The
loss of the PHD_p300 domain is likely to be an important
cause of the inactivation of KAT domain in Ep300b of

D. rerio. Meanwhile, it was suggested that the transcrip-
tional coactivator function of Ep300b (conferred by other
conserved domains) might still play subtle but impor-
tant roles in development [41]. Therefore, Ep300b of D.
rerio had undoubtedly experienced subfunctionalization.
On the other hand, we observed that the faster evolv-
ing copy of Ep300a/Ep300b generally contained more
positively selected sites and more structural innovations
(short helixes) in the most intensively selected regions
(Tables 1, 2, Fig. 3), suggesting that they had also been
subject to neofunctionalization. The moderate k values
reported by RELAX means that selective constraints
acted on the duplicates were largely the same (Table 1);
therefore, divergence between the duplicates is not likely
to cause significant subfunctionalization or significant
neofunctionalization in short periods of time, but fine
tuning of them both. Still, it seems that teleosts favor
functional innovations: in five representative species, the
faster evolving copy had higher expression levels in more
tissues (Table 1 and Fig. 4). From tissue expression pro-
files we can also conclude that Ep300 of L. oculatus is still
very primitive, while its orthologs in mammals and tel-
eosts are more finely tuned (Fig. 4). Since the divergence
between teleosts and L. oculatus occurred later than the
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divergence between teleosts and mammals [16], the paths
teleosts and mammals took to tune functions of EP300
may be distinct, which will inevitably affect the tuning
results.

Constituting around half of all vertebrate species, tel-
eosts are by far the most successful vertebrate clade [27].
Given the fact that teleosts and some other diverse taxa
have all experienced WGD events before their radiation
[42, 43], it was thought that there is a causal correlation
between WGD, evolutionary success and radiation [30].
However, the universal time delay between WGD and
phases of radiation [44—46] suggests that WGD itself has
not been the direct factor generating diversity. It is more
likely that duplication and subsequent divergence of
some essential genes enabled by WGD directly facilitate
radiation [30]. Cells of multicellular organisms generally
contain the same DNA sequence, yet they are differenti-
ated into extremely diverse cell types that differ in both
structure and function. This variation is largely due to the
transcriptional activity of different sets of genes in dif-
ferent cell types, which is closely controlled by a number
of epigenetic mechanisms, including acetylation, meth-
ylation, non-coding RNAs, etc. [6, 47]. Thousands of pro-
teins have recently been identified as substrates of EP300,
indicating that their binding affinities are generally weak
[2, 6]. Even slight changes in EP300 structure might have
profound effects on substrate specificity. Therefore, the
expanded number and diversified function of Ep300 in
teleosts should enable more sophisticated transcrip-
tional regulation and additional morphological diversity,
and finally facilitate their radiation. The question is how
tightly they are correlated. In this study, we observed that
the evolutionary process of Ep300a/Ep300b had coin-
cided with the radiation of teleosts. In early stages, there
were enough ecological niches to occupy; therefore natu-
ral selection should favor evolutionary innovation of both
copies to explore a wider subset of the phenotypic space.
Correspondingly, we found that duplicates of many
ancestral species were both subject to positive selection
(Fig. 2). As the number of species increases, ecological
niches are tending to be exhaustively partitioned, which
would decrease the requirement for innovation. Conse-
quently, we found that in most extant species at most one
copy was under positive selection (Fig. 2). In Ostariophysi
and Neoteleostei, the two most species-rich teleost clades
[30, 45], the directions of divergence of Ep300 duplicates
were just the opposite, suggesting that their requirements
for fine tuning of Ep300 controlled transcriptional regu-
lation were also divergent. A deeper reason for this direc-
tional divergence is possibly the ecological segregation of
their respective ancestors. For either Ep300a or Ep300b,
natural selection mainly acted on regions flanking con-
served domains (Table 2); however, these regions are not
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just linkers that allow flexible spatial arrangement of the
structured domains, they can also bind transcription fac-
tors [48]. Therefore, positively selected sites detected in
Ep300 duplicates can more or less change their binding
affinity to substrates, alter transcriptional regulation, and
finally facilitate radiation of teleosts.

Conclusions

The importance of EP300 as a key mediator of cellular
homeostasis has been well established, yet the knowl-
edge about the divergence of EP300 between teleosts
and mammals is very limited, which will inevitably affect
the effectiveness of using D. rerio as a model organism
to study EP300 related diseases and drugs. In this study,
we found that WGD derived duplicates of Ep300 were
widely retained in teleosts. In representative teleosts,
the two copies were both expressed in many tissues, sug-
gesting that their functions were also widely retained.
Based on analyses of positively selected branches, posi-
tively selected sites, relative evolutionary rates, protein
structures and tissue expression profiles, we observed
divergent evolution of Ep300 duplicates in teleosts. The
directions of divergence of Ep300 duplicates in Ostario-
physi and Neoteleostei were just the opposite, suggesting
that tuning functions of Ep300 duplicates may promote
adaptation to new ecological niches and speciation of
teleosts. The divergence of EP300 between teleosts and
mammals should be greater than between different tel-
eost clades. Further studies are needed to clarify the dif-
ference of EP300 involved regulatory network between
teleosts and mammals.

Methods

Obtainment of EP300 homologs

To obtain homologs of EP300 from interested species
(detailed information is listed in Additional file 1), we
selected D. rerio, M. musculus and Gallus gallus as rep-
resentatives of bony fishes (NCBI:txid7898), mammals
(NCBIL:txid40674) and sauropsids (NCBILtxid8457),
respectively. The protein sequences (Genbank acces-
sion No. XP_021335970.1, NP_808489.4 and
XP_004937767.1) of the above three species were used
as query sequences to conduct blastp search against nr
database of their respective clade, with the max target
sequences set to be 20,000 and expect threshold to be
le-5.

To extract sequences of interested species from the
blastp results, we first filtered non-wanted hits: if the
word “p300” did not appear in the description of hit
sequence or if the source organism was not interested,
this hit would be ignored. Then we extracted the NCBI
gene id, sequence status (validated, model, etc.) and
respective nucleotide sequence accession number of
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each hit from the file “gene2accession” (downloaded from
ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/). The remaining
hits would be selected based on gene ids: for each gene
id, if none sequence had the status “VALIDATED’, the
top hit would be selected; if at least one sequence had
the status “VALIDATED’, the top hit of them would be
selected.

Phylogenetic analyses

Based on the above information (see Additional file 2),
we downloaded the protein and nucleotide sequences
of each selected hit/gene. We also added CREBBP
sequences (of D. rerio, M. musculus and G. gallus) into
the EP300 sequences to serve as outgroup. After that,
the protein sequences were subject to multiple sequence
alignment by MAFFT [49], using the L-INS-i method.
The alignment was trimmed to the average length of the
original sequences by removing columns with excessive
gaps [50].

We used RAxML 8.2.8 [51] and MrBayes 3.2.7 [52] to
infer phylogenetic trees from the trimmed alignment,
respectively. The RAxML tree was inferred using the
GAMMA model of rate heterogeneity, automatically
determined substitution model and 500 bootstraps. The
Bayesian tree was inferred under mixed models, run for
1 million generations with defaulted 25% burn-in and
two parallel analyses. To use Metropolis coupling to
improve the MCMC sampling of the target distribution,
the Nchains parameter was set to be 12. Convergence
was confirmed by checking that the standard deviations
of split frequencies approached zero (below 0.01) and
that there was no obvious trend in the log likelihood plot.
The topologies of the two trees were compared with ete-
compare [53]. The alignment files and original tree files
are supplied in Additional file 8.

Molecular evolutionary analyses

Before conducting evolutionary analyses, we arranged
the nucleotide sequence alignment based on the trimmed
protein sequence alignment described above. To estimate
episodic positive selection acting on specific branches,
we performed aBSREL test [32] with HYPHY 2.5.0 [54]
on all branches within a tree. To compare selective pres-
sures of duplicates at different clade levels, we performed
CmC test [34] with codeml program from the PAML 4
software package [55] and RELAX test [35] with HYPHY.
In a CmC test, all internal and external branches of two
interested clades in a tree file were labeled with “#1” and
“#27, respectively; in a RELAX test, the labels were “Test”
and “Reference’, respectively. To estimate sites subject to
positive selection, we first extracted subtrees containing
only interested species; respective nucleotide sequences
were also extracted from alignments of full sequence set.
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We performed M8&M?7 models test [39] with codeml
program and FUBAR test [38] with HYPHY to estimate
sites subject to pervasive positive selection. To estimate
sites subject to episodic positive selection, we performed
MEME test [37] with HYPHY, in which we consider all
branches of a subtree.

Consensus sequences and conserved domains

To get a consensus sequence of the full sequence set,
we extracted the most frequent residue of each column
(if it is a gap, then the less frequent residue would be
selected) from the trimmed protein sequence alignment.
For smaller sequence sets, e.g. a set only contained mam-
mals’ sequences, the sequences would be aligned with
MAFFT first. Then the alignment would be trimmed
to the average length of the original sequences (after
a first calculation, sequences with length shorter than
60% of the average value would be excluded, the remain-
ing sequences were used to calculate the final average
length). The conserved domains and their exact locations
within consensus sequences were predicted by the NCBI
online tool CDD search (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi) [56].

Modeling of protein structure

We used I-TASSER suit (version 5.1) [57] to model
structures of zf-TAZ domain and its flanking regions
of Ep300a and Ep300b of D. rerio (Genbank accession
No.: XP_021335970.1 and XP_009297687.1) and O.
latipes (Genbank accession No.: XP_023805552.1 and
XP_011476788.1). For Ep300a and Ep300b of D. rerio, the
top 500 aa were used as query sequences; for Ep300a of O.
latipes, the top 550 aa were used as query sequence; for
Ep300b of O. latipes, the top 520 aa were used as query
sequence. The best models were visualized using PyMOL
[58]. We used MAFFT to conduct multiple alignment of
the four query sequences, the result of which can be seen
in Additional file 9.

Gene expression data

To get gene expression data of ep300a/ep300b of D.
rerio, A. mexicanus, O. latipes and E. lucius and ep300
of L. oculatus, the nucleotide sequence of each gene
was used as a query to search against PhyloFish data-
base [15]. The best hit was selected to further explore
its own length and expression data in different tissues
(indicated by the number of matched reads). The total
number of RNA-seq reads of respective tissues and
species were also collected from PhyloFish. The above
data were combined together to calculate RPKMs of
each gene in respective tissues and species. The RPKMs
of ep300a/ep300b of O. niloticus and Ep300 of M.


ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi

Wang and Yan BMC Evol Biol (2020) 20:140

musculus in different tissues were obtained from the
NCBI gene database with their respective gene ids as
queries (see Additional file 2). Correlation of expres-
sion profiles between duplicates (and between ep300a/
ep300b of teleosts and ep300 of L. oculatus) were calcu-
lated using the pearsonr function of scipy.stats module
[33].

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512862-020-01712-6.

Additional file 1: Lineage information of selected species.
Additional file 2: Detailed information of selected sequences.

Additional file 3: Tblastn search results against RefSeq genomes of 19
fishes.

Additional file 4: Maximum likelihood tree of EP300.
Additional file 5: Bayesian tree of EP300.

Additional file 6: Supplementary information and results.
Additional file 7: w ratios of fishes reported by aBSREL test.

Additional file 8: Multiple alignment of EP300 sequences and original
tree files.

Additional file 9: Multiple alignment of four sequences used for structure
modeling.

Abbreviations

KAT: Lysine acetyltransferase; EP300: E1A binding protein p300; CREBBP: CREB
binding protein, also known as CBP; WGD: Whole genome duplication; MYA:
Million years ago; nr: Non-redundant protein sequences; aBSREL: Adaptive
branch-site random effects likelihood; ML: Maximum likelihood; CmC: Clade
model C; FUBAR: Fast unconstrained Bayesian approximation; MEME: Mixed
effects model of evolution; RPKM: Reads per kilobase of transcript, per million
mapped reads.

Acknowledgements
We are thankful for computing resources supported by National Supercom-
puter Center in Guangzhou.

Authors’ contributions

XW carried out the collection, processing and analyses of data and wrote the
manuscript; JY participated in the design of the study. Both authors read and
approve the final manuscript.

Funding

This work was supported by Science and Technology Innovation Fund of
Shanxi Agricultural University (No. 2017YJ05), Outstanding Doctor Award of
Shanxi Province (No. SXYBKY201713) and University Science and Technol-
ogy Innovation Project of Department of Education of Shanxi Province (No.
2020L0158).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its supplementary information files.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Page 11 of 12

Competing interests
The authors declare that they have no competing interests.

Author details

! College of Animal Science, Shanxi Agricultural University, Taigu 030801,
China. ? College of Urban and Rural Construction, Shanxi Agricultural Univer-
sity, Taigu 030801, China.

Received: 9 July 2020 Accepted: 26 October 2020
Published online: 31 October 2020

References

1. Sheikh BN, Akhtar A. The many lives of KATs—detectors, integrators and
modulators of the cellular environment. Nat Rev Genet. 2019;20:7-23.

2. Weinert BT, Narita T, Satpathy S, Srinivasan B, Hansen BK, Scholz C,
Hamilton WB, Zucconi BE, Wang WW, Liu WR, et al. Time-resolved analysis
reveals rapid dynamics and broad scope of the CBP/p300 acetylome. Cell.
2018;174:231-44.

3. Arany Z Huang LE, Eckner R, Bhattacharya S, Jiang C, Goldberg MA, Bunn
HF, Livingston DM. An essential role for p300/CBP in the cellular response
to hypoxia. Proc Natl Acad Sci USA. 1996;93(23):12969-73.

4. Masoud GN, Li W. HIF-1a pathway: role, regulation and intervention for
cancer therapy. Acta Pharm Sin B. 2015;5(5):378-89.

5. Breen ME, Mapp AK. Modulating the masters: chemical tools to dissect
CBP and p300 function. Curr Opin Chem Biol. 2018;45:195-203.

6. Dancy BM, Cole PA. Protein lysine acetylation by p300/CBP. Chem Rev.
2014;115(6):2419-52.

7. HaraY,Yamaguchi K, Onimaru K, Kadota M, Koyanagi M, Keeley SD,
Tatsumi K, Tanaka K, Motone F, Kageyama, et al. Shark genomes provide
insights into elasmobranch evolution and the origin of vertebrates. Nat
Ecol Evol. 2018;2(11):1761-71.

8. Lipinski M, Del Blanco B, Barco A. CBP/p300 in brain development
and plasticity: disentangling the KAT’s cradle. Curr Opin Neurobiol.
2019;59:1-8.

9. Parks, Stanfield RL, Martinez-Yamout MA, Dyson HJ, Wilson I1A, Wright PE.
Role of the CBP catalytic core in intramolecular SUMOylation and control
of histone H3 acetylation. Proc Natl Acad Sci. 2017;114(27):E5335-42.

10. Bedford DC, Kasper LH, Fukuyama T, Brindle PK. Target gene context
influences the transcriptional requirement for the KAT3 family of CBP and
p300 histone acetyltransferases. Epigenetics-US. 2010;5(1):9-15.

11. Kalkhoven E. CBP and p300: HATs for different occasions. Biochem Phar-
macol. 2004;68(6):1145-55.

12. Garcia-Moreno D, Tyrkalska SD, Valera-Pérez A, Gomez-Abenza E, Pérez-
Oliva AB, Mulero V. The zebrafish: a research model to understand the
evolution of vertebrate immunity. Fish Shellfish Immun. 2019,90:215-22.

13. Zang L, Maddison LA, Chen W. Zebrafish as a model for obesity and
diabetes. Front Cell Dev Biol. 2018,6:91.

14. Dooley K, Zon LI. Zebrafish: a model system for the study of human
disease. Curr Opin Genet Dev. 2000;10(3):252-6.

15. Pasquier J, Cabau C, Nguyen T, Jouanno E, Severac D, Braasch |, Journot
L, Pontarotti P, Klopp C, Postlethwait JH, et al. Gene evolution and gene
expression after whole genome duplication in fish: the PhyloFish data-
base. BMC Genom. 2016;17:368.

16. Amores A, Catchen J, Ferrara A, Fontenot Q, Postlethwait JH. Genome
evolution and meiotic maps by massively parallel DNA sequencing:
spotted gar, an outgroup for the teleost genome duplication. Genetics.
2011;188(4):799-808.

17. Hoegg S, Brinkmann H, Taylor JS, Meyer A. Phylogenetic timing of the
fish-specific genome duplication correlates with the diversification of
teleost fish. J Mol Evol. 2004;59(2):190-203.

18. Inoue J, Sato Y, Sinclair R, Tsukamoto K, Nishida M. Rapid genome
reshaping by multiple-gene loss after whole-genome duplication in
teleost fish suggested by mathematical modeling. Proc Natl Acad Sci.
2015;112(48):14918-23.

19. TreeFam Database (EP300 family). https://www.treefam.org/family/TF101
097#tabview=tab1. Accessed 7 July 2020.


https://doi.org/10.1186/s12862-020-01712-6
https://doi.org/10.1186/s12862-020-01712-6
http://www.treefam.org/family/TF101097#tabview=tab1
http://www.treefam.org/family/TF101097#tabview=tab1

Wang and Yan BMC Evol Biol

20.

21

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2020) 20:140

Ruan J, Li H, Chen Z, Coghlan A, Coin LIM, Guo Y, Heriche JK, Hu Y,
Kristiansen K, Li R, et al. TreeFam: 2008 update. Nucleic Acids Res.
2007;36(Database):D735-40.

Conant GC, Wolfe KH. Turning a hobby into a job: how duplicated genes
find new functions. Nat Rev Genet. 2008;9(12):938-50.

Brunet FG, Crollius HR, Paris M, Aury J, Gibert P, Jaillon O, Laudet V,
Robinson-Rechavi M. Gene Loss and evolutionary rates following whole-
genome duplication in teleost fishes. Mol Biol Evol. 2006;23(9):1808-16.
Selectome Database (EP300). https://selectome.org/family/ENSGT00550
000074306.4.Euteleostomi. Accessed 7 July 2020.

Selectome Database (CBP). https://selectome.org/family/ENSGT00550
000074306.5.Euteleostomi. Accessed 7 July 2020.

Moretti S, Laurenczy B, Gharib WH, Castella B, Kuzniar A, Schabauer H,
Studer RA, Valle M, Salamin N, Stockinger H, et al. Selectome update:
quality control and computational improvements to a database of posi-
tive selection. Nucleic Acids Res. 2014;42(D1):D917-21.

Proux E, Studer RA, Moretti S, Robinson-Rechavi M. Selectome: a database
of positive selection. Nucleic Acids Res. 2009;37(Database):.D404-7.
RaviV, Venkatesh B.The divergent genomes of teleosts. Annu Rev Anim
Biosci. 2018;6:47-68.

Chen Z, OmoriY, Koren S, Shirokiya T, Kuroda T, Miyamoto A, Wada H,
Fujiyama A, Toyoda A, Zhang S, et al. De novo assembly of the goldfish
(Carassius auratus) genome and the evolution of genes after whole-
genome duplication. Sci Adv. 2019;5(6):v547.

Alexandrou MA, Swartz BA, Matzke NJ, Oakley TH. Genome duplication
and multiple evolutionary origins of complex migratory behavior in
Salmonidae. Mol Phylogenet Evol. 2013;69(3):514-23.

Glasauer SMK, Neuhauss SCF. Whole-genome duplication in tel-

eost fishes and its evolutionary consequences. Mol Genet Genom.
2014;289(6):1045-60.

Chan HM, La Thangue NB. p300/CBP proteins: HATs for transcriptional
bridges and scaffolds. J Cell Sci. 2001;114:2363-73.

Smith MD, Wertheim JO, Weaver S, Murrell B, Scheffler K, Kosakovsky
Pond SL. Less is more: an adaptive branch-site random effects model
for efficient detection of episodic diversifying selection. Mol Biol Evol.
2015;32(5):1342-53.

Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau
D, Burovski E, Peterson P, Weckesser W, Bright J, et al. SciPy 1.0: funda-
mental algorithms for scientific computing in Python. Nat Methods.
2020;17:261-72.

Weadick CJ, Chang BSW. An improved likelihood ratio test for detect-
ing site-specific functional divergence among clades of protein-coding
genes. Mol Biol Evol. 2012;29(5):1297-300.

Wertheim JO, Murrell B, Smith MD, Kosakovsky Pond SL, Scheffler K.
RELAX: detecting relaxed selection in a phylogenetic framework. Mol Biol
Evol. 2015;32(3):820-32.

RaviV, Venkatesh B. Rapidly evolving fish genomes and teleost diversity.
Curr Opin Genet Dev. 2008;18(6):544-50.

Murrell B, Wertheim JO, Moola S, Weighill T, Scheffler K, Kosakovsky PS.
Detecting individual sites subject to episodic diversifying selection. PLoS
genet. 2012,;8(7):e1002764.

Murrell B, Moola S, Mabona A, Weighill T, Sheward D, Kosakovsky Pond
SL, Scheffler K. FUBAR: a fast, unconstrained Bayesian approximation for
inferring selection. Mol Biol Evol. 2013;30(5):1196-205.

Yang Z. Maximum likelihood estimation on large phylogenies and
analysis of adaptive evolution in human influenza virus A. J Mol Evol.
2000;51(5):423-32.

Pasquier J, Braasch |, Batzel P, Cabau C, Montfort J, Nguyen T, Jouanno E,
Berthelot C, Klopp C, Journot L, et al. Evolution of gene expression after

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Page 12 of 12

whole-genome duplication: new insights from the spotted gar genome.
JExp Zool Part B Mol Dev Evol. 2017;328(7):709-21.

Babu A, Kamaraj M, Basu M, Mukherjee D, Kapoor S, Ranjan S, Swamy
MM, Kaypee S, Scaria V, Kundu TK, et al. Chemical and genetic rescue of
an ep300 knockdown model for Rubinstein Taybi Syndrome in zebrafish.
Biochim Biophys Acta (BBA) Mol Basis Dis. 2018;1864(4):1203-15.

Jaillon O, Aury J, Noel B, Policriti A, Clepet C, Casagrande A, Choisne N,
Aubourg S, Vitulo N, Jubin C, et al. The grapevine genome sequence
suggests ancestral hexaploidization in major angiosperm phyla. Nature.
2007;449:463-7.

Dehal P, Boore JL, Joint GIJ. Two rounds of whole genome duplication in
the ancestral vertebrate. PLoS Biol. 2005;3(10):e314.

Santini F, Harmon LJ, Carnevale G, Alfaro ME. Did genome duplication
drive the origin of teleosts? A comparative study of diversification in ray-
finned fishes. BMC Evol Biol. 2009;9(1):194.

Near TJ, Eytan RI, Dornburg A, Kuhn KL, Moore JA, Davis MP, Wainwright
PC, Friedman M, Smith WL. Resolution of ray-finned fish phylogeny and
timing of diversification. Proc Natl Acad Sci USA. 2012;109(34):13698-703.
Eric Schranz M, Mohammadin S, Edger PP. Ancient whole genome dupli-
cations, novelty and diversification: the WGD radiation lag-time model.
Curr Opin Plant Biol. 2012;15(2):147-53.

Hajheidari M, Koncz C, Bucher M. Chromatin evolution-key innovations
underpinning morphological complexity. Front Plant Sci. 2019;10:454.
Contreras-Martos S, Piai A, Kosol S, Varadi M, Bekesi A, Lebrun P, Volkov
AN, Gevaert K, Pierattelli R, Felli IC, et al. Linking functions: an additional
role for an intrinsically disordered linker domain in the transcriptional
coactivator CBP. Sci Rep. 2017;7(1):4676.

Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7:improvements in performance and usability. Mol Biol Evol.
2013;30(4):772-80.

Schott RK, Refvik SP, Hauser FE, Lopez-Ferndndez H, Chang BSW. Diver-
gent positive selection in rhodopsin from lake and riverine cichlid fishes.
Mol Biol Evol. 2014;31(5):1149-65.

Stamatakis A. RAXML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics. 2014;30(9):1312-3.
Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hohna S,
Larget B, Liu L, Suchard MA, Huelsenbeck JP. MrBayes 3.2: efficient Bayes-
ian phylogenetic inference and model choice across a large model space.
Syst Biol. 2012,61(3):539-42.

Huerta-Cepas J, Serra F, Bork P. ETE 3: reconstruction, analysis, and visuali-
zation of phylogenomic data. Mol Biol Evol. 2016;33(6):1635-8.

Pond SLK, Frost SDW, Muse SV. HyPhy: hypothesis testing using phylog-
enies. Bioinformatics. 2005;21(5):676-9.

Yang Z. PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol
Evol. 2007;24(8):1586-91.

Marchler-Bauer A, Derbyshire MK, Gonzales NR, Lu S, Chitsaz F, Geer LY,
Geer RC, He J, Gwadz M, Hurwitz D, et al. CDD: NCBI's conserved domain
database. Nucleic Acids Res. 2015;43(D1):D222-6.

Yang J, Yan R, Roy A, Xu D, Poisson J, Zhang Y. The I-TASSER Suite: protein
structure and function prediction. Nat Methods. 2015;12(1):7-8.
Schrédinger LLC. The PyMOL Molecular Graphics System, Version 2.3.
2019.

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


https://selectome.org/family/ENSGT00550000074306.4.Euteleostomi
https://selectome.org/family/ENSGT00550000074306.4.Euteleostomi
https://selectome.org/family/ENSGT00550000074306.5.Euteleostomi
https://selectome.org/family/ENSGT00550000074306.5.Euteleostomi

	Directional divergence of Ep300 duplicates in teleosts and its implications
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Retention of Ep300 duplicates in teleosts
	Ep300a and Ep300b were widely subject to positive selection
	Faster evolving Ep300aEp300b contained more positively selected sites
	Structural features of zf-TAZ domain and its flanking regions
	Correlation between tissue expression profile and evolutionary rate

	Discussion
	Conclusions
	Methods
	Obtainment of EP300 homologs
	Phylogenetic analyses
	Molecular evolutionary analyses
	Consensus sequences and conserved domains
	Modeling of protein structure
	Gene expression data

	Acknowledgements
	References


