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Whole-genome duplication (WGD) event affects embryo development in teleosts1-3. Although

minor zygotic genome activation (ZGA) contributes to further activation of the genome in the

mouse4, the cardio- and vascular-linked functions of the genes in the WGD shaping minor

ZGA in marine fish are largely unknown. Here, we present a de novo chromosome

level-assembly of a marine fish golden pompano and mass transcriptome analyses from 19

embryo development stages to explore how the WGD (Ts3R) contributed to minor-ZGA.

Subgenome comparative analyses showed that karyotypes-retained genes are crucial for

retaining embryo development stability. Remarkably, we identified one group of specific

highly expressed hub-genes within minor ZGA which is essential for the major ZGA. Of

which, we discovered a function unknown gene XingHuo (designated as XH) belonging to

medium fractionated subgenome locates in key node of specific expression network. For the

first time, we report that loss of its homolog ZfXH decreases the subsequent ZGA activation,

causes pericardial oedema, body axis bending, caudal fin defects, thinner intersegmental

vessels (ISVs), and disruption of the honeycomb structure in the caudal vein plexus (CVPs) in

zebrafish. Furthermore, loss of ZfXH downregulates the heart- and vascular-associated

landmark gene network (including keystone gene Ptprb, Hand2, Tie2, Hey2, and S1pr1, etc.)

via a hitherto unreported ZfXH-Nucleolin-Ptprb pathway. This suggests that XH may function

similarly in golden pompano development. We also found that silencing of HARBI1, the

human homolog of XH, does suppress the angiogenesis of the cancer cells, indicating its

potential as an anti-cancer therapeutic target. Our findings provide new insights into cardio-

and vascular-linked functions of the genes in the WGD shaping minor ZGA of marine fish

during embryo development.
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Teleost fishes demonstrate strong adaptability and show a remarkable explosion of

biodiversity. The well-described while genome duplication (WGD)5,6 may have contributed to

these features. It has been evidenced that teleosts underwent a third round of WGD (Ts3R,

about ~320 million years ago (Mya)7,8, which is thought to have been a driver for the radiation

and diversification of teleosts9 and to be a cause of phenotypic innovation and complexity3,10.

After WGD, many of the duplicated genes are lost. This loss often shows a subgenome-bias

pattern 11,12. Although the correlations between the WGD driven-subgenome-bias pattern and

the emergence of evolutionary novelties have been demonstrated 13, whether the genes in the

biased-subgenome affect the global zygotic genome activation (ZGA) is largely unclear.

ZGA is a vital process for subsequent embryo development14,15 (for a review of the

mechanisms underlying ZGA, see ref 15). Although the timing of ZGA and from one to

another transcriptional activation vary in different vertebrate species (reviewed in refs 15,16),

studies using genomic approaches confirmed that a minor wave of ZGA (a low level, yet

distinct, early activation of transcription) exists prior to the major wave of ZGA 17,18. The

latest study in mice demonstrated that transient inhibition of minor ZGA results in

compromised development of major ZGA and subsequent stages 4, suggesting the minor ZGA

may contribute to signaling the further activation of the genome. However, the functions of

the genes in the biased-subgenome and the minor ZGA of teleosts during embryonic

development are largely unknown. In this study, we tried to reveal the functions of such genes

in the embryonic development stage of a sea fish Trachinotus ovatus.

T. ovatus (Linnaeus 1758, also called golden pompano) is a member of the family

Carangidae (Rafinesque, 1815)19. It is widely distributed and cultured in the Asia-Pacific

region, and has significant economic importance for offshore cage aquaculture in China and

Southeast Asian countries 19. Due to the lack of genome data and detailed gene annotations,

the genetics and gene regulation in this species remain largely unexplored. Here, we report,

for the first time, the de novo chromosome level-assembly and annotation of golden pompano

genome that underwent a subgenomic pattern (least fractionated (LF), medium fractionated

(MF), and complete fractionated (Other)). We identified a minor ZGA prior to the major ZGA

during its embryonic development, and a fire-new gene EVM0008813 (designated as
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XingHuo, XH), which concurrently belongs to the subgenome MF and the minor ZGA. We

studied the function of XH in the zebrafish model by morpholino knockdown of its homolog

zgc:113227 (designated as ZfXH). For the first time, we reveal that loss of ZfXH decreases the

subsequent ZGA activation, causes heart and vascular defects and reduces the angiogenesis

via ZfXH-nucleolin-ptprb network in zebrafish. This implies that XH may play a similar

function in golden pompano development. Our study provides a new insight on cardio-and

vascular-linked functions of the genes in the minor ZGA of teleosts during embryonic

development.

RESULTS

Genome sequencing, assembly and annotation

We first estimated the genome size and GC content of golden pompano at 656.98 Mb and

41.54% based on 21-Kmer (Figure S1).Then we sequenced and assembled the genome of a

female individual through a combination of three technologies: paired-end sequencing with

the Illumina HiSeq platform, single-molecule real time (SMRT) sequencing with the PacBio

Sequel platform, and optical genome mapping with the BioNano Genomics Saphyr System

(Figure S2; TableS1, S2A), and an assembly containing 1,490 scaffolds, with a scaffold N50

length of 21.02 Mb was built (Table S1C and S2A). Next, we anchored and oriented the

assembly sequences onto 24 pseudo-molecules, which accounted for ~98.60% (636.61 Mb) of

genome assembly (Figure S3; Table S1 and S2) according to the interaction frequency

mapping of 38.7-fold high-through chromosome conformation capture (Hi-C) data (Table

S1D). We finally obtained a genome assembly containing 645.62 Mb of genome data made of

1,536 scaffolds (included 24 pseudochromosomes) with scaffold N50 size of 20.22 Mb (Table

S2B). The quality evaluation of the assembled genome turned out to reveal a high level of

contiguity and connectivity for the golden pompano genome and facilitated further analyses

(Table S2, S3; Figure S3). By combing the evidence of de novo, homologs and transcriptome

approaches, we annotated 24,186 high confidence protein-coding genes, 152 pseudogenes and

1,274 noncoding RNAs (Table S3, S4 S5 and S6), in comparison to zebrafish (25,642

protein-coding genes). We visualized the genomic landscape of genes, repetitive sequences,

genome map markers, Hi-C data, and GC content of the golden pompano genome by circus20
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(Figure 1). As expected, the repetitive elements accumulated in low gene density regions

(Figure 1A, 1B). The optical markers and Hi-C data are evenly distributed across the genome

(Figure 1C, 1D), as well as GC content (Figure 1E). Detailed genome data can be found in the

supplementary information (Table S7-S17).

Subgenomic patterning suggests karyotypes-retained genes crucial for retaining embryo

development stability

To examine the evolutionary position of the golden pompano, we reconstructed the

evolutionary history of teleost fishes. Phylogenies strongly supported the traditional

classification that the golden pompano belongs to Carangidae. Golden pompano is a sister of

Seriola dumerilie, and diverged at approximate 59.99 Mya (Figure 2A). Assuming a constant

rate of distribution of silent substitutions (dS) 21 of 1.5e-8, we estimated the dates of Ts3R and

Ss4R at 350 Mya and 96 Mya, respectively (Figure 2B). Genome collinearity comparison

among spotted gar karyotypes (preserved in golden pompano genome) showed that 894 pairs

of paralogous genes that were inherited from the Ts3R event (ohnologues) retained a

double-conserved synteny block in the golden pompano genome (Figure 2C and Table S18),

implying that teleost-ancestral karyotypes are considerably conserved in post-Ts3R

rediploidization with large fissions, fusions or translocations (Figure 2D and Table S19-S20).

Next, we classified the Ts3R subgenomes according to the integrity of gene as belonging to

the LF, MF, and Other subgenome 22. The component of rediploidization-driven subgenomes

(LF, MF, and Other) is unequally distributed among golden pompano subgenomes (Figure 2E),

suggesting an asymmetric retention of ancestral subgenomes in teleosts, which is commomly

observed in plants 23-25.

Although the gene expression evolution following the WGD event has debated in fishes26-28,

knowledge on the rediploidization process and embryo development stability is lacking. We

then compared the genome-wide transcriptional levels of LF, MF, and Other karyotypes from

whole-embryo development stages (OSP to YAPS) (Figures 3A). Karyotypes-retained regions

(LF and MF) showed comparable expression levels during the embryo development, while

karyotypes-loss regions (Other) were expressed at significantly lower levels (signed-rank sum

test, P < 0.01) (Extended data 1A). The Ks/Ks values of karyotypes-retained regions are
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significantly lower than those of karyotypes-loss regions (Extended data 1B). This

observation indicated that karyotypes-loss genes evolved faster than did the

karyotypes-retained regions. We propose that karyotypes-retained genes are crucial for

retaining embryo development stability and that karyotypes-loss genes are more prone to

contribute to genetic diversity. Detail descriptions about subgenome can be found in

supplementary information.

Discovery of a minor ZGA gene that concurrently belongs to the karyotypes-retained

genes during embryo development

To prove this idea, we collected 19 embryo stages of the golden pompano and sequenced the

mRNAs to figure out the gene expression patterns (Figure S5 and Table S21-S26). We found

that all 57 of the samples were separated into two components according to the expression

profile (Figures 3A, 3B, and 3C). The first 33 samples (from OSP to MGS) cluster into a

clade and the residual 24 samples (from LGS to YAPS) cluster into another. The genes in the

first clade were clearly “silenced” compared with those of the second clade, in which the gene

levels show an explosive increase, which is reminiscent of the ZGA process. We then

identified the stages after MGS, namely from LGS to YAPS stage, are the major ZGA

(Figures 3A, 3B and 3C; Extended data 2 and Figure S5). This ZGA expression profile was

verified by our qPCR results (Figure S6). We also noticed that before LGS, a group of genes

in three stages, HBS, EGS, and MGS, are highly expressed in the first clade (Figure 3D). This

unique gene expression profile might be the minor wave of ZGA before the major wave of

ZGA. The existence of minor ZGA was previously documented in mammal embryo

development4,17,18, and it was suggested to contribute to signaling the massive activation of

the genome29. Thus, we asked what the functions of the genes in the minor ZGA are during

the embryo development of golden pompano.

Next, we clustered these genes in the minor ZGA using the WGCNA R package and we

found that most of them clustered into the purple_module and are co-expressed in a close

network, indicating regulatory roles for these genes before the major ZGA (Figure 3E and 3F).

Then we randomly picked 8 genes to verify their expression trends, and we found all of them

to coincide in the expression profile of the minor ZGA genes (Figure S6). We subsequently
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choose the mostly coincident gene to the minor ZGA expression trend, EVM0008813

(designated as XingHuo, XH; Extended data 3), as a representative gene to figure out the

function of minor ZGA during embryo development of golden pompano. We found that XH is

one of the karyotypes-retained genes (MF). We then searched the Nr database in NCBI by

BLASTp and only one gene zgc:113227 (designated as ZfXH) shares 54.7% similarity to XH

at the amino acid level in zebrafish. The collinear analysis shows its homolog gene in

zebrafish is also ZfXH, and both have the same functional domain DDE_Tnp_4 as the other

seven genes have (Extended data 3), suggesting they may have similar biological functions

during embryo development. What could the function of XH be?

Knockdown of ZfXH suppresses ZGA activation and causes morphological defects in the

heart and caudal fin in zebrafish

Next, we investigated the functions of ZfXH, the zebrafish homolog of XH, in zebrafish. Since

ZfXH shares high (54.7%) similarity to XH at the amino acid level, we used the

morpholino-based knockdown method in zebrafish to study the function of ZfXH, which may

represent the function of XH because they share the DDE_Tnp_4 domain. We used two types

of morpholinos (MOs) (splice blocking: ZfXH e1i1 MO and translational blocking: ZfXH ATG

MO) to silence ZfXH (Figure 4A). As XH is supposed to be a minor ZGA gene in golden

pompano, we tried to figure out if knockdown of its homolog ZfXH inhibits the activation of

ZGA in zebrafish. We found that loss of ZfXH decreased the expressions of five ZGA marker

genes30 at 6 hpf in zebrafish, implying that ZfXH significantly suppresses the activation of

zebrafish ZGA (Figure 4B). This finding is consistent with previous research in the mouse4

and highlights the important function of XH and ZfXH during embryo development.

Heart and vascular development starts at 16 hpf 31 and 24 hpf 32in zebrafish, respectively.

This means heart and vascular development occur after the major ZGA (3 hpf). Since the loss

of ZfXH significantly suppresses the major ZGA in zebrafish, we speculated that ZfXH may

affect the heart and vascular development. Then we checked the changes in the heart and

vascular system after the silencing of ZfXH. We observed that injection of 4 ng of morpholino

ZfXH e1i1 MO and ZfXH ATG MO both resulted in nearly identical phenotypes of pericardial

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 17, 2019. ; https://doi.org/10.1101/804609doi: bioRxiv preprint 

app:ds:coincident
https://doi.org/10.1101/804609
http://creativecommons.org/licenses/by-nc-nd/4.0/


8

oedema, body axis bending, and caudal fin defects (Figure 4C (a-k)；Figure S7A and Figure

S8) at 3 dpf (days post fertilization), suggesting that the phenotype of ZfXH knockdown is

ZfXH-specific (Figure 4C). Considering the vascular system, embryos injected with ZfXH e1i1

MO present thinner ISVs (yellow arrows) and ectopic sprouts (asterisk) of dorsal aorta

compared with controls, and the ZfXH knockdown prevents the PAV formation, the precursor

to the lymphatic system. Moreover, heartbeat and circulation in the caudal vein (CV) is

visible in the control fish, but is abnormal in ZfXH-MO-injected fish (Supplementary Movie1,

Supplementary Movie2). The efficiency of ZfXH e1i1 MO and ZfXH ATG MO at 6 hpf and 3 dpf

demonstrated that injection of 4 ng of ZfXH e1i1 and ZfXH ATG morpholino dramatically

disrupted normal splicing of ZfXH (Figure 4C (j))，indicating high efficiency and specificity

of the morpholino knockdown of ZfXH. We also recorded a high percentage of embryos with

defects (81.55%, n=103 embryos in ZfXH e1i1 MO and 100%, n=106 embryos in ZfXH ATG MO)

with comparison to control (n=128 embryos) and low survival rate at 3 dpf (45.78%, n=225

embryos in ZfXH e1i1 MO and 17.68%, n=198 embryos in ZfXH ATG MO) compared to controls

(n=218 embryos) (Figure 4C (k) and Figure S7B). This confirmed that knockdown of ZfXH

certainly causes morphological defects in the heart and caudal fin in zebrafish.

Loss of ZfXH causes vascular defects and impairs formation of the caudal vein plexus

(CVP) in zebrafish

Since ZfXH silence caused pericardial edema and caudal fin defects, we speculated that there

is a positive connection between the vascular system and these phenotypes. We then used the

Tg(fli1a:EGFP)y1 zebrafish as a model to find out if the vascular development is impaired by

knockdown of ZfXH. Embryos were injected with 4 ng control MO or ZfXH e1i1 MO, and the

results exhibited that loss of ZfXH caused intersegmental vessel (ISV) growth defect and

disruption of the honeycomb structure in the CVP at 52 hpf (Figure 4D (a-f)). Also, a thinner

ISV growth and ectopic sprouts of dorsal aorta were observed at the rear-somite with only

10% of complete ISVs (n=365 embryos) in ZfXH e1i1 morphants compared to 98% of

complete ISVs in controls (n=335 embryos). In control embryos, the parachordal vessels

(PAV) were formed normally, while the ZfXH e1i1 MO knockdown prevented the parachordal

vessels (PAV) formation (Figure 4D (g)). We also observed that CVPs formed
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honeycomb-like structures at the tail around 52 hpf in control embryos, but ZfXH e1i1 MO

knockdown caused specific defects in CVP formation (Figure 4E (a-f)). Quantification of loop

formation and the area at CVP showed a 8.2-fold and 3-fold decrease in ZfXH e1i1 MO

morphants (n=10 embryos) at 52 hpf, respectively (Figure 4E (g and h)). Our data indicate

that ZfXH plays a critical role in controlling vascular integrity and in regulating ISV and CVP

formation during angiogenesis, which is an explanation strongly consistent with the

phenotypes observed. What is the mechanism behind?

ZfXH may play role in angiogenesis via endothelial cells and its human homolog

HARBI1 is a potential anti-cancer therapeutic target

As ZfXH plays a critical role in controlling vascular integrity, we then speculated that it may

affect angiogenesis via endothelial cells. Since human HARBI1 gene shares DDE_Tnp_4

domain with ZfXH and XH (Extended data 3), it is supposed to play similar role to ZfXH and

XH in vascular epithelioid cells. Next, we designed siRNAs targeting human HARBI1,

transferred siRNA into human umbilical vein endothelial (HUVEC) cells and investigated

their cell migration, invasion, and tube formation. We observed that silencing of HARBI1 not

only significantly inhibits the cell migration and invasion abilities but also the tube formation

compared with controls in HUVECs (Extended data 4A). This highlights the

anti-angiogenesis function of HARBI1, indicating that XH and ZfXH are functionally related.

Because targeting angiogenesis has great potential in anti-tumor or anti-cancer therapy 33,34,

we next asked whether this anti-angiogenesis function of HARBI1 affects the angiogenesis of

the cancer cells. We choose HepG2 (hepatocellular carcinoma, HCC), A549 (non-small cell

lung cancer, NSCLC), and HCT116 (colon carcinoma, Colo) cancer cell lines, transferred

with si-HARBI1, then their supernatants incubated with HUVECs, respectively. We observed

the abilities of tube formation in all of the cancer cells are significantly inhibited compared

with controls (Extended data 4B). This shows that silencing of HARBI1 does suppress the

angiogenesis of the cancer cells, indicating its potential as an anti-cancer therapeutic target.

Such function of HARBI1 was never reported 35-37 and more works should be done to validate

this potential. However, our data indicate that ZfXH and XH, like their human homolog

HARBI1, may play role in angiogenesis process via endothelial cells.
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Loss of ZfXH leads to the down-regulation of the landmark gene network associated

with heart and vascular development in zebrafish

Next, we asked how ZfXH affects angiogenesis. We first examined transcriptome sequencing

(RNA-seq) data from zebrafish after injection of 4 ng ZfXH e1i1 MO at 3 dpf. We found that

loss of ZfXH greatly changes the transcriptome with 1955 down-regulated and 698

up-regulated (Figure S9; Table S21). We noticed that in the KEGG pathways associated with

heart and vascular development are significantly enriched in the ZfXH-silenced group (Figure

S10; Table S22-26). We speculated that the transcription of genes linked to heart and vascular

development may also be significantly changed in the ZfXH-silenced zebrafish. We then

picked and examined the expression of 18 genes previously documented to be closely related

to heart defects and/ or angiogenesis 38-42 using qPCR. Consistent with the RNA-seq data, we

found that 13 of these genes (Ptprb, Tie2, Nr2f1a, S1pr1, Hey2, Dot1L, Hand2, Erbb2, Klf2a,

Mef2cb, Mef2aa, EphB2a and CX40.8) were significantly decreased while two genes

(VEGFaa and VEGFR2) increased sharply. S1pr2, Egfl7, and Nrg2a were kept unchanged

(Figure 5A-E). Normally, the increase of VEGFaa and VEGFR2 is linked to the enhancement

of vascular system 43,44. However, in our study, both genes increased while others decreased

when ZfXH was silenced. We speculated this was a consequence of a negative feedback

regulation to avoid an excessive decrease in the vascular system. We next found that at the

protein level, when ZfXH is silenced, the ZfXH protein also decreases. Ptprb, the most

decreased gene, is also greatly reduced at the protein level. The S1pr1, Hand2, Dot1L, and

Hey2 proteins were also downregulated compared with controls (Figure 5F). As previously

reported, Ptprb, Tie2, Nr2f1a, S1pr1, VEGFaa and VEGFR2 normally contribute to vascular

development and deletion of each of them leads to defects on the vascular system during

embryo development 43-47, while loss of Dot1L, Hand2, Erbb2, Mef2cb, Mef2aa, EphB2a or

CX40.8 always results in cardiovascular system or heart development defects 40,48-54. Hey2

and Klf2a have been implicated in the regulation of both angiogenesis and heart development
55,56. Based on these reports, we built a schematic diagram of the network as shown in (Figure

5F). This network demonstrated that silencing of ZfXH did downregulate the key genes that

are essential for heart and /or vascular development. To this end, our results showed that loss
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of ZfXH greatly affects the expression of these key genes in the network, suggesting that the

heart and vascular phenotypes caused by ZfXH silencing are greatly due to the regulation of

these genes. Thus, we then asked how ZfXH mediates the network.

Ptprb plays similar function to ZfXH in zebrafish and is downstream of ZfXH

As described above, we noticed that ptprb is the most downregulated gene after knocking

down of ZfXH and one that is closely linked to both vascular integrity and angiogenesis57-62.

To test whether there is a positive connection between ZfXH and ptprb, we knocked down

ptprb by injection of 4 ng ptprb MO morphants as previously documented 42. We observed

that embryos injected with ptprb MO present slight pericardial edema, shortened body axis

and severe body axis bending (Extended data 5A (a-h)；Figure S11). We also recorded a high

percentage of embryos with defects (87.11%, n=287 embryos in ptprb MO and 1.76%, n=284

embryos in control) and lower survival rate at 48 hpf compared with controls (Extended data

5A (i)). The efficiency of ptprb MO at 48 hpf demonstrated that injection of 4 ng of ptprb

morpholino was highly efficient in producing a knockdown of ptprb (Extended data 5A (j-k)).

In the vascular system, loss of ptprb leads to an indefinite absence or deformity of DLAVs

and ISVs in the tail end (white arrowhead), and a decrease of PAV formation (Extended data

5B (a-f)). We also observed that CVPs formed honeycomb-like structures at the tail around 48

hpf in control embryos, but ptprb MO knockdown causes CVP sinus cavities defects

(Extended data 5B (g, h)). Quantification of loop formation and area at CVP showed a

5.2-fold and 1.5-fold decrease in ptprb MO (n=83 embryos) at 48 hpf, respectively (Extended

data 5B (i, j)). These data are to some extent consistent with previous reports 42 and strongly

suggest that loss of ptprb results in heart and vascular phenotypes similar to those of ZfXH.

Moreover, we also investigated the expression of the 15 genes that were examined in

ZfXH-knockdown experiment. We found that most of the genes present an expression profile

similar to that in ZfXH-knockdown experiment, except VEGFaa and VEGFR2 (Extended data

5C (a, b)). We then logically concluded that ZfXH and ptprb should act in the same signaling

pathway. However, which one is downstream of the other is unclear. Therefore, we examined

the gene expression of ZfXH after silencing of ptprb, and we found that it was kept unchanged

(Extended data 5C (c)), but we observed a significant decrease of ptprb expression after
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silencing of ZfXH. These observations demonstrate that ptprb acts at the downstream of ZfXH.

ZfXH-NCL-Ptprb signaling links heart and vascular molecular network to regulate

ZfXH-induced phenotypes

As mentioned above, among the 18 genes associated with heart and vascular development, 15

genes were significantly changed by the ZfXH and ptprb knockdown. We suppose these genes

may be part of a regulatory network of their own. We then built a schematic diagram of the

network according to previous reports (Figure 5E). This network presents connections

between most of these genes, suggesting a cooperative regulation mechanism on the heart and

vascular development. As we already knew that ptprb acts downstream of ZfXH, we next

asked if ZfXH directly interacts with ptprb to mediate the network. Thus, we designed ZfXH

probes and conducted a ChIRP-MS experiment in zebrafish to find out those proteins

interacting with ZfXH. Eleven proteins with change folds above 2 were discovered (Figure 6A

(a,b)). This indicates that the ZfXH RNA may interact with these proteins. Unexpectedly,

Ptprb was not found in these interacting proteins (Figure 6A (a, b)). This suggests that

proteins other than ptprb may be involved. We next focused on the proteins of the group of

eleven proteins that are associated with the vascular system, and nucleolin (NCL) (Figure 6A

(c, d)) aroused our interest because of its molecular conservation and important functions on

angiogenesis63,64. To figure out whether ZfXH interacts with NCL, we performed RNA

Immunoprecipitation (RIP) using the NCL protein as bait protein in 293T cells (Figure S12)

and then detected the ZfXH RNA using qPCR. We found that ZfXH RNA is significantly

higher than that in IgG control in the RNAs pulled-down by the NCL protein (Figure 6B (b, c,

d) and Figure S13). The RNA pulled down was amplified and the sequencing results

confirmed that it is ZfXH gene. This indicates that the NCL protein reversely interacts with

ZfXH RNA. Therefore, these experiments prove that ZfXH RNA and NCL interact physically.

However, still no evidence was shown on the relationship between ZfXH and ptprb. Could

it be that NCL interacts with ptprb, thus bridging ZfXH and ptprb? Such scenario was never

proposed or documented before. However, a report showed that VEGF, which plays roles on

vascular development as ZfXH does, does interact with NCL65. We then supposed that NCL

might also interact with ptprb or its human homologue VE-PTP, the key molecule in vascular
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development. To test this hypothesis, we detected VE-PTP RNA using the same RNAs

pulled-down by NCL protein, and we found that VE-PTP RNA is significantly higher than

that in IgG control. The RNA pulled down was amplified and the sequencing results proved

that it is VE-PTP gene. This indicates that the NCL protein can also interact with VE-PTP

RNA physically (Figure 6B (b, e, f)). We next verified this interaction in 293T cells using the

VE-PTP RNA pulldown experiment in the reverse way, and the result of western blotting

against NCL protein supports the interaction between VE-PTP and NCL (Figure 6C (a)).

However, whether this interaction also occurs between NCL and ptprb in zebrafish is unclear.

We next designed a zebrafish ptprb gene-specific probe to pull down the proteins that interact

with ptprb in the juvenile zebrafish. We found that the NCL protein band is much stronger

that in controls (Figure 6C (b)). These results indicate that the NCL protein not only interacts

with VEP-PTP in 293T cells but also with ptprb in zebrafish. So far, we proved that ZfXH and

NCL, NCL and ptprb interact physically. However, how ZfXH regulates NCL and ptprb is

unclear. To address this issue, we micro-injected 4 ng ZfXH-e1i1-MO in one cell stage embryo,

and found that resemble phenotypes were induced as that shown in Figure 4 (Extend data 6).

Meanwhile, we found that loss of ZfXH not only causes a significant decrease of NCL mRNA

and total protein level but also leads to reduction of T76 phosphorylation level and an increase

of the K88 acetylation level of the NCL protein (Figure 6D (a, b)). This suggests that

knockdown of ZfXH significantly affects the expression of NCL, which plays vital functions

in angiogenesis64, although the impact of phosphorylation and acetylation of NCL protein on

the heart and vascular development have not been deeply understood yet 63. Then we

investigated the expression of the downstream gene ptprb, and found that loss of ZfXH also

decreases ptprb at both mRNA and protein levels (Figure 6D (c, d)). These results suggest

that silence of ZfXH leads to heart and vascular defect due to the downregulation of both NCL

and ptprb via the decrease in the ZfXH-NCL and NCL-ptprb interaction.

Taken together, we conclude that the NCL protein can not only interact with the upstream

ZfXH but also the downstream ptprb. This uncovers the existence of regulatory gene upstream

of ptprb gene, one of the most important vascular-controllers. Certainly, this logically proves

that XH may act in the same way in the golden pompano. Based on these data, we built a new

schematic diagram of the network that shows the ZfXH-NCL-Ptprb signaling links of the heart
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and vascular system molecular network (Figure 6E (a) vs. Figure 5E). We also made a

schematic diagram to describe the possible mechanism underlying ZfXH-induced phenotypes

(Extended data 7), highlighting the finding that loss of ZfXH significantly and broadly

downregulates heart- and vascular- associated landmark gene network via the

ZfXH-NCL-ptprb pathway. Given the extreme importance of the heart and vascular

development, and the broad connections with landmark genes described in the network, we

believe the finding of this novel signaling pathway to be of considerable relevance for the

study of the heart and vascular development regulatory network.

Discussion

Taken together, we report the first high-quality chromosome-level genome for the golden

pompano, which underwent the Ts3R WGD and shows biased-subgenomes retention. For the

first time, we show the existence of minor and major ZGA during golden pompano embryo

development. We also for the first time report that the karyotypes-retained gene XH, the

homolog of zebrafish ZfXH, belongs to the minor ZGA gene, and it is likely to play key roles

on the heart and vascular development through regulating a heart- and vascular-associated

network of landmark genes. Moreover, we are the first to highlight the interactions between

ZfXH and NCL, NCL and ptprb, and the existence of a hitherto unreported ZfXH/NCL/ptprb

signaling pathway as a regulatory complex mediating both heart and vascular development.

Finally, we show that the novel angiogenesis-linked function of HARBI1, the human homolog

of XH, may be a potential anti-cancer therapeutic target. A detailed discussion can be found in

the supplementary information.
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Figures and extended data:

Figure 1. Overview of golden pompano. Numbers on the circumference are at the megabase

scale. A Gene density of female Trachinotus ovatus (window size = 500 Kb). B TE content

density of female T. ovatus (window size = 500 Kb). C Genome markers (optical) density of

female T. ovatus (window size = 500 Kb). D Hi-C depth of female T. ovatus (window size =

500 Kb). E GC content of female T. ovatus (window size = 500 Kb). F Color bands in the

middle of the Circos plot connect segmental duplication (minimum five gene pairs) from

Teleost-specific whole genome duplication (Ts3R) events.
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Figure 2. Genome evolution of golden pompano. A Phylogenetic relationship of

Perciformes and relevant teleost lineages. The position of golden pompano is highlighted in

red. Red circles represent the Teleost specific whole genome duplication (Ts3R),

Salmonid-specific whole genome duplication (Ss4R), respectively. The divergence time was

estimated using the nodes with calibration times derived from the Time Tree database, which

were marked by a black rectangle. All estimated divergence times are shown with 95%

confidence intervals in brackets. B Inspection of whole genome duplication events based on

synonymous mutation rate (Ks) distribution. The x axis shows the synonymous distance until

a Ks cut-off of 5.2. Note that in order to represent all the data on the same frequency scale,

bin sizes are different for each data set. C Internal genome synteny of golden pompano.

Double-conserved synteny between the golden pompano and spot gar genomes. Each spot gar

chromosome (represented as colored blocks) is mostly syntenic with two different

chromosomes in the golden pompano genome (syntenic golden pompano regions represented
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by different colors according to spot gar chromosomal location), a pattern typically associated

with whole-genome duplication (Ts3R). Pairs of paralogous genes in spotted gar that are

inserted in a double-conserved synteny block are consistent with an origin at the Ts3R event

(ohnologues), while genes that are inserted in a double-conserved synteny block but have no

paralogue are singletons that have lost their duplicate copy since the Ts3R event. Only genes

anchored to chromosomes are represented. D Macro-synteny comparison between spotted gar

and golden pompano shows the overall one-to-two double-conserved synteny relationship

between spotted gar to a post-Ts3R teleost genome. E Component of less fragment (LF) and

major fragment (MF) subgenomes within golden pompano genome.
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Figure 3. Characterization of Nineteen Continuous Embryonic Development stages from

OSP to YAPS. A Heatmap of correlation coefficient within transcriptomics experiments of
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embryonic development. Expression profile of transcriptomic experiments among embryonic

development process. B Landscape of transcriptomic expression for 19 embryonic

development stages. Cluster of stage-specifically expressed genes were highlighted in red

rectangle. C Accumulation of transcriptome SNPs within embryonic developments. Error bar

represents the standard deviation of biological replicates. D Expanded view of expression of

all genes in purple modules. The purple model is associated with specific actively expressed

genes in minor-ZGA process. E WGCNA analysis of Embryonic Development Stages

Revealed Gene-Network Modules Enriched in D. F Hub-gene network of the purple module.

Size of the dots represents hubness. Color of the dots represents the increasing expression

level from low to high in preparation stage for ZGA (MGS). Bold text highlights the genes

known for XH (EVM0008813). G Timing of minor-ZGA and major-ZGA events. The photos

of embryonic development process from OSP to YAPS were observed using microscope. The

activation of minor-ZGA is beginning at HBS stage and continued to MGS stage. The

major-ZGA is activated during transformation stages between MGS and LGS process.
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Figure 4. Loss of ZfXH gene affects ZGA and causes morphological and vascular defects.

A Schematic map of ZfXH gene and the MO design and micro-injection strategy. B

Knockdown of ZfXH significantly decreases the expression of ZGA marker genes. C (a-i)

Gross morphology at 3 dpf in wild-type AB strain. Compared with control MO, knock down

ZfXH present pericardial oedema (b, e, c, f, red arrow) and caudal fin defects (b, c, h, i, blue

arrow). Heart beat and circulation in caudal vein (CV) is visible in the control fish, but is

abnormal in ZfXH-MO injected fish (Supplementary Movie1, Supplementary Movie2). (j)

Validation of MO against ZfXH. Endogenous ZfXH in control and ZfXH morphants assessed

by qPCR. Samples were collected at 6 hpf after introduction of 4ng of MO at the one-cell

stage (N=30). (k) The bar graph shows the percentage of embryos with development defects

after knockdown of ZfXH with ZfXH-e1i1-MO and ZfXH-ATG-MO. D Morpholino

knockdown of ZfXH causes vascular defects. Tg(fli1a:EGFP)y1 zebrafish embryos were

injected with 4ng control MO or 4 ng ZfXH-e1i1-MO. (a-f) Representative bright field and

fluorescent images of Tg(fli1a:EGFP)y1 embryos at 52 hpf. (b, e) Image of trunk regions

taken at 52 hpf, with the vascular structures visualized by GFP fluorescence and labelled ISV

(intersegmental vessel) and DLAV (dorsal longitudinal anastomotic vessel) showed regular

development in the embryo injected with control MO. Compared with control MO, embryos

injected with ZfXH-e1i1-MO present thinner ISVs (yellow arrows) and ectopic sprouts

(asterisk) of dorsal aorta (d, f). In control embryos, the parachordal vessels (PAV) form

normally (e, red arrows). Compared with control, MO knock down ZfXH prevents the PAV

formation, the precursor to the lymphatic system. g, The bar graph shows the percentage of

embryos with vascular defects after knockdown of ZfXH with ZfXH-e1i1-MO. The boxed

regions are shown at higher magnification in the right panels. hpf, hours post fertilization. E

ZfXH knockdown impairs formation of the CVP in zebrafish. In control embryos, caudal vein

plexus (CVP) were formed honeycomb-like structures at the tail around 52 hpf (a-c,

arrowheads). In contrast, ZfXH knockdown resulted in specific defects in CVP formation (d-f).

g, Quantification of loop formation at CVP shows a 8.2-fold decreased in ZfXH-e1i-MO

injected embryos at 52 hpf. h, Quantification of area at CVP shows a 3-fold decreased in
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ZfXH-e1i-MO injected embryos at 52 hpf. CA, caudal artery; CV, caudal vein. NISV, normal

intersegmental vessel; TISV, thinner intersegmental vessel.

Figure 5. Loss of ZfXH results in the down-regulation of genes associated with vascular

and heart development. A Heatmap of the 15 selected genes from zebrafishes after injection
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of 4ng ZfXH e1i1 MO at 3 dpf examined by RNA-seq. B Expression of ZfXH post injection of

ZfXH e1i1 MO 3 dpf. C Expression of genes associated with angiopoiesis post injection of

ZfXH e1i1 MO 3 dpf using QPCR. The data represent as mean±SEM from three independent

experiments. D Expression of genes associated with heart development post injection of ZfXH
e1i1 MO 3 dpf using QPCR. The data represent as mean±SEM from three independent

experiments. E Networks of the genes previously reported to be associated with angiopoiesis

and heart development. Cytoscope V3.6.1 was used to build this network. F Protein levels of

the selected genes associated with angiopoiesis and heart development post injection of ZfXH
e1i1 MO 3 dpf by using Western blotting. β-actin antibody was used as internal control.
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Figure 6. Mechanism of ZfXH on angiopoiesis development of zebrafish. A ChIRP-MS

identification of ZfXH RNA binding proteins. (a) qPCR identification of ZfXH RNA in the

eluted RNAs. Graph shows more than 90% ZfXH RNA was retrieved, and no GAPDH was

detected. (b) Heat map of major proteins enriched and significantly (change fold >2 and

p<0.05) retrieved by ZfXH and control probes, analyzed by LC/MS-MS. Among them, NCL

protein (purple boxed) was selected as candidate for follow-up study because of its broad

association with angiopoiesis. (c) Centroid of NCL protein. NCL protein was pull down and

identified by LC/MS-MS and centroid of NCL shows its unique m/z feature. The specific

peptide (d) identifies NCL protein. B Physiological interaction between ZfXH, VE-PTP

mRNA and NCL protein, respectively. (a) The mRNA expression of ZfXH was determined by

qPCR and Western blotting against Flag antibody was used to identify the successful

expression of pcDNA3.1- Flag-ZfXH plasmid in 293T cells. (b) Immunoprecipitation (IP)

against NCL antibody followed the Western blotting against NCL antibody was performed to

verify whether NCL protein was pulled down successfully. (c, d) The interaction between

ZfXH mRNA and NCL protein. qPCR and general PCR gel detection for ZfXH mRNA

expression in the NCL-pulled down RNA. The data represent as mean±SEM from three

independent experiments. (e, f) The interaction between VE-PTP mRNA and NCL protein.

qPCR and general PCR gel detection for VE-PTP mRNA expression in the NCL-pulled down

RNA. The data represent as mean±SEM from three independent experiments. C Physiological

interaction between NCL protein and VE-PTP and Ptprb mRNA, respectively. (a) The

interaction between VE-PTP mRNA and NCL protein. Western blotting was performed to

detect NCL protein in the VE-PTP-biotin probe -pulled down proteins in 293T cells. (b) The

interaction between Ptprb mRNA and NCL protein. Western blotting was performed to detect

NCL protein in the Ptprb-biotin probe -pulled down proteins in zebrafish tissues. D Loss of

ZfXH affects the expression of nucleolin (NCL) at both mRNA and protein levels. (a) The

mRNA expression of NCL was determined by qPCR. The data represent as mean±SEM from

three independent experiments. (b)The total NCL protein, phosphorylated NCL and

acetylated NCL were detected by Western blotting using specific NCL antibodies. (c) The
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mRNA expression of ptprb was determined by qPCR. The data represent as mean±SEM from

three independent experiments. (d) The total ZfXH and Ptprb protein were detected by

Western blotting using specific ZfXH and Ptprb antibodies. E Schematic model illustrating

the mechanism of ZfXH in zebrafish angiopoiesis and heart development. Interaction map of

the proteins associated with angiopoiesis and heart development in zebrafish in this study.

The interactions between ZfXH mRNA and NCL protein, NCL protein and ptprb mRNA are

new-found interactions in this study. ZfXH may affect the angiopoiesis and heart development

via the regulation of the network present.
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Extended data 1. Expression Divergence and Selection Bias among Ancestral

Subgenomes. A Boxplot of expression level of LF, MF and Other gene sets. B Selection bias

associated with ancestral subgenomes fragmentation. The Ka/Ks values were calculated by

orthologous pairs between golden pompano and spotted gar which is outgroup species without

Ts3R genome duplication events.

A
B
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Extended data 2. Dynamic dominantly expressed genes within LF and MF subgenomes

during embryonic development process. Genes whose expression level (FPKM) >= 0.1 are

defined as expressed genes. Gene pair having at least one expressed gene is considered for

expression bias analysis. Trend of dominant genes is inverse from LGS stage, which is the

beginning time of major-ZGA event.
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Extended data 3. Characterization of XH gene (EVM0008813). A Micro-synteny analysis

of XH locus among spotted gar, zebrafish, gold pompano and stickleback. Two inversions and

one insertion occurred in XH locus region of golden pompano genomes. B Validation of

expression level for XH by QPCR technology. 18s RNA was considered as internal marker.

Gene structure of XH was showed at upper region. C Domains of XH and other homologous

protein. The domains were identified in SMART database (http://smart.embl.de/).
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Extended data 4. Silencing of HARBI1 decreases the invasion and tube formation

abilities of HUVEC cells and angiogenesis of cancer cell lines. A Silencing of HARBI1

gene suppresses HUVEC cell migration, invasion and tube formation abilities. The migratory
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and invasive potential of HUVECs treated with si-HARBI1 was determined using transwell

chambers as described in the “Materials and methods” section. (a, d) Representative images

of migrated cells stained with crystal violet and inhibition of migration in si-HARBI1 treated

HUVEC cells. The data represent as mean±SEM from three independent experiments. (b, e)

Representative images of invaded cells stained with crystal violet and inhibition of invasion in

si-HARBI1 treated HUVEC cells. The data represent as mean±SEM from three independent

experiments. Scale bars, 20 μm. (c, f) Representative images of tube formation in si-HARBI1

treated HUVEC cells and inhibition of tube formation in vitro. Images were taken 6 h after

addition of the supernatant. Tube networks were quantified using the Image J software and

expressed as branches. The data represent as mean±SEM from three independent experiments.

Scale bars, 50 μm. B Silencing of HARBI1 gene inhibits angiogenesis of three cancer cell

lines in vitro. HUVEC cells were plated on Matrigel-coated plates at a density of 1.5 × 105

cells/well and incubated for 24 h before the cell culture supernatant of si-HARBI1 treated

hepatocellular carcinoma (HepG2), non-small-cell lung carcinoma (A549) and colon

carcinoma (HCT116) cell lines was added, respectively. (a, b, c) Representative images of

tube formation in si-HARBI1 treated HUVEC cells. (d, e, f) shows the inhibition of

angiogenesis of cancer cell lines in vitro. The data represent as mean±SEM from three

independent experiments. Scale bars, 100 μm. Images were taken 24h after addition of the

supernatant. Tube networks were quantified using the ImageJ software and expressed as

branches.
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Extended data 5. Loss of Ptprb gene causes morphological and vascular defects. A Loss

of Ptprb induces morphological defects. (a) Schematic map the micro-injection strategy. (b-g)

Gross morphology at 48 hpf. Compared with control MO, knock down Ptprb present

pericardial oedema (c, e, red arrow) and caudal fin defects (c, e, blue arrow). (h) The gel

electrophoresis of PCR products of Ptprb gene in control and Ptprb MO groups. Compared

with control MO, Ptprb MO shows quite weak expression of Ptprb gene. (i) The bar graph

shows the percentage of embryos with development defects after knockdown of Ptprb. (j)

Validation of MO against Ptprb. Endogenous Ptprb in control and Ptprb morphants assessed

by qPCR. Samples were collected at 48 hpf after introduction of 4ng of MO at the one-cell

stage (N=20). The data represent as mean±SEM from three independent experiments. (k)

Percent survival in control vs. Ptprb morphants for 3 days. Compared with control MO,

embryos with injection of 4ng Ptprb MO survive more than 8 ng Ptprb MO with similar

phenotype presentation. hpf, hours post fertilization. B Morpholino knockdown of Ptprb

causes vascular defects. Tg(fli1a:EGFP)y1 zebrafish embryos were injected with 4ng control

MO or 4ng Ptprb MO. (a-f) Representative bright field and fluorescent images of

Tg(fli1a:EGFP)y1 embryos at 48 hpf. (b, e) Image of trunk regions taken at 48 hpf, with the

vascular structures visualized by GFP fluorescence and labelled ISV (intersegmental vessel)

and DLAV (dorsal longitudinal anastomotic vessel) showed regular development in the

embryo injected with control MO. Compared with control MO, embryos injected with ptprb

MO present thinner ISVs (yellow arrows) and ectopic sprouts (asterisk) of dorsal aorta (e, f).

MO knock down Ptprb prevents the parachordal vessels (PAV) formation. In control embryos,

the parachordal vessels (PAV) form normally (e, red arrows). The boxed regions are shown at

higher magnification in the right panels. hpf, hours post fertilization. (g, h) Ptprb knockdown

impairs formation of the CVP in zebrafish. In control embryos, caudal vein plexus (CVP)

were formed honeycomb-like structures at the tail around 48 hpf (purple arrow). In contrast,

ptprb knockdown resulted in specific defects in CVP formation (h). (i) Quantification of loop

formation at CVP shows a 5.2-fold decreased in Ptprb MO injected embryos at 48 hpf. (j)

Quantification of area at CVP shows a 1.5-fold decreased in Ptprb MO injected embryos at 48

hpf. The data represent as mean±SEM from three independent experiments. CVP, caudal vein
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plexus; CA, caudal artery; CV, caudal vein. C Expression of genes associated with

angiopoiesis (a) and heart development (b) post injection of Ptprb MO 48 hpf using QPCR. (c)

Expression of ZfXH post injection of Ptprb MO 48 hpf. The data represent as mean±SEM

from three independent experiments.
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Extended data 6. Silence of ZfXH gene leads to identical hear and vascular phenotypes

to that in Figure 4. A Loss of ZfXH induces morphological defects. Compared with control

MO, knock down ZfXH present pericardial oedema (red arrow) and caudal fin defects (blue

arrow). Samples were collected at 3 dpf after introduction of 4 ng of MO at the one-cell stage

(N=20). B Morpholino knockdown of ZfXH causes vascular defects. Tg(fli1a:EGFP)y1

zebrafish embryos were injected with 4ng control MO or 4ng ZfXH MO. (a, b) representative

bright field images and (c, d) representative fluorescent images of Tg(fli1a:EGFP)y1 embryos

at 3 dpf. (e, f) Image of trunk regions taken at 3 dpf, with the vascular structures visualized by
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GFP fluorescence and labelled ISV (intersegmental vessel) and DLAV (dorsal longitudinal

anastomotic vessel) showed regular development in the embryo injected with control MO.

Compared with control MO, embryos injected with ZfXH MO present thinner ISVs (yellow

arrows). (g, h) ZfXH knockdown impairs formation of the CVP in zebrafish. In control

embryos, caudal vein plexus (CVP) were formed honeycomb-like structures at the tail around

3 dpf (red arrow). In contrast, ZfXH knockdown resulted in specific defects in CVP formation.

CA, caudal artery; CV, caudal vein. These phenotypes above were identical to that in Figure

4.

Extended data 7. Possible mechanism of ZfXH in zebrafish angiopoiesis and heart

development. Knockdown of ZfXH may downregulate the ZfXH-NCL-ptprb complex,

subsequently regulate the proteins associated with angiopoiesis and heart development, and

finally result in heart pericardial oedema, vascular patterning and integrity (lumen formation)
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defects.

Supplementary figure legends

Figure S1. Investigation of genome features for Golden Pompano. A K-mer analysis for

genome size estimation (k-mer = 21). The estimated genome size is approximate 657 Mb with

a heterozygosity rate of 0.19%. The genome size was estimated by using the formula:

Genome size = K-mer num/Peak depth, and the heterozygosity rate causes a sub-peak at a

position half of that of the main peak, whereas a certain repeat rate can cause a similar peak at

the position of multiple integers of the main peak. B Distribution of GC contents among

different sequencing depth. The x-axis represents GC content of 10 kb non-overlapping

window.

Figure S2. Distribution of quality and length score of Pacbio subreads. Black line

indicated accumulation. A Histogram plot of quality score of SMRT subreads. B Histogram

plot of read length of SMRT subreads.

Figure S3. Heatmap of interaction frequency of Hi-C data. The Hi-C data was generated

from muscle tissue.

Figure S4. Gene families evolution of Golden Pompano. A Venn diagram of gene family

comparison in five fish species. B Gene family expansion and contraction of golden pompano.

Gains and losses are indicated along branches and nodes.

Figure S5. Expression profile of introns in Golden Pompano embryo development. 19

embryo development stages were collected and transcriptome-sequenced. The FPKM of

introns were used to draw the heatmap. A boundary lines between OSP-MGS and LGS-YAPS

stages.

Figure S6. QPCR results of the 8 selected genes in five embryo development stages. 8

genes in 5 embryo stages (between MS and LGS) were randomly picked to verify the gene

expression profiles perfected by sequencing. Total RNA was extracted from embryos and

reverse transcribed using the the PrimeScript RT reagent Kit. Quantification of gene

expression was performed in triplicates using Bio-rad iQ SYBR Green Supermix (Bio-rad)

with detection on the Realplex system (Eppendorf). Relative gene expression quantification

was based on the comparative threshold cycle method (2 −ΔΔCt) using 18s RNA as

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 17, 2019. ; https://doi.org/10.1101/804609doi: bioRxiv preprint 

https://doi.org/10.1101/804609
http://creativecommons.org/licenses/by-nc-nd/4.0/


43

endogenous control gene.

Figure S7. Confirmation of ZfXH gene knockdown. 4 ng morphants per fish embryo was

injected. A The gel electrophoresis of PCR products of ZfXH gene in control and ZfXH-MO

groups. Compared with control MO, ZfXH MO shows quite weak expression of ZfXH gene. B

A time-course plot of percent survival in control vs. ZfXH morphants for 3 days. hpf, hours

post fertilization; dpf, days post fertilization.

Figure S8. Phenotypes of ZfXH zebrafish morphants. 4 ng morphants per fish embryo was

injected. A Gross morphology at 3-dpf. Compared with control MO, knock down ZfXH

present pericardial oedema (red arrow) and caudal fin defects (blue arrow). B Representative

bright field and fluorescent images of Tg(fli1a:EGFP)y1 embryos at 52-hpf after injection of

ZfXH morphants.

Figure S9. Gene expression profile post knockdown of ZfXH comparing with control.

(A). Heatmap of the gene clustering after knockdown of ZfXH gene comparing with control.

(B). Scatter of the differential expressed genes after injection of ZfXH morphants.

Figure S10. KEGG enrichment of genes differentially expressed after knockdown of ZfXH

gene comparing with control.

Figure S11. Phenotypes of Ptprb zebrafish morphants. 4 ng morphants per fish embryo was

injected. A Gross morphology at 48-hpf. Compared with control MO, knock down Ptprb

present pericardial oedema (red arrow) and caudal fin defects (blue arrow). B Representative

bright field and fluorescent images of Tg(fli1a:EGFP)y1 embryos at 48-hpf after injection of

Ptprb morphants.

Figure S12. Identification of pcDNA3.1-ZfXH expression plasmid. A PCR amplification of

Z fXH gene (1267 bp, including enzyme cutting sites NheI and KpnI, and protective bases). B

Four monoclones were selected by PCR and used for sequencing identification. C Sequencing

result of Z fXH gene. The green underline is the fragment inserted into the vector, the vector

sequence is on both sides. The red underline is the sequencing result of enzyme cutting site,

which shows that the target sequence has been correctly constructed into the vector.

Figure S13. Identification of pcDNA3.1-ZfXH-Flag expression plasmid. A PCR

amplification of ZfXH-Flag gene（1306 bp, including enzyme cutting sites NheI and KpnI,
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and protective bases ） based on pcDNA3.1-ZfXH constructs. B Sequencing result of

ZfXH-Flag fragment. The green underline is the fragment inserted into the vector, which

shows that the target sequence has been correctly constructed into the vector.

Figure S14. SDS-PAGE electrophoresis of Ptprb and ZfXH protein. A Ptprb and ZfXH

protein was expressed in pet-b2m Rosetta expression system with kanamycin resistance,

respectively. Ptprb (33 kDa) and ZfXH (62 kDa) was successfully expressed and the purity of

the recombinant protein was 85%. The purified protein was used to immunize rabbits to

produce antibody, respectively. M, protein marker. 1, whole bacterial protein. 2,

pet-b2m-ZfXH protein induced by IPTG. 3 and 4 pet-b2m-ptprb protein induced by IPTG. B,

C Antibody titters of ZfXH and Ptprb after three times immunizations of ZfXH and Ptprb

antigens, respectively. 2ug/ml ZfXH and Ptprb protein (100ul/well) was used to coat the

plates, respectively. The final antibody concentration of ZfXH and Ptprb is 10mg/ml with

titter of 1:256000, respectively.

Supplementary Tables:

Table S1a. Summary of genome sequencing strategy for golden pompano.

Table S1b. Statistics of PacBio sub-reads length distribution.

Table S1c. Summary of BioNano data collection and assembly statistics.

Table S1d. Summary of Hi-C data for golden pompanos.

Table S2a. Summary of assembly results for golden pompano.

Table S2b. Statistics of chromosomes for golden pompano based on Hi-C data.

Table S3a. PacBio sub-reads validation for golden pompano genome assembly.

Table S3b. Genome completeness assement by BUSCO.

Table S3c. Summary of pooled transcriptome data assisted for genome annotation.

Table S3d. Genome completeness evaluated by ESTs/unigenes.

Table S4. Repeat content of female and male golden pompano.

Table S5. Summary of nc-RNA of golden pompano.

Table S6a. Comparison of gene features among golden pompano, zebrafish, large yellow

croaker, antarctic bullhead notothen and Pacific bluefin tuna.
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Table S6b. Summary of gene models annotated by different non-redundant databases.

Table S7. Lineage Specific (LS) genes annotation for Golden pompano.

Table S8. KEEG analysis of positive selection genes for Golden pompano.

Table S9. Positive selection genes of Pacific bluefin tuna.

Table S10. Go term analysis of positive selection genes for Pacific bluefin tuna.

Table S11. KEEG analysis of positive selection genes for Pacific bluefin tuna.

Table S12. Positive selection genes of Golden pompano.

Table S13. Go term analysis of positive selection genes for Golden pompano.

Table S14. KEEG analysis of positive selection genes for Golden pompano.

Table S15. Common positive selection genes of Golden pompano and Pafici bluefin tuna.

Table S16. Pfam annotation of lineage specific genes for gold pompano.

Table S17. Summary of transcript factor (TF) among five genome sequenced fished in

Perciformes and Zebrafish.

Table S18. Summary of syntenic gene pairs between Spotted gar and Golden pompano.

Table S19. The enriched molecular function of G17, G19, G20 and G22.

Table S20. The enriched KEGG pathway of G17, G19, G20 and G22.

Table S21. Annotation of the differentially expressed genes.

Table S22. Differentially expression analysis between ZfXH MO and Control MO.

Table S23. Go analysis of the down-regulated genes between ZfXH MO and Control MO.

Table S24. Go analysis of the up-regulated genes between ZfXH MO and Control MO.

Table S25. KEGG pathway analysis.

Table S26. All genes involved in KEGG pathway.

Table S27. Primers and probes used in this study.
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