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Recently, the prevalence of hypertension has become a global challenge. Therefore, 
tremendous efforts have been made to identify and purify antihypertensive peptides 
(AHTPs) from food-derived proteins to aid the discovery of new hypotensive drugs with 
fewer side effects. In this study, we performed high-throughput prediction of AHTPs 
based on multi-omics data, providing an overview of AHTPs in the lined seahorse proteins 
and suggesting their potential application as bioactive agents to lower blood pressure. 
We identified 14,695 AHTP-derived genes in the lined seahorse, and most of them were 
supported by transcriptomic evidence, whereas only 495 genes were further detected 
by proteome sequencing. Among these predicted AHTP-derived genes, the longest titin 
had the most hits with 104 AHTPs, some of which were clustered in exon 158, 194, and 
204. Another AHTP-rich group was in the collagen family, and four AHTP-rich collagens 
exhibited much higher transcription in the pouch than in other examined tissues, 
including brain, testis, and embryos. Additionally, antihypertensive triplets, comprised of 
the permutations of Gly, Pro, and Lys, prevailed in all collagen sequences due to the 
representative XaaYaaGly repeat units. In summary, our present findings provide a solid 
basis for understanding the abundance of various AHTPs in the lined seahorse as well as 
shed light on the development of antihypertensive products and drugs using seahorses 
as an important resource.
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INTRODUCTION

Seahorses (Hippocampinae), a group of small marine fishes, are famous for their unique body 
plans (Porter et al., 2013) and male pregnancy (Lin et al., 2016). The lined seahorse (Hippocampus 
erectus) is an Atlantic species with a main residence in shallow sea beds or coral reefs. The lined 
seahorse is listed as “vulnerable (VU)” in the International Union for Conservation of Nature 
(IUCN) assessment (Cardoso et al., 2016), it has been cultured recently for species conservation 
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and commercial significance. Many studies have reported that 
ethanolic extracts or dried powders of the lined seahorse have 
anti-fatigue (Kang et al., 2017), antimicrobial (Chen et al., 2020), 
antioxidant (Ryu et  al., 2010; Kim et  al., 2016), and immune-
modulating (Zhang et al., 2017) activities.

Hypertension (high blood pressure) is a serious physiological 
condition that increases the risk of heart, brain, and other diseases 
(Meissner, 2016). The worldwide prevalence of hypertension has 
become a global challenge, and a dramatic rise in young people 
makes the situation much worse (Battistoni et al., 2015). Widely 
used synthetic drugs are often associated with side effects, 
triggering the development of alternative therapies using natural 
products, especially food-derived antihypertensive peptides 
(AHTPs; Abachi et al., 2019; Abdelhedi and Nasri, 2019). AHTPs, 
which usually consist of 2–15 amino acids, are predicted to be 
easily absorbed but with fewer undesirable side effects (Abdelhedi 
and Nasri, 2019). AHTPs can exert an antihypertensive activity 
mainly through renin and/or angiotensin-converting enzyme 
(ACE) inhibitor routes, but also employ other ways such as 
angiotensin II (ATII) receptor blocking, Ca2+ channel blocking, 
and antioxidant pathways (Majumder and Wu, 2014; Udenigwe 
and Mohan, 2014; Manzanares et al., 2015).

The first AHTP was purified from snake venom in the early 
1970s (Ferreira et al., 1970; Ondetti et al., 1971). Afterwards, a 
great number of studies have focused on AHTP identification 
from various plants (Rosales-Mendoza et al., 2013; Aluko, 2015) 
and animals (Bhat et al., 2017; Lee and Hur, 2017), where marine 
organisms represent an attractive resource of AHTPs with 
high activity (Kim et  al., 2012; Lee and Hur, 2017; Abdelhedi 
and Nasri, 2019). For example, an AHTP with strong ACE-
inhibitory activity has been purified from rainbow trout (O. 
mykiss), exhibiting an IC50 of 0.0036 mg/ml (Ketnawa et  al., 
2019). Salmon (Salmo salar) protein hydrolysates, digested with a 
mixture of enzymes, exhibit an obvious blood pressure-lowering 
effect in spontaneously hypertensive rats (Girgih et  al., 2016). 
ACE and renin-inhibitory peptides have been extracted from 
Atlantic cod (Godus morhua) muscle, showing antihypertensive 
activity both in vitro and in vivo (Girgih et al., 2015). A recent 
review has summarized and listed more than 20 marine species, 
among which numerous AHTPs have been identified (Abdelhedi 
and Nasri, 2019).

Seahorses are a good material for AHTP isolation as well. 
In 2015, hydrolysates of three-spot seahorse (H. trimaculatus) 
proteins, digested with alkaline protease, exerted strong ACE-
inhibitory activity (Xu et  al., 2015). Recently, another ACE-
inhibiting peptide composed of 8 amino acids (PAGPRGPA) 
was purified from the same species, showing an IC50 of 7.90 µM 
(Shi et  al., 2020). Meanwhile, another team reported that low-
molecular weight peptides isolated from big-belly seahorse (H. 
abdominalis) can improve vasodilation via inhibition of ACE 
in vivo and in vitro (Je et al., 2020), and the hydrolysate derived 
from this species has already been proven with antihypertensive 
potential (Kim et al., 2016).

Although a few attempts have been made to isolate highly active 
AHTPs from seahorses, the knowledge about seahorse-derived 
AHTPs is still limited due to a lack of sequence information 
and a shortage of practical purification methods. Additionally, 

few studies have focused on the discovery of seahorse proteins 
that can be hydrolyzed into large amounts of AHTPs. In this 
study, with the availability of whole genome (Lin et  al., 2017), 
transcriptome (Lin et  al., 2016), and proteome (Chen et  al., 
2020) sequences of the lined seahorse, we can predict AHTPs 
from the previously published gene sets, and more importantly, 
to provide guidance on efficient purification of AHTPs from 
seahorse proteins. We aimed to provide an in-depth exploration 
of seahorse-derived AHTPs for the potential development of 
antihypertensive products and drugs.

MATERIALS AND METHODS

Multi-Omics Data Collection and  
Sample Information
The genome, transcriptome, and proteome datasets were cited 
from previous studies (Lin et  al., 2016; Lin et  al., 2017; Chen 
et al., 2020). GigaDB (PRJNA347499) was used to download the 
genome assembly, gene set, and annotation. Transcriptome raw 
data (SRA392578) were downloaded from the National Center 
for Biotechnology Information (NCBI). An in-house AHTP 
database was retrieved from previous reports (Yi et  al., 2018; 
Chen et al., 2020).

For the transcriptome analysis, there were 19 samples, including 
three embryos (1-day, 3-day, or 10-day post-fertilization), one 
juvenile body (1-day post-birth), and 15 samples of different 
tissues (including brain, testis, and brood pouch) from multiple 
developing stages (i.e., juvenile, rudimentary, pre-pregnancy, 
pregnancy, and post-pregnancy). For the proteome analysis, the 
abdominal tissues (both skin and muscle) from the female and 
male individuals were used.

Transcriptome and Proteome  
Data Analysis
For transcriptome analysis, the downloaded raw reads were 
filtered by SOAPnuke (version 1.5.6; Chen et al., 2018), and then 
mapped to the reference genome assembly by HISAT2 (version 
2.0.4; Kim et al., 2019a). Subsequently, we used RSEM (version 
1.2.12; Allen et al., 2015) to calculate the transcripts per million 
(TPM) values of target genes to qualify their transcription levels. 
Low-expressed transcripts with TPM <1 were discarded before 
performing any comparison analysis. A heatmap was plotted 
using the heatmap.2 function in the gplots R package (R core 
Team, 2021).

For mass spectrometry (MS)-based proteome analysis, 
both data-independent acquisition (DIA) and data-dependent 
acquisition (DDA) methods were used. A DDA-based spectrum 
library was first established using mixed female and male 
abdomen homogenates (Chen et al., 2020). DIA data were then 
analyzed by Spectronaut 12 (Bruderer et al., 2015) based on this 
library. Differentially expressed proteins (DEPs) between female 
and male-lined seahorses were identified using the MSstats R 
package (Choi et  al., 2014). To obtain non-redundant peptide 
sequences, we removed duplicates and short peptides that were 
covered by long ones.
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Functional annotation of the gene sets was performed with 
BLAST searches against public databases including Kyoto 
Encyclopedia of Genes and Genomes (KEGG; Kanehisa, 2000), 
swiss-prot, and TrEmbl (Boeckmann et al., 2003). Gene Ontology 
(GO) enrichment analysis was conducted using the topGO R 
package (Alexa et al., 2006) with an adjusted p-value of 0.05 as 
the threshold.

Screening for AHTPs in the  
Multi-Omics Datasets
An in-house database with 963 AHTPs was established on the 
basis of both the public AHTPDB (Kumar et  al., 2015) and 
sequences from public literature (Yi et  al., 2018). To identify 
potential AHTPs in fish explicitly and efficiently, we chose the 
top 50 AHTPs using the following criteria: First, the top 20 
sequences with the highest inhibitory activity were selected, no 
matter what species they were from. Second, the top 30 fish-
derived AHTPs were included, and they are denoted as “Fish” 
in the “Source” column of Supplementary Table  1. The short 
sequences of these selected AHTPs were searched against the 
genome-deduced proteins, transcriptomic sequences, and non-
redundant proteomic peptides of the lined seahorse, respectively. 
Any gene encoding a protein with at least one of the AHTP 
sequence(s) was considered an AHTP-derived gene. The number 
of AHTP hits in each protein was counted. To eliminate the effect 
of protein length, we also calculated the ratio of total AHTP 
length in a specific protein to the length of this protein, simplified 
as “AHTP/protein ratio.” The distribution of AHTPs in a target 
protein was plotted using the SVG module in Perl.

RESULTS

Summary of the Identified AHTPs From 
Multi-Omics Data
Previously, we established an in-house fish AHTP database 
consisting of 963 reliable peptides (Supplementary Table  1; 
Yi et  al., 2018) from the public database AHTPDB (Kumar 
et  al., 2015). In this study, we chose the top 50 AHTP 
sequences with the highest antihypertensive activity (marked 
in red in Supplementary Table  1) as queries. To predict 
AHTP sequences in the lined seahorse, we searched these 
queries against several omics datasets of this fish, including 
a genome-based gene set (Lin et al., 2017), 19 transcriptomes 

(Lin et al., 2016), and two sets of proteomic data (Chen et al., 
2020).

Within the genome-based gene set of 22,435 protein-coding 
genes (Lin et  al., 2017), 14,695 (65.50%) of the coded proteins 
contained 42,347 AHTPs (Table 1), resulting in an average of 2.88 
AHTPs per AHTP-containing gene. In the 19 transcriptomes, there 
were 15,090 transcripts (including 828 novel findings that were not 
annotated in the genome-based gene set) carrying 44,109 AHTPs, 
with an average of 2.92 AHTPs per transcript that is comparable 
to the average number in the genome-based gene set. The total 
number of AHTPs identified in each transcriptome was similar 
(around 40,000; Supplementary Table 2). In addition, there were 
487 or 248 genes further validated by DDA (Supplementary 
Table  3) or DIA (Supplementary Tables  4, 5) MS, respectively. 
In total, 44,776 AHTP hits were identified from 15,523 AHTP-
derived genes after integration of multi-omics data followed by 
removal of redundancies (Table 1).

Among the top 50 AHTPs with the putative highest activity, 32 
were identified in the multi-omics data (Figure 1). The frequency 
distribution of these identified AHTPs shows that Gly-Leu-Pro 
(GLP), Leu-Gly-Pro (LPG), and Val-Ser-Val (VSV) were the most 
abundant (Figure 1A). Similarly, GLP, LPG, and VSV were also 
the major components in the gene sets of various fishes (Yi et al., 
2018) and several mammals, including cows, minke whales, and 
three dolphin species (Jia et  al., 2019). The longest AHTP, Leu-
Arg-Ile-Pro-Val-Ala (LRIPVA), was only identified in one gene 
(HE009683, annotated as “dynamin-binding protein”). Presumably, 
the unidentified 18 AHTP references were too long (more than six 
amino acids) to be completely matched in the seahorse datasets 
(highlighted in yellow in Supplementary Table 1).

AHTP-Derived Genes and  
AHTP-Rich Proteins
In order to unravel the potential functions of the 15,523 AHTP-
derived genes in lined seahorse, we downloaded functional 
assignments of the genome-based protein set from a previous 
work (Lin et  al., 2017), and performed a Blast search of the 
transcriptome-derived novel coding genes against the public 
RefSeq non-redundant protein database (Acland et  al., 2014) 
and KEGG database (Kanehisa, 2000). Our results show that 
93.93% (14,581 out of 15,523) of the AHTP-derived genes 
were supported by at least one hit in the examined databases 
(Supplementary Table 6), and these genes were further enriched 
into 44 functional groups, including “Signal transduction” and 

TABLE 1 |  Statistics of the identified AHTPs from multi-omics data of the lined seahorse.

Datasets AHTP Hits AHTP-containing Peptides AHTP-derived Genes AHTP Type

Genome 42,347 – 14,695 32
transcriptome 44,109 – 15,090 (828 new§) 32
Proteome (DDA) 652 620 487 18
Proteome (DIA) 371 346 248 16
Total 44,776 – 15,523 32

§Novel predicted genes from 19 transcriptomes (Lin et al., 2016) after mapping to the genome assembly (Lin et al., 2017).
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“Global and overview maps” (see Supplementary Figure 1 for 
more details).

AHTP-rich proteins are more likely to be digested into more 
abundant AHTPs. Here, we defined “AHTP-rich proteins” in 
two ways. First, they could be proteins simply containing a large 
number of AHTP sequences. However, longer proteins surely 
have a higher probability of having more AHTPs, which was 
supported by a previous report (Yi et  al., 2018). To eliminate 
the protein-length effect, the second way of defining “AHTP-
rich proteins” was then to focus on the ratio of the total length 
of AHTPs in a specific protein to the length of this protein; in 
other words, the length of total AHTP as a percentage of the 
protein length (simplified as “AHTP/protein ratio”). Our data 
demonstrate that each of the above-identified 15,523 AHTP-
containing proteins of lined seahorse has 1–104 AHTP(s). If 
taking the length of AHTPs into consideration, the length of 
identified AHTPs in each protein ranged from 3 to 315 bp, and 
the AHTP/protein ratio ranged from 0.09 to 16.98% (Figure 2; 
Supplementary Table 7).

The proteins with the largest number of AHTPs were two titin 
proteins. One (HE002169) contained 104 AHTPs (representing 
19 AHTP types; Figure  3), and the other (HE002161) carried 
78 AHTPs (belonging to 15 different types; Supplementary 
Figure  2). Proteins from the collagen family contained the 
second largest number of AHTPs, but collagens were the biggest 
group among the AHTP-rich proteins (Figure 4; Supplementary 
Figure 3). Among the top 49 proteins with the richest AHTPs 
(>60 bp), 19 of them were collagens, such as COL10A1 

(HE002468), COL4A2 (HE013817), and COL11A1 (HE014005), 
containing 43 (129 bp), 40 (120 bp), and 40 (120 bp) AHTP hits, 
respectively (Figure  2; Supplementary Table  7). Several other 
types of collagen (such as COL7A1, COL12A1, COL14A1, and 
COL19A1) were also identified. Notably, titin and collagen 
contained the most abundant AHTP hits, which is consistent 
with previous studies (Yi et al., 2018; Jia et al., 2019).

In general, longer proteins tend to contain more AHTP 
sequences and therefore more types of AHTP. However, there 
were some exceptions. For instance, COL7A1 (HE019378) 
contained 33 AHTPs, covering 11 AHTP types, while COL10A1 
(HE002468 and HE009261) had more AHTPs (43 and 37) but 
with fewer types (5 and 3, respectively). Another example was 
COL9A1 (HE020043 and HE020036), carrying 27 AHTPs 
but representing only two types (Supplementary Table  7). 
Interestingly, all these collagens with low AHTP diversity were 
Leu, Pro, and Gly-rich proteins, and peptides with such amino 
acids have been proven have of high antihypertensive activity 
(Lee et al., 2014; Jonckheere et al., 2012; Lianliang Liu, 2012).

Tissue-Specific Transcription Levels of 
AHTP-Derived Genes

A specific tissue with highly expressed AHTP-rich genes is 
usually also a good resource for the isolation of abundant AHTPs. 
Therefore, we calculated the transcription values of target genes as 
transcripts per million reads (TPM) in the seahorse brain, pouch, 

BA

FIGURE 1 |  Frequency distribution of AHTPs that were identified from the multi-omics datasets of the lined seahorse. (A) A bar chart for the detailed hit number of 
each putative AHTP. The x-axis represents the identified 32 AHTPs, and the y-axis stands for the corresponding number of each AHTP. (B) A pie chart for summary 
of AHTP hits with various length. Green, orange, pink, and aqua refer to AHTP groups consisting of three, four, five, and six amino acids (aa), respectively. Grey 
means no hits in the lined seahorse genome. The two numbers in every bracket refer to the identified AHTP types and the missing types in each group, respectively.
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and testis at different developmental stages (Supplementary 
Table 8; Lin et al., 2016; Chen et al., 2020). After discarding those 
low transcription genes (TPM <1), our results show that samples 
from the same tissue rather than from the same developmental 
stage were clustered together, and the transcription pattern 
of AHTP-derived genes in one-day embryos was remarkably 
different from those in other samples (Figure 5).

In embryos, ATPase6 (HE011100), an essential protein 
for normal mitochondrial function (Jonckheere et  al., 
2012) with one IRP peptide, reached an exceedingly high 
transcription level (with a TPM value of 61,535.34) at the 
one-day stage, while its transcription went continuously 
down in 3- to 10-day embryos. Interestingly, it also had the 

highest transcription in the brain at all developmental stages 
except pregnancy (still extremely high with a TPM value of 
8,688.23). In the brood pouch, where male seahorses nourish 
and protect embryos, four AHTP-rich collagens (HE016085, 
HE020257, HE015723, and HE005096) had much higher 
expression than in other tissues (Supplementary Figure  3; 
Supplementary Table  8). However, among the five genes 
encoding AHTP-rich titins (Supplementary Figure  2A), only 
one (HE002169) had a TPM value of over one thousand in 3 
out of the 19 sequenced samples, and there was another gene 
(HE002168) that had a TPM value of over a hundred in five 
samples (Supplementary Figure 2B; Supplementary Table 8). 
Moreover, three actins (HE006032, HE006033, and HE006034), 

FIGURE 2 | AHTP-rich proteins in the lined seahorse. “AHTP/Protein ratio” means the ratio of the total length of AHTPs in a specific protein to the length of this 
protein. “Trend” shows the trendline of each group. Each dot represents a protein, and the pink, green, yellow, blue, and gray ones refer to proteins with an AHTP/
protein ratio of ≥10, 8–10%, 6–8%, 3–6%, and <3%, respectively. Red dots mark those proteins with an AHTP/protein ratio of less than 3% but containing AHTPs 
with a total length of more than 60 bp.

FIGURE 3 | Distribution of AHTPs in the longest titin encoded by the gene HE002169. Yellow bars and the black lines between them represent the exons and 
introns, respectively. Rulers under them mark their length. The coloured lines inside each exon bar stand for AHTP hits, and each colour represents one AHTP type.
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existing in all eukaryotic cells (Pollard, 2016) and each carrying 
one VFPS and one WHHT, were found to be highly transcribed 
in all samples (Figure 5). It seems that some proteins with highly 
or widely transcribed AHTPs could be considered as good 
markers for AHTP isolation.

AHTP-Containing Peptides and Proteins in 
DIA MS Data
In order to validate the AHTP-rich sequences at the level of 
translation, we employed previously published MS data (Chen 
et al., 2020) of the lined seahorse to confirm the existence and 
quantitation of AHTP-containing peptides and proteins. Two 
5-month-old lined seahorse individuals (one male and one 
female) were sampled to construct a 10-fraction DDA library, 
and the protein intensity in each sample was quantified by the 
DIA mode.

In total, we detected 23,109 peptides and 4,187 proteins in the 
DDA spectrum library (Supplementary Table 3), based on which 
10,072 and 10,747 peptides from the female and male samples 
were detected in the DIA mode (Supplementary Tables  4, 5), 
respectively. Interestingly, the protein numbers identified in both 
female and male homogenates were the same (1,864).

With expression fold-change ≥2 as the threshold, we 
determined 231 DEPs, among which 100 were highly expressed 
in females and the other 131 proteins were highly expressed in 
males (Figure 6). GO annotation classified these DEPs into 34 
functional terms, of which “response to stimulus”, “organelle 
part,” and “transporter activity” were the top enriched ones 
exclusively in male (Figure  6B). Interestingly, compared to 
females, males had more DEPs with clustering into “cellular 
component” categories, which indicates a sexual difference in 
protein components.

Many AHTP-derived genes could not be validated by the 
proteomic data. In particular, in the DDA spectrum library, there 
were only 620 peptides belonging to 487 AHTP-derived proteins, 
followed by 346 peptides corresponding to 248 proteins that were 
identified in the DIA mode. A total of 277 AHTP-containing 
peptides were shared in both female and male samples, whereas 
there were 16 female-specific and 53 male-specific peptides, 
respectively (Supplementary Figure 4). Since these peptides were 
usually short in length, most of them contained a single AHTP. It 
seems that AHTP-derived proteins with the highest intensities were 
consistent between both female and male samples. Noteworthily, 
the above-mentioned HE002169 (titin) with the biggest number 
of AHTPs was also among the top lists in both genders (Table 2).

FIGURE 4 | Distribution of AHTPs in collagens. Gray bars indicate the collagen protein sequences. The coloured lines inside each bar stand for AHTP hits, and 
each color represents one AHTP type. Numbers after each bar refer to the total length of AHTPs in the protein, AHTP/protein ratio, and the number of AHTP hits, 
respectively. Protein sequences are sorted by the number of AHTP hits (from the highest to the lowest) followed by sequence length (from the shortest to the longest).
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A combination of both DIA data and AHTP screening showed 
that 95 AHTP-derived DEPs had higher expression in the male 
sample, while there were 70 DEPs with higher expression in the 
female sample. Table 3 lists the top five DEPs with the highest 

fold changes. Interestingly, among the top DEPs in males, there 
were two toxins, namely, natterin (HE017204) with a VRP 
peptide that was reported to be of high antihypertensive activity 
(Fan and Wu, 2021), and neoverrucotoxin (HE016101) carrying  

FIGURE 5 | A heatmap of 209 AHTP-rich genes in the seahorse brain, pouch and testis at different developmental stages. X-axis shows clusters of the samples, 
and Y-axis refers to clusters of the AHTP-derived genes. Color key indicates the intensity associated with normalized transcription values. juv, juvenile; p, pregnancy; 
prep, pre-pregnancy; postp, post-pregnancy; rud, rudimentary.

BA

FIGURE 6 | Statistics of differentially expressed proteins (DEPs) between female and male seahorses. (A) A scatter plot of all quantitative proteins. The x-axis and 
y-axis represent log2(protein intensity) of female and male samples, respectively. The red and blue dots represent DEPs in female and male respectively, while the 
rest gray dots stand for proteins without sexual difference. (B) Enriched Gene Ontology (GO) functional terms of identified DEPs. The x-axis represents GO term, and 
the y-axis denotes the number of each DEP. The red and blue bars stand for female and male upregulated proteins, representatively (as shown in A).
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“LGP” and “GPL”. In addition, 12-AHTP-containing ryanodine 
receptor 3 (RYR3; HE015305), a calcium channel probably related 
to human gender dysphoria (Yang et  al., 2017), was also in the 
top list. In contract, top DEPs with higher expression in female 
than in male included myosin (HE001010; carrying three AKK 
peptides) and filensin (HE007393; carrying VSV, AKK, PLG and 

IKP); both proteins were reported to participate in the formation 
of cytoskeleton for a complex interacting meshwork (Hohmann 
and Dehghani, 2019).

DISCUSSION

Overlaps of AHTP-Derived Genes Among 
the Multi-omics Data

Several AHTPs have been purified from different seahorses (Gu 
and Xu, 2016; Kim et al., 2019b; Je et al., 2020; Shi et al., 2020) 
already, provoking us to conduct a high-throughput screening to 
predict potential AHTPs from the lined seahorse at a genomic 
level. The multi-omics (including genomics, transcriptomics, 
and proteomics) data enabled us to identify a total of 44,776 
AHTPs from 15,523 proteins, accounting for 65.50% of all 
annotated proteins in the lined seahorse, and this ratio is within 
the reported range (between 59 and 74%) in various fishes (Yi 
et  al., 2018). It also results in an average of 2.88 AHTPs per 
protein in the seahorse, and this number ranges from 2.3 to 3.3 
in the 18 fishes being studied (Yi et al., 2018). Additionally, most 
(14,262) of these genes were supported by transcriptomes, but 
only a few (495) were further detected from the proteome data 
(Figure 7), suggesting that the coverage of the proteomic data is 
not deep enough, and some AHTP-derived genes may have very 
low expression to be detectable in the examined samples.

TABLE 3 | Top 5 AHTP-derived DEPs with the highest fold changes in female or male samples.

Sex Rank Protein ID Annotated protein Fold change

Male 1 HE017204 natterin-3 10.53
2 HE015305 ryanodine receptor 3 (RYR3) 10.31
3 HE015413 bleomycin hydrolase (BLMH) 9.05
4 HE016101 neoverrucotoxin subunit alpha (neoVTX α-subunit) 8.69
5 HE021471 mitogen-activated protein kinase kinase kinase kinase 4 (MAP4K4) 6.83

Female 1 HE001010 myosin light chain 4 (MYL4) 7.00
2 HE007393 filensin 6.77
3 HE008001 alpha-N-acetylgalactosaminidase (α-NAGA) 4.71
4 HE018922 ubiquitin-fold modifier-conjugating enzyme 1 (UFC1) 4.53
5 HE008336 antithrombin-III (ATIII) 4.51

FIGURE 7 | A Venn diagram of AHTP-derived genes from the genome, 
transcriptome, and proteome (both DIA and DDA modes) datasets.

TABLE 2 | AHTP-derived proteins with the highest protein intensity.

Protein ID Rank in Female Rank in Male Protein Intensity* in Female Protein Intensity* in Male No. of AHTP Hits No. of AHTP Type

HE015301 1 1 26.77 27.23 3 3
HE012085 2 2 23.90 23. 80 4 3
HE002169 3 3 23.43 23.67 104 19
HE015412 4 8 22.50 21.85 15 6
HE009979 5 4 22.43 23.08 3 3
HE012247 6 10 22.16 21.33 3 1
HE016508 7 6 21.58 22.31 10 10
HE009712 8 13 21.27 20.92 3 3
HE002772 9 5 21.23 22.38 6 4
HE009339 10 12 21.05 20.96 1 1
HE018229 11 7 20.96 22.15 10 7
HE011410 12 9 20.62 21.68 7 4

*log2 converted.
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AHTP-Rich Proteins in the Lined Seahorse
As reported previously (Yi et al., 2018) in other fishes, including 
Atlantic cod, three-striped stickleback and grass carp, titins in the 
lined seahorse were AHTP-rich proteins (Figure  2). However, 
titins are tremendously large proteins with more than 25,000 
amino acids (Krüger and Linke, 2011), which could increase 
the likelihood of a random match, and such an estimation was 
supported by the low AHTP/protein ratio of the titins (Figure 2). 
Among the five titins (including partial sequences) identified in 
the lined seahorse genome, the longest one (HE002169) contained 
the most AHTP hits, some of which were clustered in exons 158, 
194, and 204 (Figure 3) and had the highest transcription level 
as well (Supplementary Figure 2). Generally speaking, titins are 
crucial for the assembly and functioning of sarcomeres (Peng 
et al., 2007) in fish skeletal and cardiac muscle cells (Seeley et al., 
2007). Interestingly, there are certain reports that small peptides 
from titins of large yellow croaker (Fan et  al., 2020), pork 
(Escudero et  al., 2012) and bovine meat (Ferranti et  al., 2014) 
have shown ACE-inhibitory activity. In this study, the abundance 
of AHTP hits and high expression of titins also support titin 
proteins as a promising resource for AHTP production.

Another group of AHTP-rich proteins were collagens. 
There were 81 proteins annotated as “collagen” in the lined 
seahorse genome. Each of them had at least one AHTP, and 
the highest number of AHTP hits in a collagen protein (such as 
HE002468 and COL8A1) could reach as high as 43, covering 5 
AHTP types (Figure 4). However, they are usually transcribed 
at very low levels. The highest transcription was found in a 
3-day embryo (TPM = 33.71), while in most samples (14 out 
of 19) the calculated TPM values were only a few (less than 4). 
Nevertheless, the four highly expressed collagens, HE005096 
(COL1A1), HE016085 (COL1A1), HE020257 (COL1A2), 
and HE015723 (COL2A1), carried 7, 7, 3, and 1 AHTP(s), 
respectively (Figure  6; Supplementary Figure  3). Collagens 
are well known for their abundance in Gly, Pro, and Hyp 
(hydroxylated Pro) and XaaYaaGly repeats, where Xaa and Yaa 
can be any amino acid (Gauza-W&lstrok;odarczyk et al., 2017; Li 
and Wu, 2018). Likewise, our data show that the most common 
AHTP type in seahorse collagens was tripeptides comprised of 
the permutations of Gly, Pro, and Lys (red lines inside the bars 
in Figure  4), covering 87.31% of all the identified AHTPs in 
collagens. Such a biased composition suggests that these amino 
acids may contribute largely to the antihypertensive activity of 
collagen hydrolysates.

Many peptides digested from collagens exhibit ACE-
inhibitory activity (Saiga et al., 2008; Ichimura et al., 2009; Liu 
et al., 2011; Zhuang et al., 2012), and even some collagen peptide 
supplements have already been on sale for many years due to their 
multiple benefits for human health, including lowering blood 
pressure. Although our findings provide molecular evidence for 
such potential function to some extent, more investigations are 
still required for an in-depth understanding of these products’ 
pros and cons. In addition to their antihypertensive role, fish 
collagens have other biomedical applications, such as wound 
healing (Zhou et  al., 2016), bone regeneration (Elango et  al., 
2016), and antimicrobials (Sahiner et al., 2014). However, instead 

of muscle, many other tissues (including bones, scales, and skin) 
are the major resources of fish collagen (Jafari et al., 2020), which 
poses a great challenge for the industrial preparation of collagen-
derived peptides.

Previously Reported AHTPs From 
Seahorses and Pipefishes
Some of the previously reported AHTPs have been purified from 
seahorses and their relatives, pipefishes. Recently, in the alcalase 
hydrolysate of the big-belly seahorse (H. abdominalis), three 
peptides (GIIGPSGSP, IGTGIPGIW, and QIGFIW) showed 
strong ACE inhibitory activity (Kim et al., 2019b). Later on, three 
more low-molecular peptides (APTL, CNVPLSP, and PWTPL) 
were proved to improve vasodilation via inhibition of ACE in 
vivo and in vitro (Je et  al., 2020). A Chinese team hydrolyzed 
three-spot seahorse (H. trimaculatus) protein and identified 
an ACE-inhibiting peptide, PAGPRGPA (Shi et al., 2020). Two 
AHTPs (TFPHGP and HWTTQR) have been purified from 
muscle protein hydrolysates of seaweed pipefish (Syngnathus 
schlegeli; Wijesekara et al., 2011).

Among these (9) validated AHTPs, three of them were 
identified in seahorses, namely APTL and PWTPL from the big-
belly seahorse, and PAGPRGPA from the three-spot seahorse 
(Supplementary Figure  5). As the shortest seahorse-derived 
AHTP to date, APTL had 281 hits spread over 270 lined seahorse 
proteins (without any dense distribution on specific sequences). 
Meanwhile, PWTPL and PAGPRGPA had only two and one 
hit(s) respectively, possibly due to their longer chain. Almost 
half of these AHTP-derived genes were transcribed (TMP ≥1, 
Supplementary Figure 5). Interestingly, the peptide PAGPRGPA 
was hydrolyzed from a collagen protein (COL1A1; encoded by 
gene HE005096), which was highly expressed in the pouch as 
mentioned above (Supplementary Figure 5). Unfortunately, the 
other six reported AHTPs could not be identified in the lined 
seahorse proteome data, indicating that although being members 
of the same family (Syngnathidae) or even within the same genus, 
different species do not share many AHTP types, mainly due to 
protein sequence divergence.

Omics for High-Throughput  
AHTP Prediction
Advanced omics along with bioinformatic tools are efficient 
approaches for high-throughput prediction of bioactive peptides 
such as AHTPs, toxins (Gao et  al., 2018; Peng et  al., 2021), 
antimicrobial peptides (Chen et  al., 2020) and anticancer 
peptides (Zhong et al., 2020). In this study, we predicted some 
ATHP-rich proteins in the lined seahorse, especially those with 
high expression by integration of genome, transcriptome, and 
proteome data. However, the reliability of our results might be 
limited by the quality of the omics data. For example, the number 
of the annotated collagens and titins from the lined seahorse 
genome was larger than expected due to fragment assembly. 
Collagens are encoded by 44 genes in humans and by 59 genes in 
the diploidy zebrafish (Nauroy et al., 2018; Bretaud et al., 2019), 
but there are 81 collagen genes predicted in the lined seahorse. 
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Similarly, only two titin genes exist in zebrafish (Huttner et al., 
2018), whereas the lined seahorse had five titins (although 
three were partial; see Supplementary Figure 2). Fragmentary 
sequences increased the number but shortened the length of 
predicted genes, and thus influenced the subsequent AHTP 
prediction, which could be improved by the generation of a high-
quality assembly and performing additional cloning validation.

CONCLUSION

Using the multi-omics-based strategy, we performed high-
throughput screening and identification of AHTPs from the 
lined seahorse. Our comprehensive data indicate that most of the 
AHTP-derived genes were supported by transcriptomic evidence, 
whereas only a few were further detected by proteome. Several 
groups of proteins, especially titins and collagens, contained 
the most AHTP hits, of which four AHTP-rich collagens had 
much higher transcription in the pouch than in other tissues. 
Tripeptides comprising the permutations of Gly, Pro, and Lys 
were the most abundant AHTP types in collagens. Additionally, 
three AHTPs that were previously purified from other seahorse 
species were also identified in the lined seahorse. Although 
omics-based AHTP predictions rely heavily on the quality of 
the used data, such a limitation can be overcome by in-depth 
experimental validation. In summary, our current findings 
provide a solid basis for understanding the abundance of various 
AHTPs in the lined seahorse, offering instructions for the choice 
of suitable samples in practical cases to purify AHTPs, and shed 
light on the development of antihypertensive products and drugs 
using seahorses as an important resource.
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