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A B S T R A C T

Deep-sea hydrothermal vent shrimps inhabit environments with low oxygen levels and may even be exposed to 
hypoxic conditions. In response, their respiratory pigment, hemocyanin (Hc) may undergo molecular adaptations 
to enable them to survive in such extreme ecosystems. Therefore, we sampled four Alvinocarididae species from 
hydrothermal vents in the northern Central Indian Ridge and two types of Hc genes (α and γ) were observed. 
Employing the branch model, we detected positive selection for the deep-sea hydrothermal vent lineage, 
including 11 Decapoda species. Furthermore, using the branch-site model, we identified a putative mutant 
residue (Leu226, Ser377, and Ile390) close to the active site of Hc. Moreover, our results suggested potential 
molecular docking between two α-type Hc proteins. Thus, this study provides valuable and novel perspectives on 
the functional significance of the Hc gene in deep-sea hydrothermal vent shrimps, laying the foundation for 
future investigations in this intriguing area of research.

1. Introduction

Rising ocean temperature driven by global warming are intensifying 
oxygen depletion in marine ecosystems. Warmer waters retain less dis
solved oxygen, while the metabolic demands of organisms in these 
habitats increase (Dillon et al., 2010). This phenomenon poses a serious 
risk to benthic environments, as it may extend the duration of thermo
cline and contribute to the expansion of hypoxic and anoxic zones in 
deeper layers of the ocean (Liu et al., 2019). Furthermore, deoxygen
ation resulting from organic matter decomposition and increased 
respiration rates further threatens benthic ecosystems as the climate 
continues to warm (Matear and Hirst, 2003; Bendtsen and Hansen, 
2013). As warming continues, benthic animals are forced to adapt to 
these stressful conditions. However, the molecular mechanisms under
lying marine animals' responses to hypoxic environments remain largely 
unexplored (Wu, 2002).

Deep-sea hydrothermal vents represent dynamic and extreme envi
ronments characterized by absence of light, hypoxic conditions, 
elevated carbon dioxide levels, low PH, high concentrations of heavy 
metals, and other toxic substances (Van Dover, 2000; Le Layec and 
Hourdez, 2021). Particularly, organisms that inhabit these habitats are 
exposed to chronic hypoxia and sometimes complete anoxia (Decelle 

et al., 2010). In the same context, long-term acclimation of decapods to a 
hypoxic environment increases the amount of their respiratory pigment, 
hemocyanin (Hc) (Defur et al., 1990; Mangum, 1994). Therefore, given 
that oxygen deficiency persists for an extended period in deep-sea hy
drothermal vents, respiratory pigments (Hc) in decapods may experi
ence stronger adaptive pressures.

Hc, a respiratory protein in the hemolymph of both mollusks and 
arthropods, plays a physiologically vital role in these organisms owing 
to its oxygen transport ability (Markl, 2013). It has a binuclear Cu-active 
site with three Cu-binding histidine residues (Jaenicke et al., 1999). This 
type-3 copper center also exists in tyrosinases, catechol oxidases, and 
phenol oxidases. Thus, the first members of the arthropod Hc super
family are believed to have evolved from tyrosinase-like ancestral 
oxygen-binding proteins 600 million years ago (Burmester, 2002). The 
traditionally recognized function of Hc is oxygen transport. Moreover, in 
decapods, Hc is involved in other stress responses (Zhang et al., 2009; 
Sun et al., 2012). For example, the exposure of Penaeus vannamei, to 
ammonia stress results in the significant upregulation of Hc which 
increased antimicrobial activity (Zhao et al., 2022). Additionally, Hc is a 
multifunctional protein that plays multiple roles in immune defense 
(Hui et al., 2017; Coates and Costa-Paiva, 2020).

Invertebrates possess multiple Hc subunits that exhibit distinct 
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functions. Arthropod Hc is predominantly a hexamer (1 × 6-mer) con
sisting of six similar heterogeneous or homogeneous subunits, each of 
which may bind to an oxygen molecule; this hexamer is the predominant 
form in crustaceans (Sellos et al., 1997). For the deep-sea hydrothermal 
vent shrimp, Rimicaris exoculata, it is reported that their Hc is mostly 
composed of hexameric (Lallier and Truchot, 1997). This hexamer is 
more specifically characterized as a “trimmer of dimers” (Van Holde and 
Miller, 1995). However, even within crustaceans, the quaternary 
structures of Hc vary; a 2 × 6-mer has been observed in the mantis 
shrimp, Squilla mantis (Hoplocaridae) (Bijlholt and van Bruggen, 1986), 
while a 4 × 6-mer has been observed in the thalassinid shrimp, Callia
nassa californiensis (Callianassidae) (Miller et al., 1977). Further, linker 
subunit dimers often hold higher-order Hc oligomers together via ionic 
or disulfide bonds (Stöcker et al., 1988). Moreover, immunological and 
molecular phylogenetic studies have shown the existence of three 
distinct Hc types in Decapods, namely, α, β, and γ Hc (Kusche et al., 
2003). These three subtypes were classified based on the immunological 
cross-reactivity properties (Markl, 1986). These Arthropod Hc genes 
were assumed to be originated 550 million years ago from oxygen- 
consuming enzymes, phenoloxidases (Burmester, 2004). Phylognetic 
analysis using molecular clock revealed that the first β-type Hc gene 
diverged from crustacean Hc gene approximately 315 million years ago, 
while the divergence between α- and γ-type Hc genes occurred 
approximately 258 million years ago (Burmester, 2004). Furthermore, 
seven distinct variants have been identified within the α- and γ-types in 
crustaceans (Brouwer et al., 1978). However, the relationships between 
these Hc types remain unclear. Additionally, no evidence of Hc-positive 
selection in deep-sea hydrothermal vent shrimps has been reported thus 
far. In addition, a recent study on Penaeus vannamei focused to identify 
the functions of each Hc subtype (Li et al., 2024). While some showed 
tissue-specific expression, most of the Hc subtypes showed similar 
function roles. Therefore, detecting natural selection at the amino acid 
level is of great significance in the field of molecular evolution research. 
In this study, we collected four alvinocaridids from hydrothermal vents 
and performed whole-genome sequencing. Among the four deep-sea 
hydrothermal vent shrimp species, one was identified as a previously 
unreported species belonging to the family Alvinocarididae. Further, we 
identified two Hc types (α and γ) in the four deep-sea hydrothermal vent 
shrimps and resolved their phylogenetic relationships within the order 
Decapoda. Subsequently, we identified a putative point mutation in Hc 
that may contribute to oxygen affinity. This study sheds light on the 
adaptation strategies of deep-sea hydrothermal vent shrimps and pro
vides valuable insights into their survival in deep-sea hydrothermal 
vents.

2. Materials and method

2.1. Sample collection, library construction, and sequencing

In 2019, we collected shrimps (four Alvinocarididae species) from 
the Onnuri vent field (OVF, 11◦14′55.92″ S, 66◦15′15.10″ E) at a depth of 
2014.5 m using a video-guided hydraulic grab (television grab) carried 
by the research ship “ISABU”, during the KIOST expedition along the 
Central Indian Ridge. After collection, the specimens were immediately 
preserved in 95 % ethanol at − 80 ◦C aboard until arrival at the labo
ratory, where DNA extraction was performed. Specifically, genomic 
DNA was extracted from the muscle tissues of the shrimps using a Qia
gen Blood & Cell Culture DNA Mini Kit according to the manufacturer's 
instructions.

Library construction was performed with a 550 bp insert using a 
TruSeq DNA Nano kit. The DNA fragments ligated with an adaptor were 
amplified via PCR. Thereafter, the resulting DNA fragments were 
selected and subjected to paired-end sequencing using the Illumina 
NovaSeq 6000 platform.

2.2. Data filtering and genome assembly

Before genome assembly, adapter sequences, low-quality reads 
(Phred quality score < 20) and reads shorter than 120 bp or reads with 
Ns were filtered using trim_galore (ver. 0.6.6) with the parameter 
“–quality 20 –length 120 –max_n 0” (Martin, 2011). De novo genome 
assembly was performed using SPAdes (ver. 3.14.0), a universal de 
Brujin assembler that uses k-mers (k-mers 21, 31, 51, 71, 91, and 121 
were used in this study) to build the initial de Bruijn graph (Bankevich 
et al., 2012; Jung et al., 2020; Choi et al., 2024, 2025). For genome 
assessment, busco (ver. 5.4.3) was employed based on the meta
zoan_odb10 dataset (Simão et al., 2015). Furthermore, to obtain diverse 
metrics, such as the number of contigs, the largest contig, total length, 
N50, and L50, without a reference genome, we used QUAST (ver. 5.0.2), 
a quality assessment software for genome assembly (Gurevich et al., 
2013). The mitochondrial genome was assembled using MITOZ software 
(ver. 3.6) (Meng et al., 2019) and visualized using Circos (ver. 0.69-8) 
(Krzywinski et al., 2009). To identify protein-coding genes, we per
formed ab initio gene prediction using augustus (ver. 3.4.0) with the 
parameter “–species = notospermus_geniculatus” (Stanke and Morgen
stern, 2005).

2.3. Hc gene prediction and annotation

To extract Hc genes from the four Alvinocarididae shrimps included 
in this study, we created a custom database consisting of the three Hc 
types (α, β, and γ) and pseudo-hemocyanin (Supplementary Table S1). 
Thereafter, we performed blastp searches to compare protein queries to 
our custom BLAST database using the following parameters: cutoff e- 
value, 0.0; length, 350 aa; and identity cutoff, 60 %. We predicted the 
domains for each gene using a Simple Modular Architecture Research 
Tool (SMART) (Schultz et al., 2000). We further extracted the putative 
Hc genes from those containing at least two of the three domains: 
hemocyanin_N, hemocyanin_M, and hemocyanin_C.

2.4. Phylogenetic analysis

Three phylogenetic analyses were performed. These included Alvi
nocarididae species tree analysis using mitochondrial 13 protein-coding 
genes (PCGs), Decapoda gene tree analysis using the Hc gene, and 
Decapoda species tree analysis using the cytochrome c oxidase subunit 1 
(COX1).

To construct the Alvinocarididae species tree, mitochondrial DNA 
from 15 caridean species, including 11 species obtained from the Na
tional Center for Biotechnology Information (NCBI, https://www.ncbi. 
nlm.nih.gov) and the four deep-sea hydrothermal vent shrimps 
collected in this study were used. For the outgroup species, Pandaulus 
hypsinotus was used. The nucleotide sequences of 13 PCGs were also 
extracted from the mitochondrial genomes. Further, multiple sequence 
alignment (MSA) was separately performed for each gene using mafft 
(ver. 7.505) (Katoh et al., 2002), while PartitionFinder2 (Lanfear et al., 
2016) was used to determine the best-fit substitution model for each 
gene set based on the Bayesian information criterion (BIC). Finally, the 
aligned PCGs were concatenated for phylogenetic analyses.

To construct the Decapoda gene tree, 33 published Hc amino acid 
sequences were obtained from the NCBI and used along with 15 Hc se
quences obtained in this study. The Hc amino acid sequences were 
aligned using mafft. Further, phylogenetic relationships between Hc 
types (α, β, and γ) were resolved using maximum likelihood (ML) and 
Bayesian Inference (BI) models. Then, to determine the best-fit evolu
tionary substitution model for each Hc type based on the BIC, Model
Finder (Kalyaanamoorthy et al., 2017) in IQ-Tree2 (ver. 2.2.0.3) (Minh 
et al., 2020) was used.

To construct the Decapoda species tree, COX1 sequences from 11 
Decapoda species and one Amphipoda species were used. The decapod 
species tree thus obtained was then used as an input tree file for the 
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positive selection analysis.
ML and BI phylogenetic trees were constructed using raxml-ng (ver. 

1.1.0) (Kozlov et al., 2019) and MrBayes (ver. 3.2.6) (Ronquist et al., 
2012), respectively. For the evaluation of the tree topologies, 1000 non- 
parametric bootstrap replicates were employed in the ML analysis. 
Further, in the BI analysis, Bayesian posterior probabilities (BPP) were 
calculated using four independent Markov Chain Monte Carlo (MCMC) 
runs, each consisting of 1.0 × 106 generations. Samples were obtained 
every 500th generation, with the initial 25 % of the data discarded as 
burn-ins. The tree topology from the ML analysis was visualized using 
FigTree (ver. 1.4.4.) (http://tree.bio.ed.ac.uk/software/figtree).

2.5. Determination and visualization of positively selected genes

To clarify the genomic adaptation mechanisms of Hc in shrimps 
inhabiting deep-sea hydrothermal vent environments, we utilized the 
codeml program in the PAML (Phylogenetic Analysis by Maximum 
Likelihood) package (ver. 4.10.5) (Yang, 2007) to identify positively 
selected genes. The Decapoda species tree obtained using raxml-ng was 
used as the input tree file, after which it was unrooted, and its branch 
lengths were removed. In addition, we treated the deep-sea hydrother
mal vent lineage as a polytomy. The aligned amino acid sequences ob
tained from MAFFT were used to align the DNA sequences using pal2nal 
(ver. 14) (Suyama et al., 2006). For the selection analysis, we employed 
branch and branch-site models.

Table 1 
Summary of next-generation sequencing to genome annotation for four deep-sea hydrothermal vent shrimps. Abbreviations: C, complete Benchmarking Universal 
Single-Copy Orthologues (BUSCOs); S, single-copy BUSCOs; D, duplicated BUSCOs; F, fragmented BUSCOs; M, missing BUSCOs.

Rimicaris kairei Rimicaris cf. variabilis Alvinocaris longirostris Alvinocaridid sp.

Sequencing

Platform Illumina Novaseq6000 Illumina Novaseq6000 Illumina Novaseq6000 Illumina Novaseq6000
Library kit TruSeq DNA Nano 550 bp TruSeq DNA Nano 550 bp TruSeq DNA Nano 550 bp TruSeq DNA Nano 550 bp
Read length (bp) 151 × 2 151 × 2 151 × 2 151 × 2
Insert size (bp) 550 550 550 550
Number of reads 197,343,290 201,371,554 228,077,610 260,426,508
Mean quality score 33.32 33.40 33.84 34.74
Percentage of ≥Q30 (%) 79.38 79.78 83.66 86.79
Number of bases (Gb) 29.80 30.41 34.44 39.32

Data filtering
Number of reads 190,642,324 163,911,744 196,635,812 241,241,848
Number of bases (Gb) 24.01 24.47 29.40 36.16

Assembly 
(>1000 bp)

Number of contigs 296,082 303,039 483,219 639,218
Length of N50 (bp) 1426 1392 1767 1937
Total length of contigs (Mb) 442.40 438.25 843.07 1195.52
Largest contig (Kb) 77.61 79.18 36.85 55.94
GC content (%) 34.99 34.56 34.84 34.81
BUSCO result 
(C, [S, D], F, M) (%)

13, [8.8, 4.2], 40.4, 46.6 9.9, [8.5, 1.4], 43.9, 46.2 11.1, [10.9, 0.2], 48.6, 40.3 17.1, [15.5, 1.6], 48, 34.9

Gene prediction Number of predicted genes 101,595 120,529 164,904 212,914

Fig. 1. Maximum likelihood phylogenetic species tree obtained based on 13 concatenated mitochondrial protein-coding genes inferred from 15 caridean species. 
Pandalus hypsinotus was used as the outgroup species. The bootstrap values (left) and Bayesian poster probability values (right) are labeled at each node. The names in 
red represent the deep-sea hydrothermal vent shrimp samples considered in this study. The clades highlighted with red and green backgrounds correspond to the 
genera Rimicaris and Alvinocaris, respectively.
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In the branch model, we compared a null model (model = 0, NSsites 
= 0), assuming an equal dN/dS ratio across all clades, with an alternative 
model (model = 2, NSsites = 0), allowing for different dN/dS ratios in the 
foreground branch (representing the deep-sea hydrothermal vent 
chemosynthetic environment), unlike the background branch. Likeli
hood ratio tests (LRT) and chi-square (χ2) distributions were used to 
determine the best-fit models and assess the statistical significance of the 
p-values obtained. In cases where the LRT was statistically significant (p 
< 0.1) and the ω (dN/dS) ratio was >1, the site was considered to be 
under positive selection.

For the branch-site model, we compared a null model (model = 2, 
NSsites = 2, fix_omega = 1) with an alternative model (model = 2, 
NSsites = 2, fix_omega = 0), allowing the dN/dS ratio to vary among the 
codon sites. A positively selected site was identified when the Bayes 
Empirical Bayes (BEB) value was >95 % and the P-value was <0.05.

AlphaFold2 (ver. 2.3.1) (Jumper et al., 2021) was used to predict the 
three-dimensional (3D) structures of Hc in the deep-sea hydrothermal 
vent shrimps. Molecular docking of Hcs was predicted using ClusPro 2.0 
(https://cluspro.org) (Kozakov et al., 2017) and visualized using PyMOL 
(ver. 4.6) (Schrödinger and DeLano, 2020).

2.6. Detection of convergence amino acid substitution

To investigate amino acid convergence within the deep-sea hydro
thermal vent lineage, we utilized a dataset containing orthologous 
α-type Hc amino acid sequences from 12 Malacostraca species. Phylo
genetic tree reconstruction and the inference of ancestral Hc amino acid 
were performed by RAxML. Subsequently, Seq-Gen (ver. 1.3.4) 
(Rambaut and Grass, 1997) was employed to conduct 100,000 Monte- 
Carlo simulations of amino acid sequence evolution along the phylo
genetic tree, employing the “WAG” substitution model. The simulated 
dataset was then analyzed to detect amino acid replacements occurred 
by random chance.

3. Results

3.1. Genome characteristics and gene annotation

Raw reads ranging from 29 to 39 Gb were generated via whole- 
genome sequencing on samples corresponding to four deep-sea hydro
thermal vent shrimp species collected from a hydrothermal vent on the 
Illumina NovaSeq 6000 platform (Table 1). After data filtering, filtered 
reads in the 24–36 Gb range were obtained for the four samples. The 
number of contigs in our assembled data was below 639,218, with the 
GC content ranging from 34.56 to 34.99 %. Moreover, we obtained 
>101,595 protein-coding genes from the genome of four deep-sea hy
drothermal vent shrimp species. Table 1 provides more details regarding 
each assembly result at the contig level and the gene annotation results.

3.2. Species identification

For species identification using each sample, we performed BLAST 
searches using the COX1 gene. The identity values of three shrimp 
species exceeded 98.7 %, leading to the adoption of the best-matching 
species as the sample names (Supplementary Table S2). For one sam
ple, the identity value was 88.5 %, which is inadequate for species 
identification at the species level. Therefore, this particular species was 
assigned the name “Alvinocaridid sp.”. Next, we used 13 mitochondrial 
PCGs to reveal the phylogenetic relationships among the four deep-sea 
hydrothermal vent shrimp species. Based on the phylogenetic analysis, 
the four deep-sea hydrothermal vent shrimp species were placed within 
the family Alvinocarididae (Fig. 1).

3.3. Hc gene identification and phylogenetic analysis

To extract Hc genes from the genomes of the four deep-sea 

hydrothermal vent shrimp species collected in this study, we conducted 
sequence similarity searches using Hc genes isolated from Atyopsis 
moluccensis and Metacarcinus magister as queries (Supplementary 
Table S1). Our investigation revealed that Alvinocarididae shrimps 
possess α- and γ-type Hc and showed the absence of β-type Hc and 
pseudo-Hc in their genome (Table 2).

An ML tree was constructed using the 48 amino acid sequences of Hc 
(Fig. 2). Three genes isolated from Insecta species were used as out
groups. In the ML gene tree, the α-type Hc of the deep-sea hydrothermal 
vent lineage exhibited monophyly with robust support (BB = 100 and 
BPP = 1). However, the node supportive values for γ-type Hc were 
relatively low (BB = 54 and BPP = 0.8). Further, we identified multiple 
paralogues of γ-type Hc within the deep-sea hydrothermal vent shrimp 
species, in contrast to what was observed for α-type Hc (a single copy 
gene). The number of gene copies ranged from two to four, demon
strating inconsistency across species. However, since all γ-type Hc 
paralogues originated from distinct contigs, these additional gene copies 
likely stemmed from gene duplication events rather than mere isoform 
variations.

3.4. Detecting positive selection under deep-sea hydrothermal vent 
adaptation

As phylogenetically distant taxa could potentially lead to undue in
fluence on selection analysis, we constructed a new species tree 
comprising 12 Malacostraca species (Supplementary Fig. S1). There
after, we investigated two Hc types (α and γ) within Alvinocarididae. 
When the deep-sea hydrothermal vent lineage was used as the fore
ground branch, both α- and γ-type Hc were positively selected by the 
branch model (Table 3). Notably, the ω (dn/ds) ratio on the foreground 
branch was two-fold as high as that on the background branch.

Given the deep-sea hydrothermal vent lineages experience strong 
adaptive pressure, we further examined whether any of the sites were 
positively selected. The results obtained based on the branch-site model 
revealed significant fitting for the alternative model only for α-type Hc 

Table 2 
BLAST results for hemocyanin genes obtained from four Alvinocarididae 
shrimps.

Sample name Top 
gene

Length 
(bp)

Gene 
name

Identified 
group

Accession 
number

Rimicaris kairei

g629.t1 659 RkaHc1 α OR515028
g1631. 
t1

498 RkaHc2
γ

OR515029

g3294. 
t1 497 RkaHc3 OR515030

Rimicaris cf. 
variabilis

g1120. 
t1 659 RvaHc1 α OR515025

g7496. 
t1

358 RvaHc2
γ

OR515026

g1530. 
t1

498 RvaHc3 OR515027

Alvinocaris 
longirostris

g3831. 
t1 624 AloHc1 α OR515021

g950.t1 498 AloHc2

γ

OR515022
g8878. 
t1

357 AloHc3 OR515023

g10250. 
t1

497 AloHc4 OR515024

Alvinocaridid 
sp.

g6568. 
t1

513 AspHc1 α OR515031

g25027. 
t1 654 AspHc2

γ

OR515032

g1532. 
t1

498 AspHc3 OR515033

g4055. 
t1

498 AspHc4 OR515034

g11773. 
t1 497 AspHc5 OR515035
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(p < 0.1) and showed a higher ω ratio (ω = 1.74) for the deep-sea hy
drothermal vent lineage (Table 4). Conversely, for α-type Hc, 28 posi
tively selected sites were identified. Nine sites were identified as 
suspected sites according to the BEB values obtained. Among the 28 
putatively selected sites, three residues (Leu 226, Ser 377, and Ile 390) 
were located within the active site of Hc, where six histidine residues 
bound to copper to enable oxygen transport (Fig. 3a and b).

Our study also revealed the molecular docking of two Hc proteins, 
resulting in the formation of a homomeric complex (Fig. 4a). Residue 
617, which underwent positive selection as identified based on BEB 
values (p < 0.01), was detected within the binding site of the dimer and 

Hemocyanin_C domain (Fig. 4b and c and Table 4).

3.5. Convergent evolution of Hc in the deep-sea hydrothermal vent 
shrimps

Since the same amino acid substitutions were observed at positively 
selected sites in four deep-sea hydrothermal vent shrimps, we tested 
whether these substitution were the result of convergent evolution. A 
total of 20,491 simulations were conducted, where two α-type HC genes 
from deep-sea hydrothermal vent shrimp exhibited the same substitu
tion at the same position among 100,000 simulations. However, no cases 

Fig. 2. Maximum likelihood (ML) phylogenetic gene tree based on 48 amino acid sequences of hemocyanin (Hc). Three Insecta species were used as the outgroup. 
The bootstrap values (left) and Bayesian posterior probability values (right) are labeled at each node. Only support values higher than 60 % and 0.6 inferred from ML 
and Bayesian Inference, respectively, are shown on each branch. Hc obtained from deep-sea hydrothermal vent shrimps are shown in red. The clades highlighted with 
green, pink, red, and blue backgrounds correspond to the four types of Hc.

Table 3 
Summary of the branch model. Abbreviations: np, number of the parameter; LRT, likelihood ratio test.

Branch Type Null model (np) Alternative model (np) LRTs p-Value

− ln L ω − ln L Foreground ω Background ω

Deep-sea hydrothermal vent clade
α − 10,555.811223 (23) 0.1217 − 10,538.803007 (24) 0.2540 0.1027 34.02 5.45− e9
γ − 7022.475553 (23) 0.0869 − 7016.889049 (24) 0.1572 0.0765 11.17 0.00083
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were observed where three or four α-type HC genes exhibited the same 
amino acid substitution (Supplementary Table S3).

4. Discussion

In this study, we performed whole-genome sequencing and bioin
formatics analysis and successfully elucidated the intricate evolutionary 
relationships among four deep-sea hydrothermal vent shrimp species 
belonging to the family Alvinocarididae collected from hydrothermal 
vents. Our results provide robust support for the nodes of the three 
shrimp species (Rimicaris kairei, Rimicaris cf. variabilis, and Alvinocaris 
longirostris) in both bootstrapping replicate (BP = 100) and BPP = 1 
analyses (Fig. 1). However, Alvinocaridid sp. was poorly saturated (BP 
= 50). This finding could be attributed to the lack of mitochondrial 
genome data for this deep-sea hydrothermal vent shrimp species, which 
limited the accurate identification of its phylogenetic position. There
fore, additional mitochondrial genomes are required to determine 
phylogenetic relationships within Alvinocarididae.

Although our assembled genome may not be suitable for whole 
genome analysis (BUSCO <17.1 % and N50 < 1937), the assembly and 
annotation of Hc genes proceeded without any issues in this study. 
Additionally, stringent filtering criteria were applied during the 
extraction of putative Hc genes (as detailed in Materials and Method). As 
a result, we report the presence of two Hc gene types (α and γ) in deep- 
sea hydrothermal vent shrimps for the first time (see Fig. 2 and Table 2
for the Hc gene abbreviations). While α-type Hc is present in all deca
pods, the β- and γ-types are absent in several species (Todorovska et al., 
2021). A single copy of the α-type Hc was observed in each shrimp 
species, whereas several copies of γ-type Hc were observed in each 
species. Burmester delineated two clades in crustacean Hc types (α and 
γ), while β-type Hc remained unidentified (Burmester, 2001). Addi
tionally, α- and γ-type Hc genes are expanded in the genome of Penaeus 
compare to the γ-type Hc (Li et al., 2024). This finding is consistent with 
our observation that none of the four deep-sea hydrothermal vent 
shrimp possessed β-type Hc. However, chromosome-level genome 
analysis in further study is needed to verify the absence of β-type Hc gene 
in the genome of deep-sea hydrothermal vent shrimps. The α-type Hc of 
the deep-sea hydrothermal vent shrimp species exhibited similar 
lengths, ranging from 513 to 659 aa, when compared with those of the 
two lobsters (657 and 660 aa) (Bak et al., 1986; Burmester, 1999) and 
two shrimp species (641 and 648 aa) (Sellos et al., 1997; Jiewkok et al., 
2015). In contrast, γ-type Hc exhibited fragmentation, with lengths 
ranging from 357 to 654 aa (Table 2). Considering that we employed a 
filtering criterion to exclude genes shorter than 350 aa, there could 
potentially exist additional gene copies of γ-type Hc within the genome 
of deep-sea hydrothermal vent shrimps. Therefore, further studies 
employing long-read sequencing are necessary to obtain the full length 
of γ-type Hc. Such studies will provide a comprehensive understanding 
of the gene duplication phenomenon within populations of deep-sea 

hydrothermal vent shrimps.
The exposure of deep-sea hydrothermal vent animals to chronic 

hypoxia (Hourdez and Lallier, 2007) may impose selection pressure on 
their respiratory pigment, Hc. The oxygen consumption rates of deep- 
sea hydrothermal vent animals are similar to those of shallow-water 
species (Hourdez et al., 2002; Hourdez and Weber, 2005), suggesting 
that these deep-sea hydrothermal vent species have successfully adapted 
to oxygen-deficient environments. Therefore, we focused on the signs of 
molecular adaptation (positive selection) in response to deep-sea hy
drothermal vent environments. Since most amino acids are expected to 
undergo purifying selection to eliminate deleterious mutations (Liang 
et al., 2006), we suspected that 28 residues possibly undergo selection 
pressure. Consequently, we examined their locations in the 3D structure 
of α-type Hc (Fig. 3a and b). These residues were also found to be located 
within the Hemocyanin_M domain. Aweya et al. (2022) reported that 
the armadillo (ARM) repeat within this Hemocyanin_M domain plays a 
crucial role in antimicrobial responses by activating the p38 MAPK 
signaling pathway (Fig. 3c) (Aweya et al., 2022). In this study, we 
identified two positively selected residues (Ser377 and Ile390) located 
in close proximity to the ARM repeat. Further investigation is needed to 
elucidate their functional role in enhancing antimicrobial responses. 
Such domains contribute to the overall function of a protein by per
forming specific functions or interactions and are evolutionarily 
conserved (Fong and Marchler-Bauer, 2008). Furthermore, because 
mutations in these domains can lead to protein distortion (Pal et al., 
2020), these positively selected residues can potentially affect the 
overall structure or stability of Hc. All four deep-sea hydrothermal vent 
shrimp species showed the same nucleotide substitution in the relatively 
conserved motif region (Leu226 and Ile390) (Fig. 3d) and these sub
stitutions were exclusively observed in the deep-sea hydrothermal vent 
clades. Interestingly, among the three positively selected sites, two 
residues (Leu226 and Ile390) exhibited the same mutation, an occur
rence that is exceptionally rare (Supplementary Table S3). Therefore, 
genomic convergence driven by positive selection may play a pivotal 
role in the adaptation of deep-sea hydrothermal vent shrimp to extreme 
environments. In contrast, the γ-type Hc does not exhibit statistically 
significant support for positive selection. This finding implied that 
γ-type Hc might experiences stronger evolutionary constraints than 
α-type Hc and is conserved throughout the evolution of decapods.

Moreover, various intermediate forms, encompassing structures 
from monomers to hexamers, may also exist (Van Holde and Miller, 
1995). Reportedly, mutations can change the binding energy of a dimer 
by modifying protein interaction kinetics (Zhao et al., 2015). Therefore, 
positively selected residues can potentially alter the strength of the 
binding affinity between dimers. Specifically, the substitution of a 
negatively charged amino acid (Glu) with a hydrophobic (Tyr) or posi
tively charged (His) amino acid can affect the interactions of Hc 
(Fig. 4d). Therefore, further studies with a focus on the functional 
properties of Hc dimers, including protein structural stability and 

Table 4 
Summary of the branch-site model. Abbreviations: np, number of the parameter; LRT, likelihood ratio test; BEB, Bayes Empirical Bayes.

Branch Type Null model 
(np)

Alternative model 
(np)

LRTs 
(p-value)

Site class 0 1 2a 2b

Deep-sea hydrothermal vent claded

α

− 110,349.363440 
(23)

− 10,347.674635 
(24)

3.38 
(0.066)

Proportion 0.72 0.19 0.08 0.02
Foreground ω 0.07 1 1.74 1.74
Background ω 0.07 1 0.07 1

Positively selected sites (BEB)

149 A (0.620), 173 H (0.961)*, 216 I (0.828), 226 L (0.829), 244 D (0.995)**, 252 N (0.881), 267 
F (0.965)*, 289 I (0.942), 294 V (0.959)*, 340 F (0.530), 341 Q (0.543), 352 M (0.760), 358 G 
(0.967)*, 367 S (0.965)*, 377 S (0.971)*, 390 I (0.532), 412 S (0.865), 414 I (0.566), 428 F 
(0.733), 485 M (0.929), 556 F (0.950)*, 558 M (0.656), 562 G (0.819), 572 L (0.503), 587 V 
(0.812), 617 Y (1.000)**, 627 Y (0.880), 658 E (0.922)

γ

− 6919.140362 
(23)

− 6917.958407 
(24)

2.36 
(0.124)

Proportion 0.83 0.12 0.04 0.01
Foreground ω 0.06 1 2.02 2.02
Background ω 0.06 1 0.06 1

Positively selected sites (BEB)
3 Q (0.833), 16 A (0.611), 52 S (0.546), 81 N (0.682), 92 Q (0.984)*, 118 I (0.642), 127 N (0.980) 
*, 301 P (0.974)*, 305 V (0.630), 327 T (0.573), 344 H (0.656), 354 L (0.805)
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conformational changes within Hc, are required. Throughout the 
adaptation process, these unique mutations were retained and could 
potentially provide advantages for the survival of deep-sea hydrother
mal vent shrimps in extreme environments. Further functional experi
ments on mutation-induced changes in oxygen stoichiometry and innate 
immune activities are anticipated to provide insights into the implica
tions of these unique mutations in Hc and elucidate the adaptation 
mechanisms of deep-sea hydrothermal vent shrimps.

Our analysis revealed intriguing patterns within the realm of positive 
selection underpinning deep-sea hydrothermal vent adaptation. 

Mutations within the active and binding sites suggested that these 
substitutions could potentially induce physiologically significant 
changes in the oxygenation properties of Hc. Although this study ad
vances our understanding of the molecular adaptation of Hc in deep-sea 
hydrothermal vent shrimp, further studies involving functional experi
ments are required to provide deeper insights into the implications of 
these unique mutations.

Fig. 3. (a) White ribbon diagram showing the three-dimensional structure of Rimicaris kairei α-type hemocyanin (Hc) (RkaHc1). The red (three) and green (six) 
residues represent positively selected and histidine residues within the active site, respectively. (b) Detailed interactions within the active site: three positively 
selected residues (red) and six histidine residues (green). Three mutations (Leucine, Serine, and Isoleucine) can be observed in close proximity to the active site. (c) 
Schematic representation of the domains of RkaHc1: Hemocyanin_N, Hemocyanin_M, and Hemocyanin_C. The three positively selected residues (red) detected in 
close proximity to the active site can be observed to be located in the Hemocyanin_M domain. (d) Multiple sequence alignment (MSA) of the Hemocyanin_M domains 
from 12 decapods. The four deep-sea hydrothermal vent shrimps considered in this study are indicated in blue on the left side of the MSA. Within the alignment, the 
green background represents six histidine residues, while the red background represents three mutation residues. The black background represents highly conserved 
regions. Accession numbers: Macrobrachium nipponense, AEC46861.1; Macrobrachium rosenbergii, ALN67306.1; Palaemon carinicauda, AEJ08191.1; Atyopsis moluc
censis, CCF55379.1; Caridina multidentate, CCF55385.1; Homarus americanus, XP_042241812.1; Panulirus japonicus, BBO36752.1; Trinorchestia longiramus, 
KAF2367351.1. The blue shaded areas indicate the dee-sea hydrothermal vent shrimps.
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The raw sequence data generated in this study are openly available in 
the NCBI GenBank under accession number SRA (BioProject: 
PRJNA1012743). Furthermore, the sequences of four mitochondria 

Fig. 4. (a) Three-dimensional structure of the α-type Hemocyanin (RkaHc1) dimer of Rimicaris kairei predicted using Cluspro 2.0 server. (a) The molecular surface of 
the dimer shows two RkaHc1 (yellow and white). Positively selected sites of RkaHc1 are indicated in red. (b) Ribbon diagram showing the close-up view of the 
interaction site. Positively selected residues (Tyr 617) are indicated in red. (c) Schematic representation of the domains of RkaHc1: Hemocyanin_N, Hemocyanin_M, 
and Hemocyanin_C. The three positively selected residues (red) detected within the binding site can be observed in the Hemocyanin_C domain. (d) Multiple sequence 
alignment (MSA) of the Hemocyanin_C domain from 12 decapods. The four deep-sea hydrothermal vent shrimps considered in this study are indicated in blue on the 
left side of the MSA. Mutation and highly conserved sites are indicated in red and black, respectively. Accession numbers: Macrobrachium nipponense, AEC46861.1; 
Macrobrachium rosenbergii, ALN67306.1; Palaemon carinicauda, AEJ08191.1; Atyopsis moluccensis, CCF55379.1; Caridina multidentate, CCF55385.1; Homarus ameri
canus, XP_042241812.1; Panulirus japonicus, BBO36752.1; Trinorchestia longiramus, KAF2367351. The blue shaded areas indicate the dee-sea hydrothermal 
vent shrimps.
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(OR570908-OR570911) and 15 Hc types (OR515021-OR515035) from 
four deep-shrimp species are available in the NCBI GenBank. All data 
sets used in this study are available at: http://eyunlab.cau.ac. 
kr/deepsea_shrimp.
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Stöcker, W., Raeder, U., Bijlholt, M.M.C., Wichertjes, T., van Bruggen, E.F., Markl, J., 
1988. The quaternary structure of four crustacean two-hexameric hemocyanins: 
immunocorrelation, stoichiometry, reassembly and topology of individual subunits. 
J. Comp. Physiol. B 158, 271–289. https://doi.org/10.1007/BF00695326.

Sun, S., Chen, L., Qin, J., Ye, J., Qin, C., Jiang, H., Li, E., 2012. Molecular cloning, 
characterization and mRNA expression of copper-binding protein hemocyanin 
subunit in Chinese mitten crab, Eriocheir sinensis. Fish Shellfish Immunol. 33, 
1222–1228. https://doi.org/10.1016/j.fsi.2012.09.023.

Suyama, M., Torrents, D., Bork, P., 2006. PAL2NAL: robust conversion of protein 
sequence alignments into the corresponding codon alignments. Nucleic Acids Res. 
34, W609–W612. https://doi.org/10.1093/nar/gkl315.

Todorovska E, Ivanov M, Radkova M, Dolashki A, Dolashka P. Molecular cloning, 
structure and phylogenetic analysis of a hemocyanin subunit from the black sea 
crustacean Eriphia verrucosa (Crustacea, Malacostraca). 2021. Genes. 12:93. doi:
https://doi.org/10.3390/genes12010093.

Van Dover, C.L., 2000. The Ecology of Deep-Sea Hydrothermal Vents. Princeton 
University Press.

Van Holde, K.E., Miller, K.I., 1995. Hemocyanins. Adv. Protein Chem. 47, 1–81.
Wu, R.S.S., 2002. Hypoxia: from molecular responses to ecosystem responses. Mar. 

Pollut. Bull. 45, 35–45. https://doi.org/10.1016/S0025-326X(02)00061-9.
Yang, Z., 2007. PAML 4: phylogenetic analysis by maximum likelihood. Mol. Biol. Evol. 

24, 1586–1591. https://doi.org/10.1093/molbev/msm088.
Zhang, Y., Yan, F., Hu, Z., Zhao, X., Min, S., Du, Z., Zhao, S., Ye, X., Li, Y., 2009. 

Hemocyanin from shrimp Litopenaeus vannamei shows hemolytic activity. Fish 
Shellfish Immunol. 27, 330–335. https://doi.org/10.1016/j.fsi.2009.05.017.

Zhao, L., Sun, T., Pei, J., Ouyang, Q., 2015. Mutation-induced protein interaction kinetics 
changes affect apoptotic network dynamic properties and facilitate oncogenesis. 
Proc. Natl. Acad. Sci. USA 112, E4046–E4054. https://doi.org/10.1073/ 
pnas.1502126112.

Zhao, M., Aweya, J.J., Feng, Q., Zheng, Z., Yao, D., Zhao, Y., Chen, X., Zhang, Y., 2022. 
Ammonia stress affects the structure and function of hemocyanin in Penaeus 
vannamei. Ecotoxicol. Environ. Saf. 241, 113827. https://doi.org/10.1016/j. 
ecoenv.2022.113827.

H. Choi et al.                                                                                                                                                                                                                                    Marine Pollution Bulletin 215 (2025) 117872 

10 

https://doi.org/10.1016/S0014-5793(97)00350-5
https://doi.org/10.1016/S0014-5793(97)00350-5
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1093/nar/gki458
https://doi.org/10.1007/BF00695326
https://doi.org/10.1016/j.fsi.2012.09.023
https://doi.org/10.1093/nar/gkl315
https://doi.org/10.3390/genes12010093
http://refhub.elsevier.com/S0025-326X(25)00347-9/rf0265
http://refhub.elsevier.com/S0025-326X(25)00347-9/rf0265
http://refhub.elsevier.com/S0025-326X(25)00347-9/rf0270
https://doi.org/10.1016/S0025-326X(02)00061-9
https://doi.org/10.1093/molbev/msm088
https://doi.org/10.1016/j.fsi.2009.05.017
https://doi.org/10.1073/pnas.1502126112
https://doi.org/10.1073/pnas.1502126112
https://doi.org/10.1016/j.ecoenv.2022.113827
https://doi.org/10.1016/j.ecoenv.2022.113827

	Evolutionary insights into adaptation of hemocyanins from deep-sea hydrothermal vent shrimps
	1 Introduction
	2 Materials and method
	2.1 Sample collection, library construction, and sequencing
	2.2 Data filtering and genome assembly
	2.3 Hc gene prediction and annotation
	2.4 Phylogenetic analysis
	2.5 Determination and visualization of positively selected genes
	2.6 Detection of convergence amino acid substitution

	3 Results
	3.1 Genome characteristics and gene annotation
	3.2 Species identification
	3.3 Hc gene identification and phylogenetic analysis
	3.4 Detecting positive selection under deep-sea hydrothermal vent adaptation
	3.5 Convergent evolution of Hc in the deep-sea hydrothermal vent shrimps

	4 Discussion
	CRediT authorship contribution statement
	Ethics approval and consent to participate
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


