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Abstract

Background Anadara granosa, commonly known as the blood clam, exhibits the unusual characteristic of having

red blood among invertebrates. There is significant individual variation in blood color intensity among blood clams;
individuals with vibrant red blood are deemed healthier and exhibit stronger stress resistance. However, the molecular
basis underlying these red blood traits (RBTs) remains poorly understood.

Results In this study, we performed genome-wide association studies (GWAS) in a population of 300 A. granosa
individuals, focusing on RBTs as measured by hemoglobin concentration (HC), total hemocyte count (THC), and heme
concentration (HEME). Our analysis identified 18 single nucleotide polymorphisms (SNPs) correlated with RBTSs, subse-
quently selected 117 candidate genes within a 100 kb flanking region of these SNPs, potentially involved in the RBTs
of A. granosa. Moreover, we discovered two haplotype blocks specifically associated with THC and HEME. Further
analysis revealed eight genes (Septin7, Hox5, Cbfa2t3, Avprib, Hhex, Eif2ak3, Glrk, and Rpl35a) that significantly influence
RBTs. Notably, a heterozygous A/T mutation in the 3'UTR of Cbfa2t3 was found to promote blood cell proliferation.
These genes suggest that the hematopoietic function plays a significant role in the variability of RBTs in A. granosa.

Conclusions Our findings reveal a conservation of the regulatory mechanisms of RBTs between blood clams
and vertebrates. The results not only provide a scientific basis for selective breeding in blood clams, but also offer
deeper insights into the evolutionary mechanisms of RBTs in invertebrates.
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Background

Anadara granosa, also known by its species name Tegil-
larca granosa and commonly referred to as the blood
clam, is a marine bivalve species that is extensively
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farmed along the eastern coast of China and through-
out Southeast Asia, representing a valuable marine bio-
economic resource [1, 2]. In the majority of invertebrates,
hemolymph can appear slightly bluish due to the pres-
ence of hemocyanin as the respiratory protein, or it may
be colorless in the absence of respiratory pigments [3-5].
Surprisingly, blood clams possess rare red-colored blood
among mollusks, a characteristic attributed to the heme
group within hemoglobin [4]. Moreover, hemoglobin is
synthesized by erythrocytes, which constitute nearly 90%
of the total hemocyte count in blood clams [6]. There-
fore, the hemoglobin concentration (HC), total hemocyte
count (THC), and heme concentration (HEME) serve as
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crucial parameters of the red blood traits (RBTs) in blood
clams.

In vertebrates, hemoglobin is mainly responsible for
oxygen transport [7], a role it also fulfills in the blood
clam, A. granosa [4]. A. granosa, a species that buries
itself in sediment, has hemoglobin that has evolved to
adapt to extremely hypoxic environments [8]. In addi-
tion to low oxygen tolerance, hemoglobin of A. granosa
also exhibits antimicrobial effects against Vibrio para-
haemolyticus [9, 10] and likely functions as peroxidases,
aiding in the defense mechanisms of bivalve mollusks
[11]. Erythrocytes of A. gramosa demonstrate lysoso-
mal and oxidative capacities involved in immunological
activities [6, 12]. Notably, the bioavailability of heme iron
in blood clams significantly contributes to enhancing
human immunity [13-15]. Our research indicates signifi-
cant individual variation in blood color intensity among
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blood clams (Fig. 1a), with individuals displaying vibrant
red blood deemed healthier and more adaptable to
environments of high temperature or high salinity [16].
Therefore, investigating the RBTs of A. granosa holds
substantial biological importance. Nevertheless, few
studies have focused on the molecular mechanisms regu-
lating these differences in RBTs among blood clams.
Previous studies showed that RBTs can be influenced
by genetic factors [17]. Genes related to hemoglobin
and their regulation pathways, as well as the regula-
tion associated with heme synthesis, iron metabolism,
and hematopoiesis, collectively affect the ultimate
RBTs. Genome-wide association studies (GWAS) are a
powerful tool for unraveling genetic variations related
to complex quantitative traits and selecting the cor-
responding candidate genes, thereby offering genes
and markers for selective breeding initiatives [18, 19].
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Fig. 1 aVariation in hemoglobin concentrations (HC) (g/L) observed in Anadara granosa. b Phenotypes of HC in 300 A. granosa individuals.
For associated phenotypes, including total hemocyte count (THC) and heme concentration (HEME), refer to Fig. S2. ¢ Phenotypic correlation
analysis among red blood traits of A. granosa. The asterisk symbol ** denotes a significant correlation at the 0.01 level (two-tailed)
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Currently, GWAS is widely used to identify genes and
SNP mutations associated with phenotypes related to
RBTs in vertebrate species [17, 20, 21]. Genes associ-
ated with iron homeostasis, such as TMPRSS6, HFE,
and TFR2, have been discovered through GWAS to
be linked to traits including mean corpuscular hemo-
globin content (MCH), the volume of red blood cells
(MCYV), and red blood cell count (RBC) [17, 22]. Nota-
bly, SNP mutations in TMPRSS6 and HFE have also
been independently validated for their association with
hemoglobin levels in different populations [23]. GWAS
has implicated both HBSIL-MYB and BCLI1IA in the
regulation of fetal globin expression, and the locus of
HBSI1L-MYB has been involved in broader aspects
of erythropoiesis. [17, 22, 24]. Furthermore, another
GWAS conducted on a large population cohort from
Sardinia revealed five variants at previously unidenti-
fied loci: MPHOSPHY, PLTP-PCIF1, ZFPM1 (FOGI),
NFIX, and CCND3. Besides this, among the signals at
known loci, half of these variants also exhibited pleio-
tropic associations with various hemoglobin traits [25].
Based on research findings in vertebrates, we hypoth-
esize that the variation in RBTs in A. granosa may also
be associated with genetic variation at key gene loci.
However, to date, no studies have been reported on the
genetic variation in RBTs of A. granosa.

Hence, we conducted a GWAS on RBTs of A. granosa,
identifying SNPs associated with HC, THC, and HEME
as potential candidates. We screened nearby candidate
genes related to these SNP markers, subsequently vali-
dating them through haplotype analysis and quantita-
tive real-time polymerase chain reaction (QRT-PCR).
The results of this study could enhance our understand-
ing of the regulatory mechanisms underlying individual
blood color variation in A. granosa.

Results

Phenotype statistics of red blood traits

RBTs, including HC, THC, and HEME, were measured
in 300 individual A. granosa (Table 1). All phenotypic
data displayed a normal distribution, making them
suitable for GWAS analysis (Fig. 1b and S1). Pheno-
typic correlation analysis among HC, THC, and HEME
was significant, and revealed a strong positive correla-
tion between HC and HEME, with a coefficient of 0.7
(Fig. 1c). Genetic correlation results showed a strong
correlation between HC and HEME (0.898 + 0.095) (Fig.
S2), consistent with the phenotypic correlation find-
ings. However, the phenotypic correlations between
THC and both HC and HEME were found to be
weak, exhibiting coefficients ranging from 0.20 to 0.39
(Fig. 1c).
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Table 1 Descriptive statistics for A. granosa red blood traits

HC (g/L) THC (x 10° cell/ml) HEME
(x6250 uM)
Nurn 300 300 300
Mean 28.29 112 0.16
SD 590 4639 003
v 021 042 0.20
Min 15.54 29 0.10
Max 4765 260 026

Num Number, SD Standard deviation, CV Coefficient of variance, HC Hemoglobin
concentration, THC Total hemocyte count, and HEME Heme concentration

Genome-wide association study (GWAS) of red blood traits
To uncover the genes and mechanisms associated with
RBTs in A. granosa, a GWAS analysis was conducted.
The sequencing of 300 individual A. granosa, along with
kinship and PCA, was completed and detailed in a prior
study [26]. A total of 3114 Gb of high-quality sequencing
data was obtained, and 355,254 high-quality SNPs were
filtered [26]. The results of the GWAS analysis, focusing
on RBTs, were illustrated in the Manhattan and quantile—
quantile (QQ) plots (Fig. 2).

We identified 5, 4, and 9 SNPs (P<107) associated
with HC, THC, and HEME, respectively. Among these,
one SNP each was located in the 3'UTR, 5’'UTR, and
downstream regions of genes. Additionally, two SNPs
were found in gene exon regions, and three resided
within gene intron regions. The remaining SNPs were
located in intergenic regions (Table S1). The proportion
of phenotypic variation explained (PVE) by these SNPs
for the associated RBTs ranged from 12.68% to 17.55%
(Table S1). Furthermore, a total of 117 candidate genes
situated within 100 kb upstream and downstream of
these SNPs were identified (Table S2).

Enrichment analysis

GO and KEGG enrichment analysis were conducted
for candidate genes of HC, THC, and HEME. The
candidate genes associated with HC are involved in
intracellular processes, notably in the regulation of
transcription, DNA-templated, RNA biosynthetic pro-
cesses, and more (Fig. S3a). KEGG analysis indicated
these genes were enriched in pathways like "Transcrip-
tion factors", "CD molecules", "Starch and sucrose
metabolism”, "Aminoacyl-tRNA biosynthesis", and
more (Fig. S3b). For THC, GO analysis revealed enrich-
ment in molecular functions related to transmembrane
signaling receptor activity, G protein-coupled recep-
tor activity, signaling receptor activity, and molecular
transducer activity (Fig. S3c). The candidate genes are
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Fig. 2 Manhattan plots and QQ plots of genome-wide association studies for red blood traits in A. granosa. The Manhattan plot displays the —log10
(observed P-values) for the genome-wide SNPs (y-axis) mapped against their respective positions on each scaffold (x-axis), with the horizontal red
line representing the genome-wide suggestive threshold (107). In the QQ plot, the x-axis represents the expected —log10 transformed P-values,

while the y-axis shows the observed —log10 transformed P-values

linked to the integral component of the membrane and
are primarily involved in biological processes associ-
ated with cellular processes (Fig. S3c), engaging in
pathways such as "Cytoskeleton proteins”, "Acute mye-

loid leukemia", "Ubiquitin system", and more (Fig. S3d).
HEME-associated candidate genes play roles in protein

and cellular protein metabolic processes (Fig. S3e), with
enriched pathways including "Glutamatergic synapse”,
"lon channels", "Cutin, suberin and wax biosynthesis",
"Protein families: metabolism", and more (Fig. S3f).
These insights lay a foundation for identifying crucial
genes associated with RBTs.
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Haplotype analysis

Haplotype analysis of candidate genes associated with
RBTs yielded two haplotype blocks. The gene Pec0223400,
containing the SNP locus Hic_asm_18_15896362
(P=6.46x107° as determined by GWAS) associated with
THC, includes a haplotype block consisting of four SNPs,
all located in introns (Fig. 3a). The gene Pec0155450,
containing the SNP locus Hic_asm_12_37973832
(P=6.70x10"° as determined by GWAS) associated
with HEME, forms a haplotype block comprising five
SNPs, with one (12:37,970,826) in the 3’UTR and the
others located in introns (Fig. 3b). Unfortunately, the
SNPs within these haplotypes did not show a significant
association with the traits in the GWAS.

Candidate gene validation

To deepen our understanding of the roles of candi-
date genes in RBTs, we conducted gene annotation and
domain identification for 117 candidate genes. Based on
gene annotation and primer design results, eight genes
were identified for their potential relevance to RBTSs
and subsequently validated in an independent A. gra-
nosa population. Among these genes, Septin7 is located
36 kb upstream of the SNP (Hic_asm_2_2013700),
and Hox5 is located 82 kb upstream of another SNP
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Fig. 3 Haplotype analysis of (a) gene Pec0223400 and b gene Pec0155450
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(Hic_asm_17_18653255); both are associated with HC.
Our findings revealed significant upregulation of Sep-
tin7 and Hox5 in the high-HC (H-HC) group (Fig. 4a-b).
Cbfa2t3, which harbors a SNP (Hic_asm_2_7083387) in
its 3’ UTR linked to THC, exhibited increased expres-
sion in the high-THC (H-THC) group (Fig. 4c). Con-
versely, Avprib, located 90 kb upstream of the SNP
(Hic_asm_7_9279261), showed an inverse expression
pattern (Fig. 4d). In studies targeting HEME, four genes
were examined. Hhex, positioned 59 kb downstream
from the SNP (Hic_asm_1_4147970), and Rpl335a,
which harbors a SNP (Hic_asm_12 32057574) down-
stream, both exhibited significant upregulation in the
high-HEME (H-HEME) group compared to the low-
HEME (L-HEME) group. Conversely, Eif2ak3 and Glrk,
located 67 kb and 91 kb downstream of the SNPs Hic_
asm_1_23141593 and Hic_asm_9_9773862 respectively,
demonstrated increased expression levels in the L-HEME
group (Fig. 4e-h).

SNP genotyping of Cbfa2t3

Among the eight validated candidate genes, Cbfa2t3 was
previously identified as being related to the hematopoie-
sis of A. granosa [27]. Notably, in the current study, a SNP
(Hic_asm_2: 7,083,387; P=3.40%x10"%) located in the
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granosa

3UTR of Cbhfa2t3 (Pec0133180) was significantly asso-
ciated with THC (Table S1). To further investigate the
function of SNPs, an additional 37 A. granosa individuals
were subjected to genotyping. This analysis revealed that,
within the sampled population, 12 individuals possessed
the heterozygous A/T genotype, while 25 were homozy-
gous for the A/A genotype. Notably, blood cell counts
in individuals with the heterozygous A/T genotype were
significantly higher than those in individuals with the
homozygous A/A genotype (Fig. 5). This suggests that the
heterozygous A/T mutation may play a role in promoting
blood cell proliferation.

Discussion

A. granosa exhibits the unusual characteristic of red
blood, a feature uncommon among invertebrates. Stud-
ies on RBTs in vertebrates have been abundant; however,
the molecular regulatory mechanisms of RBTs in blood
clams have yet to be elucidated. The identified SNPs and
candidate genes could provide a theoretical framework
for exploring the molecular regulatory mechanisms of
RBTs.

Currently, six hemoglobin genes have been identi-
fied, including HbI, HbIIA, HbIIB, HbIII, HbIII Like, and
Hb_Like [4]. Among these hemoglobins’ subunits, Hb],
HbIIA, and HbIIB can bind heme, but the other subu-
nits cannot [8]. The correlation analysis of RBTs in this
study also showed that the relationship between HC and
HEME was not completely proportional, likely due to the
existence of unique hemoglobin genes in A. granosa that
do not bind to heme. Additionally, although the expres-
sion level of myoglobin in A. granosa is lower than that
of hemoglobin [4], it could influence heme concentration
as well.

However, a weak correlation was observed between
THC and both HC and HEME, contrary to the findings
of previous studies [16]. This discrepancy may be associ-
ated with the mean corpuscular hemoglobin concentra-
tion (MCHC), which is defined as the ratio of Hb to THC
[17]. The erythrocytes in different A. granosa individuals
exhibit varying abilities to express hemoglobin and heme,
leading to a weak correlation between these parameters.
In vertebrates, including fish and humans, MCHC is
considered a fundamental hematological parameter [17,
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Fig. 5 THC differences among various genotypes of Cbfa2t3 in A. granosa

28, 29]. This insight guides the direction of our future
research endeavors, suggesting that MCHC should be
considered as one of the key parameters in measuring
RBTs.

Subsequently, we screened SNPs and genes related to
RBTs, followed by an analysis of candidate gene hap-
lotypes. Finally, two haplotype blocks were identified.
One block, located in gene Pec0223400, was annotated
as MFS-type transporter Slci8b1, containing both the
MES-1 domain and a membrane-spanning domain. The
SLC18B1 protein is responsible for vesicular storage and
release of polyamines, serving as a vesicular polyamine
transporter (VPAT). It may also functionally regulate
polyamine levels [30], facilitating the vesicular storage
of spermine (spm) and spermidine (spd) in astrocytes,
affecting glutamatergic neuronal transmission and mem-
ory formation [31]. Furthermore, spd and spm serve as
potent secretagogues for histamine release from mast
cells, originating from hematopoietic stem cells [32].
However, little is known about hematopoietic stem cell
generation in mollusks. Our results indicated that this
gene is associated with THC, suggesting that Slci18b1
may also function as VPAT in A. granosa, yet its cellu-
lar effects remain unclear. Unfortunately, another gene,
Pec0155450, related to HEME, was not annotated, likely
due to the incomplete assembly of the chromosome or
because it may represent an unknown gene. In summary,
these two haplotype blocks hold potential for future
applications in enhancing the RBTs performance of A.
granosa through genetic improvement.

In this study, eight genes were selected for validation
in an independent A. granosa population. Among them,

Septin7, a filament-forming cytoskeletal GTPase crucial
for actin cytoskeleton organization [33], interacts with
Borg4 to regulate the polar distribution of Cdc42, Borg4,
and Septin7 in hematopoietic stem cells (HSCs) [34].
Hox5, part of the homeobox transcription factor family,
plays key roles in embryonic axis development, tissue dif-
ferentiation, and growth regulation [35, 36]. Vertebrate
studies highlight the significance of Hox5 in hematopoie-
sis. For instance, HOXAS plays a key role in balancing
myeloid and erythroid differentiation [37], and has been
suggested to influence hematopoietic lineage determi-
nation by promoting differentiation within myelopoietic
lineages [38, 39]. HOXBS is identified as a functional
marker for long-term HSCs [40], while HOXCS5 is asso-
ciated with immature acute myelogenous leukemia [41,
42]. Our findings demonstrate that Septin7 and Hox5
both involved in the terms of genetic information pro-
cessing (Table S3), were higher expressed in the H-HC
group, suggesting their potential role in promoting eryth-
rocyte proliferation and in regulating RBTs through the
occurrence of HSCs in A. granosa.

Cbfa2t3 is a member of the myeloid translocation gene
family and acts as a significant transcriptional core-
pressor in hematopoiesis [27, 43]. It regulates the pro-
liferation and differentiation of erythroid progenitors
by repressing the expression of TALI target genes [44].
Our previous studies have identified Cbfa2t3 in A. gra-
nosa as a critical gene in hematopoiesis, as evidenced by
WGCNA and RNAi analyses [27]. In this study, a SNP
(A/T) in the 3’'UTR of Cbhfa2t3 was identified related to
THC via GWAS (Table S1). Additionally, our findings
show that Cbfa2t3 expression was higher in the H-THC
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group, suggesting its role in hemocyte proliferation. In
this study, genotype analysis showed that individuals with
the A/T heterozygous genotype had significantly higher
THC levels than those with the A/A homozygous geno-
type, indicating that A/T heterozygous individuals may
experience enhanced blood cell proliferation. This sug-
gests the SNP might be a potential regulatory site for
Cbfa2t3 in the proliferation of A. granosa blood cells,
but the specific regulation mechanism requires further
analysis. In summary, Cbfa2t3 potentially regulates blood
cell proliferation via SNP sites, impacting the RBTs of A.
granosa.

Avprlb encodes the receptor for arginine vasopressin
(AVP), whose activity is mediated by G proteins, which
activate a phosphatidylinositol-calcium second messen-
ger system. Avprlb plays a crucial role in the regulation
of erythropoiesis in mammals by initiating rapid blood
cell replenishment, accelerating both the proliferation
and differentiation of bone marrow erythroid precur-
sors during anemia, and the release of RBCs from the
bone marrow [45]. This regulation of blood cell prolifera-
tion is consistent with our results. Elevated expression of
Avprlb in the L-THC group of A. granosa indicates that
Avprlb may play a role in negatively regulating hemocyte
proliferation.

Four genes (Hhex, Eif2ak3, Girk, and Rpl35a) related
to heme concentration were validated in an independent
population. Hhex encodes a homeodomain transcription
factor that is widely expressed across hematopoietic stem
and progenitor cell populations. It plays a role in main-
taining long-term HSCs and in lineage allocation from
multipotent progenitors, especially under conditions of
stress hematopoiesis [46]. High expression of this gene
in the H-HEME group suggests that its function in A.
granosa is likely similar to that in vertebrates. The regu-
lation of the translation initiation factor 2 (elF2), critical
to heme and hemoglobin synthesis, involves triggering
a heme-regulated inhibitor that leads to eIF2 phospho-
rylation, resulting in decreased eIF2 availability and
ultimately inhibiting protein synthesis [47, 48]. Eif2ak3
encodes one of the elF2a kinases, a metabolic-stress
sensing protein kinase that phosphorylates the alpha
subunit of eukaryotic translation initiation factor 2 in
response to a variety of stress conditions [49]. Our find-
ings suggest that Eif2ak3 also plays a role in heme regula-
tion. Glrk encodes a glutamate receptor that functions as
a ligand-gated ion channel in the central nervous system
and plays a crucial role in excitatory synaptic transmis-
sion. Research has shown that glutamate receptors are
functionally linked to heme oxygenase in cerebral micro-
vascular endothelium [50]. Our results demonstrated
that the expression of Girk was significantly higher in
the L-HEME group than in H-HEME group, suggesting
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a potential regulatory role for Glrk in heme homeosta-
sis. Rpl35a encodes the large ribosomal subunit protein
elL33, an essential component of the ribonucleoprotein
complex that facilitates protein synthesis within cells
[51]. This protein is also essential for the proliferation
and viability of hematopoietic cells [52]. In A. granosa,
elevated Rpl35a expression in the H-HEME group sug-
gests it may influence heme concentration by regulating
hematopoietic cell proliferation.

In addition to previously identified genes associated
with RBTs, other candidate genes may also play a role in
the regulation of RBTs. For example, a gene annotated as
a Toll-like receptor (Tollo) linked to HC (Table S2) sug-
gests a potential relationship between RBTs and mollusc
innate immunity [53]. Regarding the HEME, a candidate
gene identified as Metalloproteinase inhibitor 2 (Timp2)
encodes complexes that irreversibly inactivate metal-
loproteinases by binding to their catalytic zinc cofactor
[54], highlighting its potential significance in the regu-
latory mechanisms of heme. Although Timp2 has been
associated with heme binding in myoglobin [55], its rela-
tionship with heme in hemoglobin remains unexplored.
Dynein regulatory complex protein 9 (Igcg), located
100 bp downstream of Rpl35a, interacts with calmodu-
lin (CaM) and functions as a regulator upstream of CaM-
dependent kinase IV. In the human chromosome 3, the
genes IQCG, RPL35A, PCYTI1A, and LRCH3 span a 2-Mb
genomic region, which is syntenic with the genomic locus
of Igcg in zebrafish on chromosome 18 [56]. The reduc-
tion in numbers of hematopoietic stem cells and mul-
tilineage-differentiated cells in iqcg-deficient embryos
suggests that Igcg and Rpl35a likely play a role in the pro-
liferation of hematopoietic cells and heme regulation in
A. granosa [56].

Previous studies on the origin of Hb have demonstrated
that Hb evolved convergently in blood clams and verte-
brates [4]. Furthermore, homologous genes involved in
vertebrate hematopoiesis, such as CBFA2T3, TALI, and
FLI1, have been identified in A. granosa as factors that
enhance RBTs through the promotion of hemocyte pro-
liferation [27, 57]. Consequently, we speculate that genes
related to RBTs in A. granosa function in a manner simi-
lar to their homologous gene in vertebrates. In this study,
the majority of genes identified through GWAS, includ-
ing Slc18b1, Septin7, Hox5, Avprlb, Hhex, and Rpl35a,
have been previously reported in vertebrates with red
blood and are predominantly associated with hemat-
opoiesis or hemocyte proliferation. This suggests that
hematopoietic function in A. granosa plays a significant
role in RBT variability, hinting that the regulatory mech-
anisms of RBTs in blood clams and vertebrates might
exhibit convergent evolution. However, limitations due
to incomplete gene sequences and suboptimal primer
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designs have impeded a more detailed analysis of these
genes. Future studies will focus on the functional verifica-
tion of these genes.

Conclusions

In summary, our study successfully identified 18 SNPs
and 117 candidate genes associated with RBTs in A. gra-
nosa through GWAS, uncovering two significant hap-
lotype blocks linked to THC and HEME, respectively.
Among these, eight genes (Septin7, Hox5, Cbfa2t3,
Avprlb, Hhex, Eif2ak3, Glrk, and Rpl35a), validated
within an independent A. granosa population, have been
implicated in the regulation of RBTs. Notably, a SNP
located in the 3'UTR of Cbfa2t3 was found to poten-
tially promote blood cell proliferation. Our findings
indicate that the hematopoietic function in A. granosa
plays a pivotal role in the variability of RBTs. The results
of this study enable a detailed analysis of the correlation
between gene variation and genetic mechanisms related
to RBTs in A. granosa, potentially offering deeper insights
into the evolutionary mechanisms of RBT. The signifi-
cant SNPs and candidate genes identified herein provide
a wealth of genetic resources and lay a solid foundation
for future functional research and the molecular breed-
ing of A. granosa. Our findings suggest a conservation of
the regulatory mechanisms of RBT between blood clams
and vertebrates, aligning with the evolutionary conserva-
tion of hemoglobin. This shared regulatory framework
illuminates the fundamental principles of RBT regulation
across the vast evolutionary divide between invertebrates
and vertebrates and provides a scientific basis for selec-
tive breeding in blood clams.

Methods

Sample collection and phenotypic measurement

The population of A. granosa utilized for GWAS was
constructed in a preceding investigation [26]. A total of
300 two-year-old individuals, collected from Ninghai,
Zhejiang, were used for resequencing. The HC of each
A. granosa individual was measured using the hemo-
globin assay kit (Real-Tech Biological Technology, Bei-
jing, China). A standard curve was initially established
using cyanogenic methemoglobin at five concentrations
(0, 25, 50, 75, and 100 g/L). Absorbance was measured at
540 nm in triplicate using a UV-Vis spectrophotometer
(Cary 3500, Agilent, USA). Then, 1 mL of HC determi-
nation reagent was employed to calibrate the spectro-
photometer. Afterwards, 5 uL. of hemolymph from each
individual was mixed with 1 mL of this reagent. After
reacting for 1 min at room temperature, the HC was
determined by measuring the absorbance at 540 nm.
THC (cell/mL) was calculated by a Neubauer hemocy-
tometer at 100X magnification. 10 pL of hemolymph
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from each blood clam was added to 1 mL PBS, and the
resulting mixture was placed on a blood cell count-
ing plate to estimate the THC using a microscope. The
HEME measurement was conducted using the Heme
Assay Kit (Sigma-Aldrich, USA), with product informa-
tion provided below. The total heme concentration of a
sample can be determined by the following equation:
(OD of sample — OD of blank) X (OD of calibrator — OD
of blank) ™ x 62.5 x (Dilution Factor) pM.

Phenotypic statistics

The analysis of these RBTs was performed using IBM
SPSS Statistics 20. Phenotypic correlation analysis, uti-
lizing the Pearson correlation coefficient, was conducted
with the "Corrplot" package in R v3.6.3 (R Core Team).
The strength of the Pearson correlation coefficient was
interpreted according to a commonly accepted defini-
tion: 'very weak’ for values between 0.00 and 0.19, 'weak’
for values between 0.20 and 0.39, 'moderate’ for values
between 0.40 and 0.59, 'strong’ for values between 0.60
and 0.79, and 'very strong’ for values between 0.80 and
1.0 [58]. Results of the phenotypic analysis are presented
in Table 1. Genetic correlation analysis was performed
using GCTA software (http://cnsgenomics.com/softw
are/gcta/).

Genome-wide association study (GWAS)
The reference genome of A. granosa (NCBI accession
number: JABXWC000000000) was applied in this study.
The methods and data pertaining to sampling, genome
sequencing, and SNP calling were executed in accord-
ance with our previously published work [26]. A total of
3114 Gb of high-quality sequencing data was obtained,
with high sequencing quality (Q30>89.27%) and a nor-
mal GC distribution [26]. The average mapping rate
achieved was 91.93%, with an average sequencing depth
of around 13x. SNP calling was executed using SAM-
tools, applying filtering criteria of dp4 coverage depth,
MISS<0.3, and MAF>0.01. The identified SNPs were
then annotated using ANNOVAR, yielding a total of
355,254 high-quality SNPs [26]. GWAS correlation analy-
sis, kinship, and principal component analysis (PCA)
were conducted using GEMMA software (http://www.
xzlab.org/software.html) using the compressed mixed
linear model (MLM), as described in our previous work
[26]. The PCA results indicated that most individuals
belong to a single population [26]. The Manhattan and
QQ plots were performed by plot function of R (ver-
sion 3.6.3). The raw sequence data were deposited in the
NCBI Sequence Read Archive under accession number
PRJNA988240.

To mitigate false positive associations, we exclusively
chose SNPs in the GWAS with a minor allele frequency
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(MAF) greater than 0.01 and a missing rate less than 0.3
within the population. Considering that the Bonferroni
test threshold (0.05/N) is too strict, we established the
SNP GWAS threshold at a P-value of less than 107°, and
the r* value exceeded 0.02 beyond a 3 kb range within
the populations [26]. To broaden the search for potential
red blood candidate genes, we considered a 100 kb range
upstream or downstream from significant SNPs within
a scaffold, consistent with previous studies [59-61]. The
identified candidate SNPs and genes are listed in Tables
S1 and S2.

GO and KEGG enrichment and haplotype analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were con-
ducted and visualized using TBtools (version 1.108) [62].
In the A. granosa genome, 24,398 protein-coding genes
were identified [4]. The proportion of genes annotated in
GO was 47.8% (11,667 out of 24,398), and in KEGG, it
was 39.6% (9,668 out of 24,398). The enrichment analyses
for GO and KEGG were conducted using TBtools (ver-
sion 1.108), with the enrichment backend provided by
TBtools. The Benjamini/Hochberg method (BH method)
was applied for P-value correction [63]. The enrichment
results are presented in Tables S3 and S4, with the top 10
terms displayed for categories containing more than 10
terms.

Haplotype analysis

We utilized Bcftools (version 1.9) to pinpoint SNP sites
within candidate gene regions [64], while Haploview (ver-
sion 4.2) was employed for haplotype analysis and visu-
alization of haploblocks [65]. For haplotype analysis, the
Hardy—Weinberg P-value cutoff for the haplotype blocks
was set at 0.001, with a minimum minor allele frequency
of 0.01, a minimum genotype call rate of 75%, and a max-
imum of one Mendelian inheritance error. A threshold of
0.7 was used to divide the haplotype blocks.

Independent population validation
The HC, THC, and HEME of another independent A.
granosa population from Ninghai, Zhejiang, China, were
measured. From this population, individuals exhibit-
ing the top 5% in terms of HC, THC, and HEME were
categorized into a high (H) group, whereas those in the
bottom 5% were classified into a low (L) group (Fig. S4).
After synthesizing the physiological states of the indi-
viduals, 16 A. granosa specimens for each trait were
respectively selected for the quantitative verification of
candidate genes.

Gills of A. granosa were cut for RNA extraction using
TRIzol. RNA quality was assessed using 1.0% agarose gel
electrophoresis, and RNA concentration was quantified
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with UV spectrophotometry using a Nanodrop 2000
spectrophotometer. Primers for the genes of interest
were designed with Primer Premier 5 (version 5.0) [66].
Reverse transcription used HiScript III RT SuperMix for
qPCR (Vazyme, Nanjing, China), following the manu-
facturer’s protocol, with 1 pg of total RNA. Synthesized
cDNA was diluted 20-fold for real-time PCR analysis.
ChamQ Universal SYBR qPCR Master Mix (Vazyme,
Nanjing, China) was used for qPCR. The 18S ribosomal
RNA gene (18S) was the internal reference, and the 2~
AACt method was used to determine relative gene expres-
sion levels, following prior studies [16]. Figures were
generated using GraphPad Prism 8. Detailed information
about the candidate genes and their primers is available
in Table S5.

SNP genotyping analysis

Thirty-seven healthy A. granosa individuals from a com-
mon population were selected for SNP genotyping, using
the blood cell counting method described in Sect. 2.1 to
ascertain the number of blood cells. To perform Sanger
sequencing on sequences upstream and downstream of
the target SNP (Hic_asm_2:7,083,387) in A. granosa, spe-
cific primers Cbfa2t1-F and Cbfa2t1-R were used. The
primer sequences are: Cbfa2t3-F: 5-ATGTGGACAAGT
TGGTCTTTGATAC-3" and Cbfa2t3-R: 5-GTCCAA
CTAATTCTGTGGCATCTAC-3!
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