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A B S T R A C T   

Red blood phenotype, indicating the degree of red color in blood or hemolymph, is a significant economic trait in 
Tegillarca granosa, closely associated with its health condition and nutritive value. However, the molecular 
regulatory processes that account for the variation in the blood clams’ red blood phenotype remain largely 
unexplored. In our previous studies, weighted gene co-expression network analysis (WGCNA) showed that TAL1 
exhibits high intramodular connectivity in red blood-related module. Furthermore, TAL1 serves as a critical 
transcription factor in the survival and quiescence of hematopoietic stem cells, along with being essential in the 
terminal maturation processes in vertebrates. Consequently, we investigated the function of the TAL1 in blood 
clams by conducting a comparative analysis between high total hemocyte count (HTHC: THC ≥ 14 × 104 cells/ 
μL) and low total hemocyte count (LTHC: THC ≤ 2.5 × 104 cells/μL) groups, as well as between negative control 
and Tg-TAL1 RNA interference groups of blood clams. The results revealed that, compared to LTHC group, there 
was a significant upregulation of TAL1 mRNA and protein expression levels in the HTHC group, which may be a 
crucial factor contributing to the alterations observed in THC. RNA interference of the TAL1 in blood clams 
resulted in a significant decline in THC, causing the blood color to become lighter. EdU staining experiments 
further confirmed a diminished cell proliferative vitality within T. granosa gills after TAL1 knockdown. Moreover, 
immunohistochemical analysis and immunofluorescence assays revealed a gradual escalation in TAL1 protein 
expression and cytoplasmic/nuclear ratio from gill filament chamber endothelial cells to gill filament chamber 
cells in gills, potentially representing different cell types in the maturation process of erythrocytes in blood clams. 
It suggesting that the gills might act as one of the hematopoietic tissues in blood clams, with hemocytes 
potentially originating from the gill filament chamber endothelium of the gills through division and differenti-
ation. This research improves comprehension of the molecular mechanisms behind the variation in T. granosa’s 
red blood phenotype, potentially assisting in the selective breeding of high THC T. granosa populations.   

1. Introduction 

Tegillarca granosa, a species of bivalve belonging to the family Arci-
dae, is colloquially known as the blood clam due to its distinctive red 
blood. It is primarily found in the Indo-Pacific region, inhabiting muddy 
or sandy substrates in estuarine and coastal environments, often in 
intertidal or shallow subtidal zones. Due to its robust and sweet flavor, 
T. granosa is highly esteemed and widely cultivated in Southeast Asian 
coastal countries such as Thailand and Malaysia, as well as in East Asian 
countries such as China and South Korea, reflecting its prominent status 
in both regional cuisine and aquaculture. Red blood phenotype 

specifically denotes the degree of red color of the blood or hemolymph, 
with hemoglobin concentration (HGC) and total hemocyte count (THC) 
serving as critical indicators of this phenotype (Jin et al., 2023a; Sun 
et al., 2022). Red blood phenotype reflects the health status of blood 
clams to some degree. In the same batch of blood clams, those with light- 
colored blood typically signify unhealthiness, potentially leading to 
reduced consumer interest in purchasing them (Yang et al., 2023). 
Furthermore, the extracted hemoglobin from blood clams shows sig-
nificant potential in treating hypoferremia (Sun et al., 2022; Taniguchi 
et al., 2017). Moreover, erythrocytes and hemoglobin perform critical 
immune functions within blood clams. Hemoglobin of T. granosa 
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contributes to the host antimicrobial defense through the peroxidase 
activity and certain peptides released from the proteins (Bao et al., 2013; 
Bao et al., 2016; Wang et al., 2021). Hemocytes in bivalves are capable 
of encapsulating pathogens and producing cytotoxic molecules, 
including reactive oxygen species, antimicrobial peptides, and inflam-
matory cytokines, which are involved in the killing and elimination of 
pathogens (Canesi et al., 2002; de la Ballina et al., 2022; Song et al., 
2010). 

In vertebrates, HGC is the major factor responsible for the redness of 
blood, with higher concentrations correlating with deeper blood color-
ation (Ali et al., 2022; Hu et al., 2021; Outman et al., 2023; Shibata et al., 
2012). Multiple factors can influence the expression of hemoglobin. In 
humans, the suppression of BCL11A expression in primary adult 
erythroid cells induces a significant increase in fetal hemoglobin (HbF) 
expression (Michelson, 2008; Sankaran et al., 2010). Furthermore, the 
application of RNA interference (RNAi) and overexpression to modulate 
CBFA2T3 levels in human primary erythroblasts demonstrated that 
CBFA2T3 significantly inhibits the expression of HBB, HBA, and ALAS2 
(Fujiwara et al., 2013; McDonough et al., 2012; Steinauer et al., 2017). 
The Locus Control Region is the critical component governing beta- 
globin genes (HBE1, HBG2, HBG1, HBD, and HBB) expression, primar-
ily enhancing their transcription by interacting with their promoters to 
facilitate the recruitment of transcription factors and the creation of an 
active chromatin configuration (Debnath et al., 2017; Nain et al., 2022; 
Sun et al., 2017). However, the genetic basis and molecular pathways 
driving red blood phenotype formation in blood clams remain unclear, 
particularly in comparison to vertebrates. Consequently, it is imperative 
to investigate the genetic underpinnings of this phenotype to provide a 
basis for the selective breeding of T. granosa with deep blood coloration. 
In our previous research, it was observed that the upregulation or 
downregulation of certain genes in T. granosa, such as CBFA2T3 and 
CDC42, which play key roles in hemocyte differentiation regulation, 
affects the red blood phenotype (Jin et al., 2023a; Yang et al., 2023). 

TAL1 (T cell acute lymphocytic leukemia 1), also known as SCL or 
TCL5, is a critical transcription factor involved in hematopoiesis and 
leukemogenesis processes (Rojas-Sutterlin et al., 2014; Tan et al., 2019; 
Toscano et al., 2015; Vagapova et al., 2018). A crucial role of TAL1 lies 
in sustaining the potential of hematopoietic stem cells to differentiate 
into multiple cell types while maintaining their state in the cell cycle G0 
phase (Anantharaman et al., 2011; Chagraoui et al., 2018; Rojas-Sut-
terlin et al., 2014). Research has demonstrated that administering the T- 
ALL UTX inhibitor to human TAL1-positive blast cells effectively di-
minishes their proliferation rate and induces apoptosis (Benyoucef et al., 
2016). The knockout of TAL1 significantly inhibited proliferation of 
monocytes differentiated from human common myeloid precursor cells 
and reduced the entry into and traversal through the G1 and S phases 
(Dey et al., 2010). Additionally, TAL1 forms significant SCL complexes 
with multiple transcription factors, such as E2A/HEB, RUNX1, LMO1/2, 
CBFA2T3, ERG/FLI1, Ldb1 and GATA1/2/3 (Hoang et al., 2016; Vaga-
pova et al., 2018; Yamada et al., 2022). These complexes are integral in 
regulating myeloid lineage differentiation, managing erythroid precur-
sor cells proliferation, and influencing the direction of hematopoietic 
stem cells differentiation pathways (Leong et al., 2017; Mansour et al., 
2013; Ryan et al., 2007; Yamada et al., 2022). Beyond its role in normal 
hematopoietic processes, the SCL complex is also implicated in the 
malignant transformation of blood cells, suggesting its potential 
involvement in leukemic pathogenesis (Palii et al., 2011; Vagapova 
et al., 2018). Nevertheless, prior investigations have primarily concen-
trated on humans and mammals, while the function of the TAL1 gene in 
invertebrates, especially in bivalves, has yet to be elucidated. In pre-
liminary research, through weighted gene co-expression network anal-
ysis (WGCNA), it was discovered that Tg-TAL1 gene exhibits high 
intramodular connectivity in red blood-related module of T. granosa, 
suggesting Tg-TAL1 might have a pivotal role in the formation of the red 
blood phenotype (Jin et al., 2023a). 

In the current study, we employed quantitative real-time PCR (qRT- 

PCR) and western blotting techniques to examine the expression levels 
of mRNA and protein of Tg-TAL1 in T. granosa populations, character-
ized by high and low THC. Immunohistochemistry was used to deter-
mine the localization pattern of Tg-TAL1. Additionally, RNA 
interference technology was utilized to further investigate the impact of 
the Tg-TAL1 gene on the red blood phenotype and cell proliferative vi-
tality in T. granosa. This research provides new perspectives on how the 
TAL1 gene affects red blood phenotype of blood clams, laying a foun-
dation for genetic breeding related to this distinct trait. 

2. Materials and methods 

2.1. Conserved domain and motif, protein tertiary structure and 
phylogenetic analysis 

TAL1 sequences of Homo sapiens, Mus musculus, Xenopus laevis, Alli-
gator sinensis, Gallus gallus, and Danio rerio were searched and down-
loaded from UniProt (https://www.uniprot.org/; last accessed on 
October 14, 2023). Moreover, the genome data of Tegillarca granosa, 
Mytilus galloprovincialis, Mizuhopecten yessoensis, Crassostrea gigas, Sepia 
pharaonis, Capitella teleta, Biomphalaria glabrata, Aplysia californica, 
Drosophila melanogaster, and Lytechinus variegatus were obtained from 
the NCBI database (last accessed on October 20, 2023), and eggnog- 
mapper v2.1.12 was used to identify TAL1 sequences from these spe-
cies. For the methodologies pertaining to domain and motif prediction, 
as well as three-dimensional structure prediction of TAL1 sequences, 
refer to the reference (Jin et al., 2023b). 

In the study, we employed the E-INS-I strategy for aligning TAL1 
sequences utilizing MAFFT v7.463 (Rozewicki et al., 2019). MrBayes 
v3.2.7a was used to perform phylogenetic analysis through Bayesian 
inference (Ronquist et al., 2012). This process involved running four 
Markov chains over 100,000 generations, with samples collected at in-
tervals of 1000 generations. Following this, iTOL v6 (Letunic and Bork, 
2021) was used for a deeper analysis of the trees obtained from Bayesian 
analysis. To enhance the visual comprehension of the evolutionary re-
lationships among TAL1 sequences in diverse species, silhouettes 
sourced from PhyloPic (https://www.phylopic.org/; last accessed on 
November 15, 2023) was employed. 

2.2. Cloning, expression, purification of the recombinant Tg-TAL1 and 
preparation of rabbit antibodies 

Full-length cDNA of Tg-TAL1 was codon-optimized for expression in 
E. coli (Fig. S1). Subsequently, codon-optimized DNA sequence was 
commercially synthesized (Genscript, Nanjing, China) and cloned into 
pET-30a (+). SmaI and HindIII were utilized to verify the plasmid’s us-
ability (Fig. 2a). The plasmid was then transformed into E. coli BL21 
(DE3). Positive clones, confirmed by colony-based PCR, were chosen for 
large-scale production and purification. 

The conditions required to induce the expression of rTg-TAL1 pro-
teins refer to the reference (Wu et al., 2020). The bacteria were har-
vested by centrifugation at 12000 rpm for 10 min, followed by 
resuspending the resulting cell pellet in PBS buffer (5 mL PBS buffer was 
added per gram of cell pellet). A portion of the bacterial culture was 
processed using JY92-IIN ultrasonic cell crusher (Xin Yi Co., Ltd., 
Jiangsu, China) and the supernatant and precipitate were collected 
separately. To confirm the successful expression of rTg-TAL1, the bac-
terial culture, supernatant, and precipitate were each separately sub-
jected to SDS-PAGE (Fig. 2b). Western blotting was employed to confirm 
the expression of rTg-TAL1 in supernatant (Fig. 2c). 

Recombinant protein was purified using AKTAprime™ PLUS Protein 
Purification System (GE, America) and a Ni-NTA column (6FF His, 5 
mL). First, the supernatant was loaded into Ni-NTA column pre- 
equilibrated with washing buffer 1 (Contains 500 mM NaCl and 20 
mM Tris-HCl, pH = 7.9). Secondly, the column was eluted using a 
gradient of washing buffer 1 and washing buffer 2 (washing buffer 2 
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contained 500 mM imidazole, 500 mM NaCl and 20 mM Tris-HCl, pH =
7.9) a at a flow rate of 0.5 mL/min. By setting “Length” parameter to 50 
mL and “Target” parameter to 100%, the gradient will gradually change 
the proportion of washing buffer 1 from 100% to 0%, and increase 
washing buffer 2 from 0% to 100% during the elution process. During 
this process, the concentration of imidazole in the Ni-NTA column will 
increase from 0 mM to 500 mM. Thirdly, elution was monitored at 280 
nm and fractions were collected according to absorbance peaks 
(Fig. S2a). Finally, fractions that were collected underwent analysis 
using SDS-PAGE (Fig. S2b). 

Antibodies were synthesized by HuaAn Biotechnology Co., Ltd. 
(Hangzhou, China). For the study, prime New Zealand White rabbits 
(~2.5 kg) were selected. The choice of animals was based on their 
healthy appearance, characterized by a lustrous coat and free move-
ment. Selected animals were pre-conditioned for about two weeks to 
exclude any that might not meet the criteria, ensuring the smooth pro-
gression of subsequent experiments. The antigen(1 mg/mL), thoroughly 
mixed, was administered for immunization, with each rabbit receiving a 
dose of 0.5 mL. The antigen dosage was halved for the second to fourth 
immunizations. Adjuvants were prepared in a 1:1 volume ratio with the 
antigen. The primary immunization used complete adjuvant, while the 
subsequent ones used incomplete adjuvant. During extraction, the 
adjuvant was thoroughly mixed before being drawn into the syringe. 
The rabbits were immunized via multiple subcutaneous injections, each 
injection being 0.2 mL. The immunization schedule involved a second 
immunization on the 14th day following the primary immunization and 
subsequent immunizations at 7-day intervals. Serum samples for anti-
body detection were collected from the auricular artery of the rabbits 7 
days after the third immunization. If the tests were satisfactory, a 
booster immunization was administered 7 days later, and whole blood 
was collected 7 days after the booster. The serum was purified using 
affinity chromatography, and all antibodies were combined and 
concentrated using ultrafiltration. The concentrated antibodies were 
then dialyzed in 1 L PBS buffer at room temperature, changing the so-
lution every 3 h, for a total of three changes. Finally, 0.22 μm low 
protein binding filters were utilized to filter the dialyzed antibodies. The 
concentration of these antibodies was measured using a DeNovix DS-11 
spectrophotometer on the Protein A280 application. 

For the collection of serum samples, the experimental rabbit was 
restrained in a fixing frame. The ear was gently tapped to dilate the 
central artery. The area was disinfected with 75% alcohol, and while the 
left hand held the rabbit’s ear, the right hand used a syringe to draw 
blood from the central artery about one-third from the tip, parallel to the 
artery, and towards the heart. Up to 8 mL of blood was collected at a 
time, followed by pressing with a cotton ball to stop the bleeding. For 
whole blood collection, the required immunized rabbits were first 
caught and their ear tag numbers checked before being weighed. They 
were then anesthetized intravenously with 1 mL/kg of 3% sodium 
pentobarbital. After anesthesia, the rabbits were positioned with their 
abdomens up and limbs secured on a stainless-steel mesh frame, and 
blood was collected using the cardiac puncture method. The blood-filled 
centrifuge tubes were then placed in a 37 ◦C for 30 min before cooling 
and storing in a 4 ◦C refrigerator. After the blood naturally separated 
into layers, supernatant was transferred to 50 mL centrifuge tubes. 
Subsequently, the mixture was centrifuged at 12000 rpm for 2 min, and 
then supernatant was transferred into clean tubes. To the 50 mL of su-
pernatant, 100 μl of 10% sodium merthiolate solution was added (final 
concentration 0.02%), mixed well, and stored at − 20 ◦C. Detection of 
the potency of rabbit anti-rTg-TAL1 antibodies at different dilutions 
using ELISA (Table S1). 

2.3. Determining HTHC and LTHC groups based on THC 

Approximately 300 T. granosa individuals (10.7–12.5 g, two years 
old) were collected from a local aquaculturist’s pond in Ningbo City, 
Zhejiang Province, China. These clams were then maintained under 

regulated environmental conditions with temperatures and salinity 
levels held at 25.32 ± 0.53 ◦C and 25.64 ± 0.86‰, respectively. For the 
methodology of feeding blood clams, it is advisable to consult the 
reference (Jin et al., 2023b). Post a week of consistent cultivation, clams 
that were healthy, indicated by their standard blood color and quick 
stress response, were picked for ensuing studies. The specific criteria for 
selecting blood clams are as follows: First, when the blood clams natu-
rally open their shell, observe the blood inside their mantle. Blood clams 
that neither presented a pale coloration nor exhibited evident clotting in 
the blood within their mantle were selected. Subsequently, a sterile 
plastic dropper is gently used to touch the foot of the blood clam. If the 
blood clam can rapidly retract its foot and close its shell, it is deemed to 
be in a healthy state. 

In the initial phase of the study, a cohort of 100 healthy clams was 
carefully selected, from which approximately 500 μL blood was 
methodically extracted using a pipette (Eppendorf, Germany). Blood 
was collected by piercing the clam’s mantle with a micropipette 
equipped with a yellow tip, which has a maximum capacity of 200 μL, 
followed by gentle aspiration of the blood and its transfer into a sterile 2 
mL centrifuge tube. Subsequently, extract 10 μL blood and dilute it 100- 
fold with PBS buffer. This mixture was gently homogenized, and a 10 μL 
sample was transferred to a hemocytometer. THC was ascertained using 
a microscope (Olympus, Japan). The clams were categorized based on 
their THC: the three samples exhibiting the highest THC of blood were 
designated as the HTHC group, and those showing the lowest THC of 
blood were assigned to the LTHC group (Fig. S3). In the final step, gill 
tissues were harvested from three clams each from the HTHC and LTHC 
groups. For each group, one gill tissue sample from three different clams 
(noting that each clam has two gill tissues) was reserved and stored at 
− 80 ◦C. 

Details regarding the methodology for qRT-PCR are available in our 
previously published work (Jin et al., 2023b). Table S2 lists the specific 
primers used in this study. 

2.4. RNAi of Tg-TAL1 and identification of proliferative cells 

In vivo gene knockdown was executed utilizing siRNA-mediated 
RNAi targeting the Tg-TAL1 gene to elucidate the influence of Tg- 
TAL1 on THC. Following a week-long acclimatization period, each of 
the three groups was assigned six healthy blood clams. Upon addition of 
ddH2O to the siRNA lyophilized powder, the concentration of siRNA was 
maintained at 20 μM. The baseline group (time 0 h) comprised clams 
that received no injection. The experimental group, designated as the 
Tg-TAL1 interference group, included clams injected with Tg-TAL1 
siRNA solution. Conversely, the clams of negative control group injec-
ted with non-targeting siRNA solution, as detailed in Table S2. 

Subsequent to the injection, at both 72 and 96 h, three clams from 
both experimental and control groups were selected for THC and HGC 
analysis. The phenotypic characteristics of the blood were meticulously 
documented through photography, and gill tissue samples were 
extracted from these clams using the aforementioned method for further 
examination. Specifically, at 72 h post-interference, gills from the two 
groups of clams were utilized for immunohistochemistry experiments. 
At 96 h post-interference, gills from the two groups were subjected to 
EdU staining experiments. 

In EdU staining experiments, gill tissues from both Tg-TAL1 inter-
ference and negative control groups were cultured in DEME medium, 
containing 1% penicillin-streptomycin solution and 10 mM EdU, for a 
duration of 12 h. During the cultivation of gill tissues, CO2 concentration 
was sustained at 5% and temperature held constant at 37 ◦C. Post- 
cultivation, these tissues were transferred to glass bottles with 4% 
neutral paraformaldehyde for fixation over a 24-h period. 

The fixed tissue samples were subjected to a sequential dehydration 
protocol using ethanol solutions of increasing concentrations. This 
process involved treatment with 75% ethanol for 4 h, 85% ethanol for 2 
h, 90% ethanol for 1.5 h, and 95% ethanol for 1.5 h, followed by two 
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successive 0.5-h treatments with anhydrous ethanol. Subsequently, the 
dehydrated gill tissues were treated with a 1:1 mixture of anhydrous 
ethanol and xylene for 10 min, followed by two 10-min treatments with 
xylene alone. The tissues were then sequentially immersed in three 
grades of paraffin wax, each with different melting points (54 ◦C, 56 ◦C, 
and 60 ◦C), to ensure thorough infiltration. Finally, the tissues were 
encased in paraffin wax with a 60 ◦C melting point and sectioned using a 
LEICA RM2125RT microtome (Leica, Germany) for further histological 
analysis. 

These sections were subjected to a dewaxing procedure and subse-
quently stained with Yefluor 488 Azide Mix, facilitating the labeling of 
EdU with a fluorescent dye. Nuclear counterstaining was executed using 
Hoechst dye. Stained sections were photographed with fluorescence 
microscope (Nikon, Japan). 

2.5. Western blotting 

For this procedure, 20 mg of gill tissue was lysed in 1 mL of RIPA lysis 
buffer (Biodragon, China) and incubated for 30 min before centrifuga-
tion at 12,000 rpm for 10 min. A total of 100 ng of gill tissue protein was 
separated via 4–20% SDS-PAGE and subsequently transferred onto a 
polyvinylidene difluoride (PVDF) membrane at 400 mA for 30 min. The 
membrane was then blocked in PBST containing 5% skimmed milk at 
37 ◦C for 1 h. After that, the membrane incubated with rabbit anti-rTg- 
TAL1 antibodies, diluted by this blocking solution (1500), at 4 ◦C for 12 
h. Wash three times for 10 min each using PBST. Subsequently, the 
membrane underwent three PBST washes and were incubated with 
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG(H + L) 
(Proteintech, China), diluted by blocking solution (12000), at 37 ◦C for 
1 h. Through a further three washes in PBST, the membrane was visu-
alized using Enhanced Chemiluminescent (NCM Biotech, China) and the 
Amersham Imager 600 (GE, America). The optical density values of the 
bands were estimated using ImageJ v2.15.0 (Schindelin et al., 2012). 

2.6. Localization of Tg-TAL1 in gills using immunohistochemistry and 
immunofluorescence 

In immunohistochemistry experiments, gill tissues were fixed using 
4% neutral paraformaldehyde. The method for preparing tissue sections 
has been previously described. The deparaffinization of the sections was 
carried out as follows: the sections were first baked in a 60 ◦C incubator 
for 60 min, followed by two 15-min immersions in xylene. To rehydrate, 
the sections were sequentially immersed in anhydrous ethanol, 95%, 
85%, and 75% ethanol (each for 5 min), and finally in ddH2O for 5 min. 

Antigen retrieval was performed using citrate buffer in a pressure 
cooker for 4 min, followed by natural cooling to room temperature and 
two subsequent 5-min soaks in ddH2O. The sections were then washed 
twice with ddH2O and three times with immunostaining washing buffer 
(Sangon, China) for 5 min each. 

The tissue samples on the slides were circled using an immunohis-
tochemistry hydrophobic pen, and 3% H2O2 in methanol was applied for 
15 min. Subsequently, the sections underwent three 5-min washes using 
the immunostaining washing buffer. The sections were then blocked 
with immunostaining blocking solution (Sangon, China) for 45 min. 
Rabbit anti-rTg-TAL1 antibodies diluted 1:400 in PBST were applied and 
incubated at 4 ◦C for 12 h. This was succeeded by four 5-min washes 
using immunostaining washing buffer. HRP-conjugated goat anti-rabbit 
IgG(H + L) (Proteintech, China) was then applied and incubated at 37 ◦C 
for 1 h, succeeded by four 5-min washes with immunostaining washing 
buffer. Diaminobenzidine (DAB) chromogen was prepared and applied 
to the sections for color development in a humidified chamber, followed 
by termination of the reaction with distilled water. Hematoxylin stain-
ing solution was applied to each tissue for 10 min, then rinsed off with 
ddH2O. The sections were decolorized in 1% hydrochloric acid in 
ethanol for 15 s, immediately transferred to distilled water to stop the 
reaction, and then placed in PBST (around pH 7.4) for 5–10 min to blue 

the nuclei. 
Finally, the sections were sequentially soaked in 75%, 85%, 95% and 

100% ethanol, each for 5 min, followed by two 15-min immersions in 
xylene. The sections were then mounted with a neutral resin cover slip. 
Images were captured using an OLYMPUS BX53 microscope. ImageJ 
v2.15.0 was employed for the calculation of mean optical density (MOD) 
values. 

In immunofluorescence experiments, the methodology for acquiring 
gill tissue and the production of paraffin sections has been previously 
described. After dewaxing the sections using the same method, the 
sections were subsequently immersed in a sodium citrate solution (2.94 
g/L) at a temperature of 95 ◦C for a duration of 20 min. Subsequently, 
the sections were treated with a blocking solution, composed of 5% fetal 
bovine serum and 0.3% Triton X-100 in PBS buffer, and incubated at 
room temperature for 1 h. After the application of Rabbit anti-rTg-TAL1 
antibodies, diluted at a 1:500 ratio in blocking solution, the sections 
were incubated overnight at 4 ◦C. 

The sections were washed with PBST for 10 min, a process that was 
repeated thrice. Subsequently, FITC-labeled goat anti-rabbit antibodies 
(Proteintech, China), diluted at a 1:500 ratio with the blocking solution, 
were applied to the sections and incubated at room temperature for 1 h. 
The sections were again washed with PBST for 10 min, a procedure 
repeated three times. Following this, the sections were treated with 
DAPI solution (10 ng/mL) for 10 min. Finally, images were captured 
using fluorescence microscope (Nikon, Japan). 

3. Results 

3.1. Characterization and evolutionary analysis of TAL1 in T. granosa 
and other species 

A phylogenetic analysis of TAL1 sequences from 16 species, 
including T. granosa, was conducted using Bayesian methods, with the 
results integrated with predictions of conserved domains and motifs 
(Fig. 1a). The results show that vertebrates forming one major group, 
with subgroups reflecting the common ancestries of mammals, birds and 
reptiles, amphibians, and fish. TAL1 sequences of H. sapiens and 
M. musculus are closely related on the tree, reflecting their shared 
mammalian heritage. A. sinensis and G. gallus, both archosaurs, cluster 
together, with their TAL1 sequences likely more akin to each other than 
to those of mammals or lower vertebrates, reflective of their shared 
evolutionary origin. 

Conversely, mollusks constitute a separate major group with poten-
tial subgroups corresponding to various classes, such as bivalves (blood 
clams, mussels, scallops, and oysters), gastropods (snails), and cepha-
lopods (cuttlefish), demonstrating a marked evolutionary divergence in 
their TAL1 sequences from those of vertebrates. Among other in-
vertebrates, the annelid C. teleta exhibits a closer evolutionary connec-
tion to mollusks, while the insect D. melanogaster and the echinoderm 
L. variegatus display a more distant evolutionary relationship with 
vertebrates. 

Moreover, in humans, the TAL1 protein’s basic helix-loop-helix 
(bHLH) domain has the capability to bind DNA, thereby exerting tran-
scriptional functions. And all TAL sequences have conserved bHLH do-
mains (Fig. 1a-c), which suggests that other TAL1 proteins, including Tg- 
TAL1, are likely to perform functions similar to those of TAL1 of 
H. sapiens. 

3.2. Expression and purification of rTg-TAL1 

The pET-30a-Tg-TAL1 (Fig. 2a, lane 1) plasmid was characterized 
through digestion and sequencing analysis. Post digestion with SmaI and 
HindIII, fragments of the expected sizes, 4957 bp and 1242 bp, were 
obtained (Fig. 2a, lane 2), confirming the successful construction of the 
pET-30a-Tg-TAL1 vector. The additional bands observed in lane 1, be-
sides the expected 6199 bp, are likely attributed to the supercoiling and 
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linearization of the plasmid. 
Following IPTG induction, pET-30a-Tg-TAL1 was successfully 

expressed in E. coli cells. Ultrasonic disruption of cells, induced at 15 ◦C 
for 16 h and at 37 ◦C for 4 h, and subsequent SDS-PAGE analysis (Fig. 2b) 
revealed the expression of rTg-TAL protein in both supernatant and in-
clusion bodies under both induction conditions, with an approximate 
molecular weight of 38 kD. Moreover, under 15 ◦C induction for 16 h, 

the expression level of rTg-TAL protein was approximately 15 mg/L, 
with a solubility of about 5%. Western blotting further confirmed the 
expression of rTg-TAL1 protein (Fig. 2c). The rTg-TAL1 protein was 
successfully purified using a linear imidazole gradient elution, identi-
fying the optimal imidazole concentration for elution as 85 mM 
(Fig. S2a-b). 

Fig. 1. Characterization and evolutionary analysis of TAL1 proteins in sixteen species. (a) Domain and motif analysis of TAL1 proteins, complemented by a 
phylogenetic analysis using the Bayesian inference method. Branches in blue represent vertebrates, those in yellow denote bivalve mollusks, and green branches 
symbolize other invertebrates. (b) Multiple sequence alignment analysis of the conserved domains of TAL1 proteins. (c) The 3D structures of TAL1 proteins are 
predicted using AlphaFold2, with the selection of the best model as recommended by the software. The bHLH structural domain is highlighted in red. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Cloning, expression and purification of rTg-TAL1 in E. coli BL21. (a) Digestion analysis of the constructed plasmid pET-30a-Tg-TAL1 in 1% agarose. Lane M, 
10000 bp DNA marker; Lane 1, undigested plasmid; Lane 2, plasmid digested by restriction enzymes SmaI and HindIII. (b) SDS-PAGE analysis of protein from E. coli 
BL21 following induction at 37 ◦C for 4 h and 15 ◦C for 16 h. Lane M, protein marker; Lane PC1: BSA (1 μg); Lane PC2: BSA (2 μg); Lane NC: cell lysate without 
induction; Lane 1: cell lysate with induction for 16 h at 15 ◦C; Lane 2: cell lysate with induction for 4 h at 37 ◦C; Lane NC1: supernatant of cell lysate without 
induction; Lane 3: supernatant of cell lysate with induction for 16 h at 15 ◦C; Lane 4: supernatant of cell lysate with induction for 4 h at 37 ◦C; Lane NC2: pellet of cell 
lysate without induction; Lane 5: pellet of cell lysate with induction for 16 h at 15 ◦C; Lane 6: pellet of cell lysate with induction for 4 h at 37 ◦C. (c) Western blotting 
of supernatant of cell lysate with induction at 37 ◦C for 4 h and 15 ◦C for 16 h. Lane M: protein marker; Lane PR: His-tagged positive reference protein; Lane 1: 
supernatant of cell lysate with induction for 16 h at 15 ◦C; Lane 2: supernatant of cell lysate with induction for 4 h at 37 ◦C. 

H. Jin et al.                                                                                                                                                                                                                                      



Aquaculture 586 (2024) 740801

6

3.3. The upregulation of mRNA and protein expression of Tg-TAL1 in 
HTHC group 

Consistent with expectations, blood clams in HTHC group exhibited 
markedly deeper blood coloration and higher HGC compared to those in 
LTHC group (Fig. 3a). To investigate the potential biological function of 
Tg-TAL1 in T. granosa, both protein and mRNA expression levels of the 
Tg-TAL1 were analyzed in the gills of HTHC and LTHC groups. The re-
sults indicated a significant upregulation of Tg-TAL1, both at mRNA and 
protein levels, in HTHC group (Fig. 3b-d, Fig. S4a). 

3.4. The decline in both THC and HGC accompanied by a discernible 
lightening of blood color after knockdown of Tg-TAL1 

To further elucidate the impact of the Tg-TAL1 gene on the red blood 
phenotype, we employed Tg-TAL1-specific siRNA to knock down the Tg- 
TAL1 gene, and the reduction in Tg-TAL1 gene expression was confirmed 
at mRNA and protein levels (Fig. 4a-c, Fig. S4b). The results indicated 
that, at 72- and 96-h post-interference with the Tg-TAL1 gene, there was 
a notable decline in THC and HGC (Fig. 4d-e). Additionally, a noticeable 
lightening in the color of the clam blood was observed following the Tg- 

TAL1 gene interference (Fig. 4a). 

3.5. Cell proliferative vitality declined after knockdown of Tg-TAL1 

To ascertain the impact of Tg-TAL1 on the cell proliferative vitality of 
T. granosa, we conducted EdU staining experiments following the 
knockdown of Tg-TAL1. As depicted in Fig. 5, compared to negative 
control group, Tg-TAL1 interference group displayed fewer EdU-stained 
nuclei. This disparity in the quantity of EdU-stained nuclei was consis-
tently detected across various samples when comparing Tg-TAL1 
interference group with control group, which suggests that interfer-
ence with the Tg-TAL1 gene diminishes the cell proliferative vitality in 
T. granosa gills. 

These findings illuminate the significant role of the Tg-TAL1 gene in 
regulating hematopoiesis and hemocyte proliferation in T. granosa. 

3.6. Characterization of Tg-TAL1 protein expression in gills 

To deepen our understanding of Tg-TAL1, we employed immuno-
histochemistry for its localization. The cell nuclei were stained blue with 
hematoxylin. Tissues containing Tg-TAL1 protein, after being bound by 

Fig. 3. The red blood-related traits of the high total hemocyte count (HTHC) and low total hemocyte count (LTHC) groups were analyzed, along with the relative 
quantification of Tg-TAL1 mRNA and protein expression levels in the gill tissues of these groups using quantitative real-time PCR (qRT-PCR) and western blotting. (a) 
There were observed differences in red blood-related traits and variations in the red blood phenotype, between the HTHC and LTHC groups. (b) Relative quanti-
fication of mRNA levels of Tg-TAL1 in the gill tissues of the HTHC and LTHC groups was performed using qRT-PCR. (c) Western blotting was employed to detect the 
expression of TAL1 and α-tubulin proteins in the gill tissues of the HTHC and LTHC groups. (d) The relative quantification of Tg-TAL1 protein levels in the gill tissues 
of the HTHC and LTHC groups was conducted. ImageJ was utilized for the quantification of the grayscale values of the bands obtained from western blotting results. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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rabbit antibodies against rTg-TAL1, were stained brown with DAB, with 
areas of darker brown indicating higher concentrations of Tg-TAL1 
protein. The results revealed that within the gill filaments, most cells 
in the gill filament chambers were stained dark brown, while gill fila-
ment chamber endothelial cells exhibited only light brown staining, 
indicating a predominant expression of Tg-TAL1 protein in hemocytes. 
Moreover, the expression levels of Tg-TAL1 protein in gill filament 
chamber cells exhibit notable variations: Tg-TAL1 protein tends to be 
expressed at lower levels in cells with lesser cytoplasm and at higher 
levels in cells with abundant cytoplasm. Among these, cells with lesser 
cytoplasm exhibit varying degrees of adhesion to gill filament chamber 
endothelial cells, seemingly indicative of their transition from gill fila-
ment chamber endothelial tissues into the gill filament chamber 
(Fig. 6a). Moreover, in immunofluorescence assays, a more intense 
green fluorescence signifies higher expression levels of Tg-TAL1 protein. 
Immunofluorescence assays reveals that cells with a larger cytoplasmic/ 
nuclear ratio exhibit stronger green fluorescence, indicating a higher 
expression of Tg-TAL1 protein in these cells (Fig. 7). 

Notably, Tg-TAL1 protein was primarily expressed in the nucleus and 
cytoplasm, which may relate to its function as a transcription factor 
(Fig. 6a, Fig. 7). Furthermore, in line with expectations, gill tissue 

sections from the HTHC group displayed lower MOD values compared to 
the LTHC group, suggesting a greater presence of Tg-TAL1 protein in the 
gills of the HTHC group of T. granosa (Fig. 6b, Fig. S5). In accordance 
with the results from protein relative quantification, compared to 
negative control group, gills in Tg-TAL1 interference group also 
exhibited significantly lower MOD values (Fig. 6c, Fig. S5). 

4. Discussions 

TAL1 is a crucial transcription factor that plays a pivotal role in the 
survival and quiescence of adult hematopoietic stem cells, as well as in 
the terminal maturation of select blood lineages (Hung et al., 2021; 
Porcher et al., 2017; Vagapova et al., 2018). Phylogenetic analysis in-
dicates that Tg-TAL1 is evolutionarily closest to the TAL1 genes of bi-
valves (Mg-TAL1, My-TAL1, and Cg-TAL1), and more distantly related 
to vertebrate orthologs. The bHLH domain mediates the formation of 
dimeric protein complexes and engages with E-box elements (CANNTG) 
of target genes, thereby modulating the transcription of these genes 
(Anantharaman et al., 2011; El Omari et al., 2013; Zhang et al., 2021). 
As Fig. 1 shows, Tg-TAL1 shares a highly conserved bHLH domain and a 
similar three-dimensional structure with other orthologs. This suggests 

Fig. 4. Variations in red blood-related traits were observed at 72 and 96 h post RNA interference of Tg-TAL1. qRT-PCR (a) and western blotting (b-c) were utilized to 
relatively quantify the mRNA and protein levels of Tg-TAL1 in blood clams of both negative control group and Tg-TAL1 RNA interference group. Changes in HGC (d) 
and THC (e) were noted following 72 and 96 h of RNAi targeting Tg-TAL1. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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that the Tg-TAL1 gene may share functional similarities with the human 
TAL1 gene, including the regulation of hematopoietic cell proliferation 
and differentiation. Interestingly, in previous studies, we constructed a 
red blood-related module using WGCNA, wherein Tg-TAL1 exhibited 
high intramodular connectivity. This further suggests the significant role 
of Tg-TAL1 in the development of red blood phenotype. Consequently, 
we investigated the function of the Tg-TAL1 gene in blood clams by 
conducting a comparative analysis between HTHC and LTHC groups, 
and also between negative control and Tg-TAL1 RNA interference 
groups of blood clams. 

Overexpression of TAL1 inhibits the expression of the mTOR 
pathway suppressor gene DDiT4, thereby enhancing the proliferation of 
human umbilical hematopoietic stem cells (Benyoucef et al., 2015). To 
investigate the potential influence of the Tg-TAL1 gene on hemocyte 
proliferation in T. granosa, we employed qRT-PCR and western blotting 
for relative quantification of Tg-TAL1 mRNA and protein expression 
levels in HTHC and LTHC groups. The results revealed a significant 
upregulation of both mRNA and protein expression of Tg-TAL1 in HTHC 
group compared to LTHC group. This suggests that the upregulation of 
the Tg-TAL1 gene may be a significant factor contributing to the 
increased THC in T. granosa populations, potentially as a result of TAL1’s 
role in enhancing hemocyte proliferation (Benyoucef et al., 2015; Song 
et al., 2016). 

The initial discovery of RNA interference occurred when exogenous 
dsRNA was injected into Caenorhabditis elegans, leading to the silencing 
of homologous endogenous mRNAs (Fire et al., 1998). Currently, RNA 
interference is considered a powerful tool in the study of gene function 
and is widely employed in the investigation of gene functionality in 
mollusks (Clark et al., 2020; Fan et al., 2024; Gu et al., 2022; Yu et al., 
2023). To further explore the effects of down-regulation of Tg-TAL1 on 
red blood phenotype of T. granosa, we carried out RNA interference 
experiments targeting Tg-TAL1. Subsequently, we found that blood 
clams displayed a notable decline in THC and HGC, along with a 
discernible lightening of blood color after RNA interference of Tg-TAL1 
gene. Moreover, a significant decrease in the count of EdU-stained nuclei 
was observed in Tg-TAL1 interference group, suggesting that RNA 
interference of Tg-TAL1 significantly impacts the cell proliferative vi-
tality in T. granosa. 

To date, research into the hematopoietic sites and mechanisms in 
bivalves remains insufficiently explored. In prior research, gills have 
been identified as the primary hematopoietic tissues in Crassostrea gigas 
(Jemaà et al., 2014; Song et al., 2019) and Chlamys farreri (Zhang et al., 

2023). Furthermore, in the irregularly folded structures of the adult gills 
of Crassostrea gigas, it has been discovered that hemocytes can differ-
entiate from clusters of adult somatic cells (Jemaà et al., 2014), with 
stem cells undergoing division and differentiation into prohemocytes 
within the gills (Jia et al., 2021). Recently, our laboratory has identified 
genes that may regulate stem cell differentiation, including CDC42, 
Sox2, and Sox9, along with hematopoiesis-related genes like RUNX1 and 
GATA2, which exhibit heightened mRNA expression levels in gill tissues. 
(Yang et al., 2023). Additionally, results from WGCNA have also indi-
cated that the gills display characteristics significantly associated with 
the red blood-related module (Jin et al., 2023a). Immunofluorescence 
assays indicate that during the process of human angiogenesis, TAL1 
protein is maintained at a high level of expression in primitive eryth-
rocytes and at a low level in surrounding endothelial cells (Drake and 
Fleming, 2000; Hoang et al., 2016). Similarly, immunohistochemical 
analysis and immunofluorescence assays revealed a relatively low level 
of Tg-TAL1 protein expression in the gill filament chamber endothelial 
cells of the gills, while varying degrees of expression are observed within 
the gill filament chamber cells of the gills. Within the gill filament 
chamber, cells expressing lower levels of Tg-TAL1 protein often have 
smaller cytoplasm and some of them exhibit adhesion to the gill filament 
chamber endothelium. Interestingly, the cytoplasmic/nuclear ratio (Yan 
et al., 2021) and TAL1 protein expression level (Goardon et al., 2006; 
Hoang et al., 2016) of human erythroid progenitor cells also increases 
during progressive maturation. Consequently, the gills might serve as 
one of the hematopoietic tissues in blood clams, potentially even as the 
primary site, where hemocytes could originate through division and 
differentiation from the gill filament chamber endothelial tissues of the 
gills. 

Beyond TAL1, CBFA2T3, as a member of the TAL1 complex, has also 
been demonstrated to play a significant role in the formation of red 
blood phenotype of blood clams (Jin et al., 2023a). Consequently, given 
the unique nature of blood clams as bivalves possessing hemoglobin and 
red blood cells, it merits to investigate the existence of a complex in 
blood clams that is similar to the human TAL1 complex, functioning to 
regulate the hemocyte proliferation and terminal differentiation. Future 
research will explore the interactions of components in TAL1 complex of 
blood clams. It will also elucidate the molecular processes by which the 
TAL1 complex affects the proliferation and differentiation of hemocytes. 
Moreover, the gradual differentiation of progenitor cells into erythro-
cytes in blood clams, whether this process originates in the gill tissues, 
and in which tissues these cells mature, are questions that warrant 
further in-depth investigation. 

Interestingly, in contrast to the blood clams, which possess only a 
single form of the TAL1 protein sequence (248 aa), humans have two 
isoforms of the TAL1 protein: TAL1-l (331 aa) and TAL1-s (156 aa) 
(Calkhoven et al., 2003; Hoang et al., 2016; Vagapova et al., 2018). The 
pre-mRNA of human TAL1 is alternatively spliced to produce mRNA 
lacking certain exons, leading to a translation product, the TAL1-s pro-
tein, which lacks the CBFA2T3-binding domain and phosphorylation 
sites but retains the DNA-binding domains and bHLH domain (Xu et al., 
2017). TAL1-s is required for erythroid progenitor cells differentiation, 
while TAL1-l is required for megakaryocytic progenitor cells differen-
tiation (Vagapova et al., 2018). Therefore, it warrants further investi-
gation whether the Tg-TAL1 protein, with a sequence length 
intermediate between TAL1-l and TAL1-s, possesses the CBFA2T3- 
binding domain and phosphorylation sites, and what role it plays in 
the differentiation process of erythrocytes. 

5. Conclusion 

In conclusion, Tg-TAL1 may influence the red blood phenotype of 
T. granosa by regulating hemocyte proliferation. Initially, within a blood 
clam population, a marked upregulation in mRNA and protein levels of 
Tg-TAL1 was detected in high THC group compared to low THC group. 
Subsequently, we demonstrated the critical role of Tg-TAL1 in regulating 

Fig. 5. Fluorescence microscopy was employed to examine gill tissue sections, 
which were co-stained with Hoechst and EdU. Hoechst stain was applied for 
DNA binding to signify the location of the nucleus, whereas EdU, indicated by a 
red arrow, was used to label replicated DNA. Gill sections from Tg-TAL1 
interference group displayed a reduced number of nuclei with green fluores-
cence, suggesting a diminished cell proliferative vitality. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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hematopoiesis, significantly affecting the red blood phenotype of blood 
clams by RNA interference and EdU staining. Finally, immunohisto-
chemical analysis and immunofluorescence assays indicated a gradual 
increase in the protein expression of Tg-TAL1 and cytoplasmic/nuclear 
ratio from gill filament chamber endothelial cells to gill filament 
chamber cells in gills, potentially representing different cell types during 
the erythrocyte maturation process in T. granosa. It suggesting that the 
gills might serve as one of the hematopoietic tissues in blood clams, with 
hemocytes potentially arising from the gill filament chamber endothe-
lium of the gills through division and differentiation. This study provides 
crucial evidence for the impact of up- or down-regulation of Tg-TAL1 on 
red blood phenotype of blood clams and lays a foundation for unraveling 
the molecular mechanisms behind the variations in red blood 
phenotype. 
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the brown coloration in the sections, which to a certain extent, can be indicative of the expression levels of the Tg-TAL1 protein. ImageJ was utilized for the 
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