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Abstract

DEAD-box RNA helicase 21 (DDX21) is a widely expressed protein in cells, involved in almost all
RNA-related cellular processes, and plays a significant role in disease prevention and defense within
organisms. This study characterized a DDX21 in Pacific oyster Magallana gigas (MgDDX21), and
investigated its association of single nucleotide polymorphisms with susceptibility/resistance of oyster
to Halomonas sp. 7T. MgDDX21 contains three conserved domains (DEADc, HELICc, and GUCT), and
shares highly conserved key functional sites with other organisms. High-temperature and
Lipopolysaccharide (LPS) treatment both significantly upregulated the mRNA expression level of
MgDDX21 (P < 0.05). The promoter sequence of MgDDX21 gene from the bacterial-resistant
population and the common population was cloned, and the polymorphisms within this region were
investigated by sequencing to analyze their association with bacterial resistance. A total of 25 single
nucleotide polymorphism (SNP) sites were identified, and 21 SNPs and one haplotype TACACTAACT
were significantly associated with the bacterial resistance trait of Pacific oyster, which could be used as
potential markers for oyster selection breeding with higher bacterial resistance. These results lay the
foundation for further investigation into the role of DDX21 in the response of Pacific oyster to bacterial
resistance and provide candidate molecular markers for breeding new varieties of oysters with
excellent disease resistance traits.

Key Words: Magallana gigas; DDX21; promoter; single nucleotide polymorphism; resistance to Halomonas sp. 7T

Introduction

RNA helicases are a family of proteins which such as DEAD-box along with DEAH, DExH and
utilize ATP to bind to or restructure RNA (Shih and DExD families (Cordin et al., 2006; Shih and Lee,
Lee, 2014), and play important roles in various 2014). DEAD-box helicases participate in the cell's
cellular processes, including transcription, ribosome defense against bacterial invasion by regulating
assembly, mRNA ftranslation, and the unwinding of various cellular processes, including DNA
double-stranded RNA (Valdez et al., 2002). They transcription, mRNA splicing, ribosome biogenesis,
can be divided into five superfamilies (SF1-SF5) RNA transport, translation, degradation, cell cycle
based on conserved protein sequences and regulation, and miRNA biogenesis (Ma et al., 2024).
domains. The SF2 superfamily subclass can be DEAD-box RNA helicase 21 (DDX21) is a
further divided into 10 families, among which the member of the DEAD-box helicase family
DExD/H helicase family contained several members, (Flores-Rozas and Hurwitz, 1993; Calo et al., 2015;

Zhou et al., 2024). Due to its significant roles in
numerous cellular processes, there is growing
interest in the relationship between DDX21 and
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(Flores-Rozas and Hurwitz, 1993). Moreover, there
are 13 conserved motifs (Sarkar and Ghosh, 2016),

91



Table 1 Primers used in this study

Primer name

Sequence (5'-3")

PCR objective

MgDDX21-P1FO
MgDDX21-PIRO
MgDDX21-P1F
MgDDX21-PIR
MgDDX21-P2FO
MgDDX21-P2RO
MgDDX21-P2F
MgDDX21-P2F

5'-CCAATCCGAGACAGAAAGAAAATAG-3'
5'-CAAGATTATCTGTTTTGAAACGCCC-3'
5'-GGAATCCACTCTCGTAACAAGC-3’
5'-ATGTCCCGAGTACTTCCGAATG-3’
5'-TAACGCTGAGGGTAATAGAACGG-3’
5'-ATGGCTTACCTGAACGCTGACC-3'
5'-TCTGTCTCAAGTTATTGCTTCCATC-3'
5'-CATATCCCTATCGTTATTCTTTTGC-3’

Promoter cloning
Promoter cloning
Promoter cloning
Promoter cloning
Promoter cloning
Promoter cloning
Promoter cloning

Promoter cloning

MgDDX21-RT-F 5'-CCCTCGGTGATTGGTGATGTGCT-3' gqRT-PCR
MgDDX21-RT-R 5'-CGTGTAATACTTGAGCGTCCTGC-3' gqRT-PCR
Mg-EF-RT-F 5'-AGTCAccAAGGCTGCACAGAAAG-3’ qRT-PCR
Mg-EF-RT-R 5'-TCATATTTCTTTGATGT-3’ gqRT-PCR

among which, motifs | and Il are core motifs, and the
conserved sequence (D-E-A-D, Asp-Glu-Ala-Asp) is

located within motif Il (Fairman-Williams et al., 2010).

DDX21 is a nucleolar protein that binds and
promotes the transcription, processing, and
modification of RNA (Flores-Rozas and Hurwitz,
1993; Calo et al., 2015). Recently, several studies
have shown its involvement in regulating antiviral
immune response, the development of cancer, and
innate immunity of cells. DDX21 could inhibit viral
genome replication and suppress the assembly and
release of viral particles through multiple
mechanisms (Abdullah et al., 2021), and its high
expression in most cancers was positively correlated
with cell proliferation and migration ability (Hu et al.,
2022). Furthermore, DDX21 can maintain innate
immune homeostasis by negatively regulating the
production of IFN-b (Li et al., 2022). In recent years,
a significant number of studies have indicated that
polymorphisms in the gene sequences of some
DEAD-box family members are associated with
disease occurrence, providing clues for
understanding biological diseases and prevention
mechanisms. For instance, SNPs in DEAD box
polypeptide 5 (DDX5) was found to increase the risk
of advanced fibrosis and bloom syndrome (Bamezai,
1996; Guo et al., 2010). However, there is less
research on the relationship with genetic sequence
polymorphisms of DDX21 gene and disease.

So far, research on the function of DDX21 has
been primarily focused on mammals, and there are
no relevant studies reported in the field of aquatic
animals. Nevertheless, numerous reports indicated
that other members of the DEAD box family are
pivotal in life processes such as cell division,
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antiviral  immune  defense, and individual
development in aquatic animals (Yajima and Wessel,
2011; Gan et al., 2020; Tseng et al., 2021). For
instance, Vasa, one member of the DEAD-box RNA
helicase family, disrupts chromosome segregation,
resulting in cells arresting at the M phase and
thereby impeding the progression of the entire cell
cycle (Yajima and Wessel, 2011). Additionally,
overexpression of DDX41 in Nile tilapia can lead to
strong activation of the promoters of type |
interferons, thereby triggering the cell's antiviral
immune response (Gan et al., 2020). Interestingly,
disrupting the RNA helicase DDX52 expression
could lead to a transient pause in the development of
zebrafish larvae, and this developmental arrest is
largely reversible (Tseng et al., 2021). These studies
suggest that DDX21, as a member of the DEAD-box
RNA helicase family, may also play a significant role
in immune processes.

The Pacific oyster Magallana gigas (previously
known as Crassostrea gigas), a marine aquaculture
bivalve highly favored for its ecological and
economic benefits, is a significant species in
northern China's aquaculture industry. However, in
recent years, large-scale mortality events caused by
combined action of microbial pathogens and the
environment frequently occurred in M. gigas farms.
In the spring of 2020, a local oyster farm in
Zhuanghe, Liaoning Province, experienced an
outbreak of 'Red Shell Disease' among its larvae,
resulting in substantial losses for the oyster industry.
The causative pathogen was subsequently identified
as Halomonas sp. 7T (Li, 2022). Considering that
RNA helicase DDX21 likely participates in immune
response and regulation processes, we investigated
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Fig. 1 Domain composition (A) and multiple sequence alignment (B) of the MgDDX21 protein sequence with the
DDX21 sequences from other species. The black boxes and the areas enclosed by them correspond to the
sequence positions compared in B, where red, blue, and green triangles represent residues involved in ATP
binding, RNA binding, and domain-domain interactions, respectively

the sequence structure, expression and genetic In the high-temperature treatment experiment,
polymorphism characteristics of oyster MgDDX21, 63 oysters were randomly selected and treated in
aimed to (1) clarify its structural characteristics, (2) high-temperature seawater at 28 °C. Nine oysters
explore its expression profile after high-temperature were randomly selected at 0, 3, 6, 12, 24, 48, and 72
and lipopolysaccharide (LPS) stimulation, and (3) h, respectively, and haemolymph was collected for
find a correlation between the population-specific RNA extraction.
molecular characteristics of the MgDDX21 gene In the LPS stimulation experiment, 108 oysters
promoter and the different susceptibility/resistance were randomly divided into two groups. After
of M. gigas to Halomonas sp. 7T. injections with sterile seawater (SW) and LPS, nine
oysters were randomly sampled from each group at
Materials and methods 0, 3, 6, 12, 24, and 48 h. Haemolymph was collected
for RNA extraction. The injections with SW and LPS,
Animals, treatment, and sample collection as well as the extraction of RNA from haemocytes,
In this study, the Pacific oysters M. gigas (about were carried out according to previous laboratory
10.0 cm in shell length) were collected from a local protocols (Wu et al., 2023).
farm in Zhuanghe, Liaoning Province, China. The Total RNA isolation, cDNA synthesis and gene
oysters were acclimated using the same method as cloning were performed according to previous
previously employed in the laboratory (Wu et al., reports (Wang et al., 2016). The genomic DNA for
2023). Haemocytes and tissues including gill, gonad, SNP detection was extracted from the adductor
hepatopancreas, adductor muscle and mantle were muscles using a TIANamp Marine Animals DNA kit
collected from six oysters as parallel samples. After (Tiangen Biotech, Beijing, China). The integrity of
the addition of 1 mL Trizol reagent (Invitrogen), all the extracted DNA was evaluated by agarose gel
the samples were stored at -80 °C for RNA electrophoresis.
extraction. Two populations, the Halomonas sp. 7T-resistant
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Fig. 2 Phylogenetic tree based on alignment of the MgDDX21 protein sequence and the DDX21 sequences from
other species. The numbers at the nodes indicate the bootstrap values

population (bacterial resistant population) and the
common population, were used for screening SNP in
the promoter of MgDDX21. The resistance
population refers to the F2 generation oysters
obtained after challenging F1 and F2 juvenile
oysters with Halomonas sp 7T (duration: 72 h;
concentration: 107  cells/mL) during family
establishment (unpublished data). Wild populations
that have not undergone artificial breeding were
used as the common population. An additional
Halomonas sp. 7T challenge test was carried out on
the resistant population and the common population,
and the results showed that the resistant population
exhibited a significantly higher survival rate and
reached a stable state earlier than the common
population, indicating superior tolerance to this
bacterial strain. The adductor muscle of each oyster
from two populations was removed and kept at
-80 °C until DNA isolation.

Sequence analysis of MgDDX21

The conserved domains of MgDDX21 were
predicted using the simple modular architecture
research tool (SMART) (http://smart.embl-heide
Iberg.de/). The amino acid sequence analyses were
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carried out using the BLAST algorithm
(http://www.ncbi.nlm.nib.gov/BLAST). The
neighbor-joining (NJ) phylogenetic tree of MgDDX21
was constructed using MEGA version X software.
Bootstrap trials were replicated 1000 times to derive
the confidence value for phylogeny analysis.
According to relevant reports (Chen et al., 2020),
through multiple sequence alignments of MgDDX21
with other species using the MEGA software, key
functional sites were identified.

Quantitative Real-time PCR analysis of MgDDX21
mRNA expression

The SYBR Green qRT-PCR was carried out on
an ABI 7500 Real-time Thermal Cycler platform
according to the manufacturer’'s protocol (TaKaRa).
All primers used in this assay were listed in Table 1.
The MgEF-a gene (GenBank accession No.
NW_018406511.1) was employed as internal control,
and the relative expression levels of MgDDX21
were analyzed using the comparative Ct method
(222Ct method). Data were statistically analyzed
through one-way ANOVA followed by multiple
comparisons. Significant differences were accepted
at P < 0.05.



Cloning and sequence analysis of MgDDX21
promoter

The primers for MgDDX21 (Table 1) were
designed according to the sequence information of
MgDDX21 (GenBank accession LOC105343804) for
cloning promoter sequence, and the promoter region
sequence of MgDDX21 was cloned using nested
PCR. The PCR product was gel-purified, cloned into
pMD19-T simple vector (Takara), and confirmed by
DNA sequencing.

The promoter sequence of MgDDX21 was
analyzed using the Transcription Element Search
System (TESS) (http://www.cbil.upenn.edu/tess/)
and the Patch System
(http://www.generegulation.com/cgibin/pub/program
s/patch/bin/patch.cgi?). The possible transcription
start site was predicted using the Neural Network
Promoter Prediction (NNPP)
(http://www.fruitfly.org/seq_tools/promoter.html).

Identification of SNPs in the promoter region of
MgDDX21

According to the promoter sequence of
MgDDX21, two sets of gene-specific primers (Table
1) were designed to amplify a 2272 bp fragment
through nested PCR. The PCR products were
excised, purified, cloned into pMD19-T vector
(TaKaRa) and sequenced as previously reported
(Yang et al., 2014). The alignments of nucleotide
sequence of the MgDDX21 promoter region were
performed using DNAMAN version 6, and the
polymorphisms in promoter region were identified
from the sequence alignments of different
individuals.

Association analysis of SNPs with resistance of
oyster to Halomonas sp. 7T

The genomic DNA (100 ng uL™") of 30
individuals from each population was used as
template to amplify the promoter region. The PCR
products were subsequently sent to a biotechnology
company for sequencing. SNPs identified in the
promoter region were screened by sequencing to
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examine their association with susceptibility/resistance
of oysters to Halomonas sp 7T.

The genotype data was analyzed to test
Hardy-Weinberg equilibrium (HWE). Moreover,
linkage disequilibrium (LD) test and haplotype
analysis were also conducted according to the
genotyping results. All the data were analyzed by
using SHEsis software (http://analysis.bio-x.cn).
Significant differences were accepted at P < 0.05.

Statistical analysis

All statistical analyses were performed using
IBM SPSS Statistics version 25. Differences among
groups were evaluated by one-way ANOVA,
followed by multiple comparisons with the LSD (least
significant  difference) test. Differences were
considered significant at P < 0.05.
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Fig. 4 The relative expression of MgDDX21 mRNA in haemocytes after stimulation with high temperature and LPS
for different durations. Vertical bars represent the mean + S.E. (N = 4). Differences labeled with different letters (A)

or * (B) were statistically significant
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ctgatgattt tcataaaaat acacatacct gtgaaagaaa tgctgttgaa atcgataatc -3878
CREB

gatatcttca tcgacaactt atcatttttc acttataaaa gttcacagga acgaaacaaa —-3818
GATA

atttctttaa tactgagatt tataatggga aatgtttgca tctttttcca ttcggaagta -3758

SPI1 SPIC

ctcgggacat ctcgcgcaat ttttcaacat acatgtaatc atccgggectt atttaaaatg -3698
actgatgcaa tggaaaatcc ctgtaaattt tctattttgg gaaatgtatt gaaaccgaag -3638
JUNB

cggtagaggg ggcgtttcaa aacagataat cttgacattt ctcatattag tggatgaacg -3578

GATA JUNB

ttgtttgaac ttaaaggtat ttatgattat cgaaatatca agctaaaagt ggtggaagca -3518
aacactcgga gtatagcttg tttattgtct ttaacttgct tttgtccaag ggtcaactat -3458
FOXO

agtatactat agtaaataac tgtgaaaact caggatatgc gaaatgattt gaaaaaatgt -3398
ccaagaaaac aatcttctcc attacttaaa ataattaagg taccattaag tgttattata -3338

EMXI1
ctttcaatct gattggctta gacgcacgat atgccctgaa gattttctta attttctgat -3278
tttcttagaa actacaaaga gttttcgaga caaaatgtaa acttgggttt attttttata -3218
HSF
ttaaatacgc tataattgct aaacgtaaca gttttactat aactggaaat tacctgcctc -3158
CREB
aatgctggaa gacatatcaa atgttgatcg acattatgat atctgatacc ctttttgatc -3098
cacgtatttt ttttacgtaa catgtacttg tgcggatcca gtaaaagaag atcaagtagc -3038
JUNB GATA
aaaatatcac tggtttatta tagttggcaa actggttgaa cccgtggcct ttattattta -2978
ctgcagtagc ggtaggggag tgtcggtaca tgcatgataa acaatttgtg cagttagtat -2918
gaattcggga atgttatatg attacccccce ccccccceccece ccececccecceccee aaaaaaaatg -2858
HSF

tgttttttat attcgatcgg gttcggtgta catttaattc ccgaaaataa cacgaggttg -61
caaaacgtgt taaactgttt ataaaaagat ttgagataaa aacgttaatt ttgagagaaa -1
ATG +3

Fig. 5 Sequence analysis of MgDDX21 promoter. The negative numbers on the right indicate upstream sequence
relative to the translation start codon, and the putative transcription factor binding sites ware underlined

Result

Sequence characteristics and phylogenetic evolution
of MgDDX21

The open reading frame (ORF) of MgDDX21
was of 2325 bp, encoding a polypeptide of 774
amino acid residues with an isoelectric point of 9.12
and a molecular weight of 86.1 kDa. Using the
SMART website for domain prediction, it was found
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that MgDDX21 contains three conserved domains:
DEADc, HELICc, and GUCT (Fig. 1A).

The protein sequence of MgDDX21 was aligned
with DDX21 protein sequences obtained from other
species in the NCBI database. The results indicate
that MgDDX21 shows relatively low similarity
(20.75%-39.62%) to DDX21 proteins from various
species. By conducting multiple sequence alignments,
it has been noted that motifs characteristic of higher
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Fig. 6 The SNPs in the promoter region of MgDDX21. The negative numbers indicate upstream sequence relative
to the translation start codon and are numbered on the right. The polymorphic sites are underlined, and the

variants are described below

animals (Q, I, Ia, Ib, Ic, II, IV, IVa, V, Va, Vb and VI)
are also significantly present in MgDDX21 (Fig. 1B).

The phylogenetic trees were constructed to
analyze the phylogenetic evolution of DDX21s.
MgDDX21 gathered with the DDX21s from the other
molluscs  (Mizuhopecten  yessoensis,  Mpytilus
galloprovincialis, Mytilus coruscus, and Potamilus
streckersoni). MgDDX21 shared relatively far
evolutionary relationships with DDX21s from
Cnidarias (Desmophyllum pertusum and Stylophora
pistillata) (Fig. 2).

The distribution of MgDDX21 mRNA in different
tissues and haemocytes

MgDDX21 was expressed in haemocytes and
all tested tissues including gills, mantle, adductor
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muscle, hepatopancreas, and gonad (Fig. 3). The
highest expression was observed in gills, which was
2.11-fold of that in the gonads (P < 0.05).
Furthermore, the expression levels in haemocytes
were notably higher than that in gonad (1.99-fold, P
< 0.05).

MgDDX21 expression in response to
high-temperature and LPS
The expression of MgDDX21 mRNA was

assessed to evaluate its activation under high
temperature stress (28°C) and after LPS stimulation.
After high temperature treatment, the MgDDX21
mRNA expression in haemocytes significantly
increased at 24 h (4.90-fold of that at 0 h, P < 0.05),
peaking at 48 h (6.60-fold of that at 0 h, P < 0.05),
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Fig. 7 Difference of putative binding sites for transcription factors between different alleles. Polymorphic loci are
shadowed in gray, and the first polymorphic locus of each line is numbered on the left. The positions and directions
of putative binding sites for transcription factors are labeled by the arrowhead. The TFSEARCH scores are shown

on the right

and remained significantly upregulated at 72 h
(5.00-fold of that at 0 h, P < 0.05) (Fig. 4A).
Comparatively, the MgDDX21 mRNA
expression was relatively flat after LPS stimulation,
which was significantly up-regulated at 3 h and 6 h
after stimulation (1.47-fold and 1.63-fold of that in
the control group, respectively, P < 0.05) (Fig. 4B).
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The sequence features of MgDDX21 promoter

A remote promoter region sequence of 2272
bp was successfully cloned using PCR technology.
The A, T, G, and C base content of MgDDX21
promoter region was 32.6%, 33.0%, 17.0% and
17.4%, respectively, indicating that the cloned
promoter region was an AT rich region (65.6%) (Fig. 5).



Table 2 Hardy-Weinberg equilibrium analyses (HWE) of twenty-five SNPs in MgDDX21 detected in the two

populations
Bacterial-resistant population Common population
Name df

Chi-squared P-value Chi-squared P-value
-3844 C/T 1 19.49 P <0.05 22.14 P <0.05
-3685 C/G 1 38.00 P <0.05 27.02 P <0.05
-3628 T/G 1 37.00 P <0.05 0 P>0.05
-3597 T/C 1 28.93 P <0.05 33.00 P <0.05
-3593 A/T 1 30.24 P <0.05 12.56 P <0.05
-3576 A/T 1 38.00 P <0.05 13.22 P <0.05
-3562 A/G 1 30.35 P <0.05 0 P >0.05
-3515 A/C 1 33.00 P <0.05 26.38 P <0.05
-3379 A/C 1 46.07 P <0.05 43.00 P <0.05
-3347 G/T 1 14.53 P <0.05 10.68 P <0.05
-3254 C/T 1 10.94 P <0.05 43.00 P <0.05
-3247 A/IC 1 34.26 P <0.05 42.00 P <0.05
-3243 C/A 1 30.02 P <0.05 42.00 P <0.05
-3231 A/G 1 23.65 P <0.05 46.00 P <0.05
-3135 T/G 1 42.00 P <0.05 0.02 P >0.05
-3093 C/T 1 23.40 P <0.05 0 P >0.05
-3084 G/T 1 16.41 P <0.05 33.00 P <0.05
-3079 T/A 1 28.00 P <0.05 0 P >0.05
-3053 T/A 1 28.00 P <0.05 0 P >0.05
-3045 A/C 1 12.78 P <0.05 0 P >0.05
-3001 A/T 1 28.00 P <0.05 0 P >0.05
-2996 T/C 1 28.00 P <0.05 0 P>0.05
-2994 A/G 1 35.81 P <0.05 32.48 P <0.05
-2992 T/G 1 27.00 P <0.05 0 P >0.05
-2985 G/A 1 26.00 P <0.05 0.01 P >0.05

Several putative cis-regulatory elements were
identified in DDX21, including JUNB (3), GATA (3),
HSF (2), CREB (2), and one each of SPI1 (1), FOXO
(1), SPIC (1), and EMX1 (1) elements (Fig. 5).

The polymorphisms in the promoter region of
MgDDX21

A total of 25 SNP loci were identified within the
amplified promoter region of MgDDX21 (2272 bp),
including -3844 C/T, -3685 C/G, -3628 G/T, -3597
C/T, -3593 T/A, -3576 T/A, -3562 A/G, -3515 C/A,
-3379 A/C, -3347 GIT, -3254 T/C, -3247 AIC, -3243
A/C, -3231 G/A, -3135 G/T, -3093 T/C, -3084 T/G,
-3079 AT, -3053 A/T, -3045 A/C, -3001 T/A, -2996
C/T, -2994 A/G, -2992 G/T, -2985 A/C (Fig. 6).

The potential transcription factor binding sites at
these 25 loci was analyzed using the JASPAR
website, and the identical parts were excluded. A
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total of 12 sites were found to have differences (Fig.
7). At four loci (-3045, -3247, -3515 and -3597),
there were some more putative transcription factor
binding sites in one allele than their corresponding
allele. For example, there were two more putative
binding site for GATA and PRDM1 in A allele than C
allele at locus -3045, and there was one more
putative binding site for HSF in A allele than C allele
at locus -3247. At the other eight loci (-3053, -3084,
-3079, -3231, -3254, -3379, -3593, and -3685), the
polymorphisms changed the respective transcription
factor binding sites in each allele. For example, at
the -3053 locus, the A allele has an additional SPI1
binding site compared to the T allele, while the T
allele has an additional SPI1 binding site compared
to the A allele. At the -3084 loci, the T allele have
more JUNB transcription binding sites than the G
allele, while the G allele have more RUNX and CREB



Table 3 Distribution of different genotypes at twenty-five SNP sites of MgDDX21
bacterial-resistant populations

in the common and

No. (%) No. (%)
Name Genotype Common Bacterial-resistant 1(P) Allele Common Bacterial-resistant 1(P)
population Population population Population

-3844 C/T CcC 19(0.39) 2(0.04) 24.12(P < 0.05) C 46(0.47) 6(0.06) 37.93(P < 0.05)
CT 8(0.16) 2(0.04)
TT 22(0.45) 43(0.92) 52(0.53) 88(0.94)

-3685 G/C GG 39(0.90) 22(0.58) 11.67(P < 0.05) G 78(0.91) 44(0.58) 23.35(P < 0.05)
GC 0(0) 0(0)
CC 4(0.10) 16(0.42) C 8(0.09) 32(0.42)

-3628 G/T GG 44(1) 32(0.86) 4.22(P < 0.05) G 88(1) 64(0.86) 10.45(P < 0.05)
TT 0(0) 5(0.14) T 0(0) 10(0.14)

-3597 C/T CC 38(0.90) 22(0.58) 11.29(P < 0.05) C 76(0.90) 44(0.58) 6.91 (P>0.05)
TT 4(0.10) 16(0.42) T 8(0.01) 32(0.42)

-3593 T/A TT 44(0.96) 33(0.87) 1.12(P>0.05) T 88(0.96) 66(0.87) 3.15(P>0.05)
AA 2(0.04) 5(0.13) A 4(0.04) 10(0.13)

-3576 T/A TT 41(0.89) 22(0.58) 19.03(P < 0.05) T 85(0.92) 44(0.58) 25.88(P < 0.05)
TA 3(0.07) 0(0)
AA 2(0.04) 16(0.42) A 7(0.08) 32(0.42)

-3562 A/G AA 0(0) 5(0.14) 6.61(P <0.05) A 0(0) 10(0.13) 13.23(P < 0.05)
GG 46(1) 32(0.86) G 92(1) 64(0.87)

-3515 C/A CcC 38(0.90) 22(0.67) 6.55(P < 0.05) C 76(0.90) 44(0.67) 13.10(P < 0.05)
AA 4(0.10) 11(0.33) A 8(0.10) 22(0.33)

-3379 A/C AA 3(0.07) 23(0.46) 15.60(P < 0.05) A 6(0.07) 46(0.46) 33.05(P < 0.05)
CcC 40(0.93) 27(0.54) C 80(0.93) 54(0.54)

-3347 G/T GG 19(0.43) 2(0.04) 36.58(P < 0.05) G 50(0.57) 7(0.07) 52.66(P < 0.05)
GT 12(0.27) 3(0.06)
TT 13(0.3) 45(0.9) T 7(0.07) 93(0.93)

-3254 T/C TT 39(0.91) 23(0.48) 20.68(P < 0.05) T 78(0.91) 58(0.6) 20.45(P < 0.05)
TC 0(0) 12(0.25)
CcC 4(0.09) 13(0.27) 8(0.09) 38(0.4)

-3247 A/C AA 1(0.02) 21(0.43) 23.02(P < 0.05) 3(0.04) 46(0.47) 40.06(P < 0.05)
AC 1(0.02) 4(0.08)
CcC 39(0.96) 24(0.49) C 79(0.96) 52(0.53)
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No. (%) No. (%)
Name Genotype Common Bacterial-resistant x2(P) Allele Common Bacterial-resistant ¥2(P)
population Population population Population

-3243 A/C AA 40(0.95) 23(0.48) 24.02(P <0.05) A 80(0.95) 51(0.53) 38.01(P <0.05)
AC 0(0) 5(0.1)
CC 2(0.05) 20(0.42) C 4(0.05) 45(0.47)

-3231 G/A GG 45(0.94) 24(0.5) 23.19(P<0.05) G 90(0.94) 55(0.57) 32.57(P<0.05)
GA 0(0) 7(0.15)
AA 3(0.06) 17(0.35) 6(0.06) 41(0.43)

-3135G/T GG 43(0.96) 37(0.88) 7.36((P<0.05) G 88(0.98) 74(0.88) 4.93((P<0.05)
GT 2(0.04) 0(0)
TT 0(0) 5(0.12) T 2(0.02) 10(0.12)

-3093 T/C TT 42(1) 36(0.82) 8.42(P<0.05) T 84(1) 75(0.85) 11.39(P< 0.05)
TC 0(0) 3(0.07)
CcC 0(0) 5(0.11) C 0(0) 13(0.15)

-3084 T/G TT 16(0.48) 24(0.82) 12.79(P< 0.05) T 32(0.48) 48(0.92) 25.58(P<0.05)
TG 0(0) 0(0)
GG 17(0.52) 2(0.08) G 34(0.52) 4(0.08)

-3079 A/T AA 34(1) 23(0.82) 4.42(P<0.05) A 68(1) 46(0.82) 10.91(P<0.05)
TT 0(0) 5(0.18) T 0(0) 10(0.18)

-3053 A/T AA 34(1) 23(0.82) 4.42(P<0.05) A 68(1) 46(0.82) 10.91(P<0.05)
TT 0(0) 5(0.18) T 0(0) 10(0.18)

-3045 A/C AA 0(0) 5(0.19) 5.90(P<0.05) A 0(0) 10(0.19) 11.79(P< 0.05)
AC 0(0) 0(0)
CcC 29(1) 22(0.81) C 58(1) 44(0.81)

-3001 T/A TT 26(1) 23(0.79) 4.10(P<0.05) T 52(1) 46(0.79) 10.04(P< 0.05)
AA 0(0) 6(0.21) A 0(0) 12(0.21)

-2996 C/'T CC 27(1) 22(0.81) 3.53(P>0.05) C 54(1) 44(0.81) 8.93(P<0.05)
TT 0(0) 5(0.19) T 0(0) 10(0.19)

-2994 A/G AA 5(0.13) 5(0.19) 1.05(P>0.05) A 10(0.13) 10(0.19) 0.194(P>0.05)
GG 33(0.87) 22(0.81) G 66(0.87) 44(0.81)

-2992 G/T GG 27(1) 15(0.56) 12.96(P< 0.05) G 54(1) 30(0.56) 28.34(P<0.05)
TT 0(0) 12(0.44) T 0(0) 24(0.44)

-2985 A/C AA 28(1) 21(0.81) 5.93(P<0.05) A 56(1) 42(0.81) 11.97(P<0.05)
GG 0(0) 5(0.19) G 0(0) 10(0.19)

potential binding sites compared to the T allele. The
nucleotides are numbered on the left. The
polymorphism sites are underlined, and the variants
are described below (Fig. 7).

The association between MgDDX21 gene
polymorphisms and bacterial resistance of oyster
The association between sequence
polymorphisms and bacterial resistance was
investigated by examining the distribution and
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frequency of 25 promoter SNP sites in bacterial
resistant and common populations. Sequencing
profile analysis revealed that homozygous
genotypes had single peaks, while heterozygous
genotypes had overlapping peaks (Fig. S1). For
instance, the sequencing profiles of two genotypes
-3685 GG and -3685 CC showed their specific G or
C single peaks, respectively, while the sequencing
profile of genotype -3243 AC showed overlapping
peaks of A and G. Among the 25 polymorphic loci,



-3084
-3231
-3243
-3247
-3254

-3347
-3379
-3576
-3844

-3685

Fig. 8 The linkage disequilibrium analysis of the ten SNPs in the promoter region of MgDDX21. SHEsis software
(http://analysis2.bio-x.cn/myAnalysis.php) was used forthis analysis. The color scheme is white (D = 0), pink (0 <D

< 1), and red (D = 1) (color figure online)

each locus formed three genotypes reflected by
three kinds of sequencing maps (Fig. S1, Table 3).

The HWE for genotype frequencies was
analyzed with the goodness-of-fit x>-test. Statistical
analysis revealed that the genotype frequency of
alleles at 11 loci (-3628, -3135, -2985, -2992, -3001,
-3079, -3093, -3562, -3053, -2996, -3045) were in
HWE (P > 0.05) in the common population, while not
in HWE (P < 0.05) in the bacterial-resistant
population. Additionally, 14 loci (-3685, -3576, -3231,
-3844, -3515, -3254, -3084, -3247, -3347, -3379,
-3243, -3597, -3593, -2994) were not in HWE (P <
0.05) in both populations (Table 2).

The allele and genotype frequencies of 25 loci
within the MgDDX21 promoter region were
summarized in Table 3. Allele and genotype
frequencies at loci -3593 and -2994 showed no
significant statistical difference between the two
populations (P > 0.05). The allele frequency at locus
-3597 did not significantly differ between common
populations (P > 0.05), whereas genotype
frequencies did P < 0.05) between
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bacterial-resistant populations. The allele and
genotype frequencies at 21 loci (-3844, -3685, -3628,
-3576, -3562, -3515, -3379, -3347, -3254, -3247,
-3243, -3231, -3135, -3093, -3084, -3079, -3053,
-3045, -3001, -2992 and -2985) were all significantly
different between two populations (P < 0.05). The
frequencies of individuals with genotypes -3844 T/T,
-3685 C/C, -3628 TT, -3576 A/A, -3562 A/A, -3515
A/A, -3379 A/A, -3347 TI/T, -3254 C/C, -3247 A/A,
-3243 C/C, -3231 A/A, -3135 T/T, -3093 C/C, -3084
T/T, -3079 T/T, -3053 T/T, -3045 A/A, -3001 A/A,
-2992 T/T and -2985 C/C in the bacterial-resistant
population were significantly higher than those in the
common population (P < 0.05) (Table 2).

The result of the pairloci LD (linkage
disequilibrium) test revealed that the loci in
MgDDX21 gene promoter were in different degrees
of LD. From the 25 SNP loci mentioned, the 10 loci
(-3084, -3231, -3243, -3247, -3254, -3347, -3379,
-3576, -3685, -3844) were selected for LD analysis.
It worths noting that except for the pairs involving loci
-3084 and -3247, -3347 and -3247, and -3844 and



Table 4 The haplotype analysis of MgDDX21 polymorphic loci -3084, -3231, -3243, -3247, -3254, -3347, -3379,
-3576, -3685 and -3844 in the common and bacterial-resistant populations

Common population

Bacterial-resistant

Number  Haplotype (frequency) population X2 (P)

(frequency)
1 TACACTAACT 0.000 0.5001 34.297 (P<0.05
2 GGAATGCTGC 0.276 0.000} 14.283 (P <0.05)
3 GGACTGCTGC 0.172 0.0004 8.289 (P <0.05)
4 TGAATGCTGT 0.103 0.000| 4.747 (P<0.05)

-3247, the remaining pairs exhibit a certain degree of
LD with a pairwise D’ > 0.60 (Fig. 8). Considering
that the LD between different polymorphic loci in one
gene usually form different haplotypes, haplotype
analysis was conducted on the aforementioned 10
loci. They formed 4 haplotypes with frequency
greater than 0.01, and the frequency of haplotype
TACACTAACT in bacterial-resistant population was
significantly higher than that in common population
(P < 0.05), while the frequency of haplotype
GGAATGCTGC in common population was
significantly higher than that in bacterial-resistant
population (P < 0.05) (Table 4).

Discussion

Although RNA helicase is not the only factor
influencing bacterial resistant traits, organisms may
employ various strategies to resist pathogens. The
expression of RNA helicase still shows a strong
correlation with disease resistance traits (Tapescu
and Cherry, 2024). In mammalian studies, DDX21 has
been shown to maintain innate immune homeostasis
by negatively regulating IFN-B production (Li et al.,
2022). Additionally, it contributes to genomic stability by
promoting DNA damage repair, thereby participating
in cellular immune regulation (Wang et al., 2024). In
this study, the protein structure, evolutionary
relationship, as well as the mMRNA expression profile
of MgDDX21 were characterized. The predicted
MgDDX21 protein contains a classical DEXDc
domain, a HELICc domain and a GUCT domain, as
well as the key motifs and functional sites, which are
similar to the DDX21 from human (Flores-Rozas and
Hurwitz, 1993). Interestingly, the repetitive sequence
at the C-terminus was not identified in MgDDX21,
which is unique to mammals such as humans and
rodents, suggesting species-specific adaptations
(Xiao et al., 2024). Moreover, the amino acid
sequences especially the conserved ATP binding,
RNA binding, and domain-domain interactions sites
are highly conserved among different species (Chen
et al., 2020).

In order to investigate the function of MgDDX21
in immune response of oysters, their expression
levels in haemocytes and different tissues, as well
as after high-temperature and LPS treatment were
detected. MgDDX21 was widely distributed in
haemocytes and all the examined tissues. It is well
known that oysters possess an opening circulatory
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system, and circulating haemocytes is of vital
importance in participating in immune response and
effectively eliminating invading pathogens
(Cochennec-Laureau et al., 2003; Lannig, Flores
and Sokolova, 2006; Wang et al., 2018). Moreover,
several studies have showed the involvement of
DDX21 in regulating innate immunity of cells and
maintaining innate immune homeostasis by
negatively regulating the production of IFN-b
(Abdullah et al., 2021; Li et al., 2022). Therefore, the
high expression level and the significantly
upregulation by high-temperature and LPS treatment
in haemocytes implied that MgDDX21 might play
important roles in immune response of oyster.

Considering that the transcriptional regulation of
gene expression depends on the interaction
between transcription factors and the putative
cis-acting elements in the promoter region of genes,
a fragment of 2272 bp in the remote promoter region
of MgDDX21 was amplified from oyster to analyze
the reason for its induction expression by LPS, and
some putative binding sites were identified, such as
HSF, FOXO and SPI1. These transcription factors,
which are highly relevant to immune responses, may
be involved in immune regulation after stimulation by
pathogenic bacteria through the modulation of
expression of a variety of genes or signal paths. For
instance, HSF-1 indirectly sustains immune-cell
function by maintaining protein homeostasis through
its regulation on heat-shock response (Kovacs et al.,
2024). Both SPI1 and FOXO can regulate the fate of
immune cells and the balance of inflammation
through transcriptional networks, and their activation
or inhibiton can both become new targets for
precisely regulating inflammatory diseases (Peng,
2008; Zhu et al., 2023). All these results indicated
that MgDDX21 plays important roles in responding
to bacterial stimulation. Variations in the promoter
sequence can affect its affinity for transcription factor,
thereby influencing the levels of gene expression.
The differences in disease resistance of individual
animals may be partly attributed to the existence of
polymorphisms in a series of related genes (Zhang
et al., 2021). This study identified 12 SNP sites in the
promoter region of the DDX21 gene that alter certain
transcription factor binding sites, potentially affecting
transcription efficiency. This hypothesis may partially
explain the differential expression patterns of DDX21
mRNA in two oyster species after high-temperature
treatment and LPS stimulation.



Considering that SNPs in the promoter region of
the MgDDX21 gene could explain the variation in
bacterial resistance between the two populations,
association analysis was conducted to examine the
relationship between these SNPs and the oysters'
bacterial resistance through a case-control study
approach (Hoh et al., 2001). Statistics indicate that
the genotype frequencies at the 25 SNP sites in the

bacterial resistant populations are significantly
different in the HWE population (P < 0.05).
Mutational events are typically followed by

environmental selection (Tanguy and Moraga, 2001),
which may be evident through deviations from HWE
(Schaid and Jacobsen, 1999), the disequilibrium of
the genotype frequency at the 25 loci in the
MgDDX21 promoter region might imply a genetic
adaptation process. In order to verify this
extrapolation, the allele and genotype frequencies at
fourteen loci in the MgDDX21 promoter region were
calculated and compared. Among these 25 sites, 21
SNPs (-3844T/T, -3685C/C, -3628TT, -3576A/A,
-3562A/A, -3515A/A, -3379A/A, -3347T/T, -3254C/C,
-3247AJA, -3243C/C, -3231A/A, -3135T/T, -3093C/C,
-3084T/T, -3079T/T, -3053T/T, -3045A/A, -3001A/A,
2992T/T and -2985C/C) exhibit significant
differences in allele and genotype frequencies
between the two populations (P < 0.05), and they
could be considered as the candidate loci related to
disease resistance. The characterization of such
mutation has  important  implications  for
understanding of the genetic adaptation processes
in organisms (Kovacs et al., 2024).

As most of the resistance traits are of
quantitative and they are always controlled by
multiple genes (Zeng, 1993), the contribution of a
single SNP might be a small part of the related traits.
This study explores the potential interaction between
genotype and bacterial resistance through LD and
haplotype analysis of SNPs in the promoter region of
the MgDDX21. By examining the associations
between specific SNPs and resistance traits, we aim
to identify genetic factors that may contribute to
enhanced disease resistance. From the 25 SNPs,
we selected the 10 sites (-3084, -3231, -3243, -3247,
-3254, -3347, -3379, -3576, -3685, -3844) for LD
analysis. The results indicate varying degrees of LD
among these sites in the DDX21 gene promoter,
with the exceptions of sites -3084 and -3247, -3347
and -3247, and -3844 and -3247, which exhibit lower
linkage. All other pairs show strong LD. The LD
between different polymorphic loci in one gene
usually leads to the formation of different haplotypes,
so a haplotype analysis was conducted on the
aforementioned 10 sites. The results showed that
these 10 polymorphic sites can form 4 haplotypes.
Notably, the TACACTAACT haplotype was
significantly more prevalent in the bacterial resistant
populations compared to the common populations,
indicating that the TACACTAACT haplotype confers
stronger disease resistance to oysters compared to
other haplotypes.

In summary, the mRNA expression of
MgDDX21 gene in oysters was responsive to LPS
stimulation, significant association between the
promoter polymorphisms and bacterial resistance
was established in bacterial-resistant population,
and some potential gene markers associated with
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enhanced bacterial resistance could be applied in
the future molecular assisted selection program of
oysters. The present results indicated that the
peculiarities of DDX21 gene expression was closely
related to oyster resistance to pathogenic bacteria.
However, results presented in this study are
relatively preliminary, and further researches are still
needed to conduct direct functional validation of the
identified SNPs.
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Fig. S1 Detection of the genotypes at twenty-five SNPs in the MgDDX21 promoter region. The unimodal peak
indicates the homozygous genotype, and the overlapping peaks indicate the heterozygous genotype
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