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Pseudomonas plecoglossicida is a common bacterial pathogen in aquaculture, often
leading to visceral white spot disease in large yellow croakers (Pseudosciaena crocea).
Previous studies have found that certain aptamers show an efficient antibacterial
effect against this pathogen. In this study, we analyzed the transcriptome of P.
plecoglossicida to get insights into the antibacterial and inhibitions mechanisms
following exposure to the aptamer B4. The results showed seven differentially
expressed genes (DEGs) associated with the antibacterial effect of the aptamer,
namely sad gene encoding aldehyde dehydrogenase, the paaB gene of phenylacetyl
coenzyme A cyclooxygenase, the metN1 gene of ABC transporter proteins, two
transposase genes with different positions but identical sequences involved in
cutting and splicing DNA sequences, and two hypothetical protein genes with
unknown functions. Gene Ontology (GO) analysis showed that the DEGs were
mainly involved in DNA-mediated translocation, phenylacetic acid catabolism,
growth hormone catabolism, polyamine transporter ATPase activity, betaine
aldehyde dehydrogenase activity, ABC transporter protein complex, and other
related pathways. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
showed that the metabolic pathway of niacin and niacinamide mediated through
the sad gene was the most significant and relevant, followed by the metabolism
of phenylalanine, alanine, aspartic acid and glutamic acid. Real-time quantitative
PCR validation showed that the changes in the DEGs were consistent with the
transcriptome analysis. These results suggest that the antibacterial aptamer B4
may inhibit P. plecoglossicida by blocking the synthesis of essential nucleic acids
and proteins through the modulation of these DEGs and inhibiting their metabolic
pathways.
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Introduction

Pseudomonas plecoglossicida is a Gram-negative bacteria
commonly found in water, soil, animals and plants. It is an important
pathogen in aquaculture, often causing visceral white spot disease in
large yellow croakers (Pseudosciaena crocea) and severe economic
losses in marine aquaculture (1-4). Currently, antibiotics are primarily
used to treat affected fish and prevent the spread of the disease.
However, the long-term overuse of antibiotics not only pollutes the
environment but also leads to the development of drug-resistant
bacteria (5). In addition, antibiotics also significantly impact the fish’s
gut microbiota, further compromising the survival of the fish (6). As
a result, it is essential to explore more effective and efficient methods
of controlling disease occurrence and outbreaks.

Aptamers are artificial and single-stranded oligonucleotide
molecules that bind a specific target molecule with a high affinity and
specificity (7). Compared to antibody proteins, aptamers have many
advantages including easy modification and synthesis, wider target
range, better stability, easy transportation and storage, and high
affinity and specificity (8, 9). Nowadays, aptamers are widely utilized
in various fields such as disease diagnosis and treatment, analysis and
detection, and targeted therapy (10-12).

We have obtained antibacterial aptamers that can inhibit
P plecoglossicida through previous studies and investigated their
antibacterial properties (13). The study showed that the antibacterial
rate of aptamer B4 against P. plecoglossicida was 62.40 + 4.17%, and its
binding protein was the 26-kDa ribosomal protein L2. The aptamer is
likely to interfere with protein synthesis by interacting with ribosomal
protein, thus inhibiting the growth of P. plecoglossicida. However, the
mechanism of the antibacterial aptamer in terms of gene and
transcriptome remains unclear.

In this paper, we used transcriptomics to study the antibacterial
mechanism of aptamers against P plecoglossicida through RNA
sequencing, differential gene screening, and gene enrichment and
predicted functional annotation using Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG). The outcomes
of this research will lay the foundation for the research and
development of antibacterial aptamers and mitigate the risks of disease
outbreaks in fish farms and aquacultures.

Materials and methods
Microorganisms, aptamers and primers

Pseudomonas plecoglossicida was obtained from the Laboratory of
Pathogenic Microorganisms, Jimei University. The bacteria were
cultured in LB (Luria-Bertani) broth at 18°C and 100 rpm in a shaking
incubator (Changzhou National Test Equipment Research Institute,
Changzhou, China) for 12 h.

The aptamer B4 obtained from a previous study (13) showed a
better inhibitory effect against the growth of P plecoglossicida.
Aptamer B4 sequence: 5’-TCAGTCGCTTCGCCGTCTCCTTCCGTA
CCGCCTGCGGTGGATCGTATTGTGGAACGTGGCACAAGA
GGGAGACCCCAGAGGG-3'. The aptamer and primers used in the
paper were purchased from Shanghai Sangon Bioengineering Co. Ltd.
(Shanghai, China).
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Sample treatment and RNA sequencing

The 20x binding buffer for aptamer binding was composed of
0.9 mol/L NaCl, 0.5 mol/L KCl, 0.4 mol/L Tris-HCI, 0.1 mol/L MgCl,
with pH 7.4, which was sterilized at 121°C for 25 min, and diluted to
2x or 1x working solution with sterile ultrapure water.

Cultures of P plecoglossicida in broth were centrifuged at
6000 rpm for 5 min, the supernatant discarded, and the precipitate
washed twice with 1x binding buffer solution, and then diluted to
10° CFU/mL bacterial suspension with 1x binding buffer solution.
Five milliliters of 1 pM aptamer B4 were heated in a heating block at
95°C for 5 min and then placed in an ice bath for 10 min. In the
experimental group (EG1, EG2, and EG3), 5 mL of 1 pM treated
aptamer B4 was mixed with 5 mL of 10° CFU/mL suspension of
P, plecoglossicida, while for the control group (BG1, BG2, and BG3),
the bacterial suspension was mixed with only 5 mL 1x binding buffer
instead of the aptamer solution. Three replicates were set up for each
experimental and control group. All the groups were incubated at
100 rpm and 18°C for 1 h. Each sample was centrifuged at 13000 rpm
for 10 min to collect the bacterial pellet and the tubes were placed
into 50 mL conical tubes to prevent freezing and cracking. The
conical tubes were placed in liquid nitrogen for 5 min and then
removed. The small centrifuge tubes containing the bacterial pellets
were retrieved, then sealed with a sealing film, and stored at —80°C
before testing.

Three samples from each of the experimental and the control
groups were stored in dry ice and sent to Guangzhou Kidio
Biotechnology (GKB) Co. Ltd. for RNA extraction followed by
RNA sequencing.

RNA extraction, sequencing library construction, sequencing, and
raw sequencing data filtering were all completed by GKB Co. Ltd.
First, the total RNA of the samples was extracted, and cDNA was
constructed after rRNA removal and fragmentation. Then PCR
amplification of the ¢DNA was performed to construct the
corresponding sequencing library. Finally, the sequencing was carried
out on the Illumina platform of GKB Co. Ltd. to obtain the raw
sequencing data. The raw sequencing data were filtered using the
quality control software fastp (14) of GKB Co. Ltd., to remove the
reads containing joints, the reads of all A bases, the reads with N
proportion more than 10%, and the reads with the bases of Q < 20
accounting for more than 50%., Finally the clean data were obtained
after the raw data were filtered.

Screening and enrichment analysis of
differentia gene expression

Differentia gene expression (DEGs) was screened through the
data analysis platform of GKB Co. Ltd. The screening criteria were
[log,FC| > 1 and p <0.05, that is, genes that met the difference
multiple greater than 2 times and p < 0.05 after correction were
considered DEGs.

After obtaining the DEGs, the GO (Gene Ontology) and KEGG
(Kyoto Encyclopedia of Genes and Genomes) databases were used to
perform functional annotations and identify the associated metabolic
pathways based on the R language software package clusterProfiler of
GKB Co. Ltd. The threshold was set as p <0.05 for significant
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Primer sequence
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T

Verification of differentia gene expression by qPCR. (A) gPCR primers. (B) Comparison of transcriptome data and gPCR results.

enrichment to identify processes and pathways associated
with repression.

Validation of differentia gene expression by
RT-qPCR

Changes in differentia gene expression were validated by reverse
transcription quantitative real-time PCR (RT-qPCR). First, Six mRNA
samples extracted by GKB Co. Ltd. were used as templates to form
cDNA using the Evo M-MLV reverse transcription kit (Accurate
Biology Co. Ltd., Changsha, China). The reverse transcription solution
was composed of 10 pL RNase-free water, 5 pL. mRNA, 4 pL reverse
transcriptase and 1 pL gDNA Remover. The reverse transcription
conditions were: 42°C for 15 min, then 85°C for 5s. The cDNA
obtained by reverse transcription was then used as the template for the
SYBR Green I (Accurate Biology Co. Ltd., Changsha, China) based
RT-qPCR. The 16S rRNA was used as the internal reference gene. The
10 pL reaction solution for qPCR was composed of 5pL qPCR
SuperMix, 4 uL ddH,0, 0.5 uL ¢DNA, 0.25 pL forward primer, 0.25 pL
). The
amplification parameters of qQPCR were as follows: pre-denaturation
at 94°C for 5 min, followed by 40 cycles of denaturation at 94°C for
30 s, annealing at 60°C for 30 s, extension at 72°C for 3 min, and final

reverse primer (primer sequences listed in

extension at 72°C for 10 min.
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Data access

The RNA-seq data has been uploaded and stored in the Genome
Sequence Archive (GSA) database, which is available through the GSA
website' under registration number CRA019590.

Screening and validation of differentially
expressed genes

Seven differentially expressed genes were identified, two
,B. The
two up-regulated genes were associated with the aldehyde
dehydrogenase (AD) family proteins and ATP-binding cassette (ABC)
transporter proteins, while the five down-regulated genes were

up-regulated and five down-regulated, as shown in

connected to the phenylacetyl-coenzyme A cyclooxygenase (PAC)
subunit B, IS256 family transposases, and two hypothetical proteins
with unknown functions ( ). Both the transposase genes are

the typical transposons of P. plecoglossicida and have identical
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FIGURE 2
Volcano map (A), heat map (B), name and annotations (C) of differentia gene expression.

sequences, with the only difference in their location leading to their
different gene IDs.

GO analysis of differentially expressed
genes

The GO database helps identify the association of genes with
biological processes, molecular functions, and cellular components.
GO enrichment analysis was performed on the five differentially
expressed genes (sad, metN1, paaB and two transposase genes) with
the known functions, and the results are shown in Figure 3. These
genes are involved in various biological processes such as cellular,
metabolic, and single or multicellular-organism processes, response
to stimulus, biological regulation, cellular component biological
organization or biogenesis, localization, locomotion, and
detoxification. The molecular function of these differentially expressed
genes is mainly associated with catalytic, binding, and transport

activities. They are also involved in cellular components, including
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associations with cell and membrane parts, macromolecular
complexes, and organelles. The five differentially expressed genes
showed various connections to biological processes, molecular
functions, and cellular components. In biological processes, they were
mainly associated with DNA-mediated translocation, phenylacetic
acid catabolic processes, and growth hormone catabolic processes, or
molecular functions connected to polyamine-translocating ATPase
activity and betaine aldehyde dehydrogenase activity, and cell
component activities related to ABC transporter protein complexes.

KEGG analysis of differentially expressed
genes

KEGG pathway analysis of the five differentially expressed
genes (metN1, sad, paaB, and two transposase genes) with the
known functions indicated that only metNI, sad, and paaB
(DVB73_RS00470, DVB73_RS03435, and DVB73_RS02790,
respectively) were involved in the seven identified pathways, while

frontiersin.org
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the two transposase genes did not show any involvement
(Figure 4A). The up-regulated gene sad involved five pathways
(nicotinic acid and nicotinamide metabolism pathway; alanine,
aspartate and glutamate metabolism; metabolism of methyl
butyrate; microbial metabolism in different environments; and
microbial metabolism pathway), while metNI1, which was also
up-regulated, was only involved in the ABC transporters pathway.
The down-regulated gene paaB was involved in three pathways
(phenylalanine metabolism; microbial metabolism in different
environments; and microbial metabolic pathways).

The bubble diagram of Figure 4B showed that the seven pathways
were connected to these three genes (metN1, sad, and paaB). Among
them, four pathways involved with sad gene (nicotinic acid and
nicotinamide metabolism pathway, metabolism of alanine, aspartic
acid and glutamic acid, metabolism of methyl butyrate, metabolism of
microorganisms in different environments) and two pathways
involved with paaB gene (metabolism of phenylalanine, metabolism
of microorganisms in different environments) were all red in color,
indicating significant and high correlations. The nicotinic acid and
nicotinamide metabolism pathways were the most significant and
highly correlated pathways, while the ABC transporters and the
microbial metabolism pathways related to the metNI gene were less
significant. These results indicate that among the three genes, sad and
paaB genes may play major roles following exposure to aptamers. The
antibacterial aptamers may interfere with the metabolic pathways of
nicotinic acid, nicotinamide and some amino acids in P. plecoglossicida,
thus disrupting the adaptive metabolism of microorganisms in
response to different environments and subsequently inhibiting the

10.3389/fvets.2024.1511234

qPCR validation of differentially expressed
genes

Among the seven differentially expressed genes, two transposase
genes were validated together using the same primers because of their
identical sequences. The corresponding primer sequences are shown
in Figure 1A and the validation results by qPCR are shown in
Figure 1B. The qPCR results of the differentially expressed genes were
consistent with the outcomes of the transcriptome analysis. The
metN1 and sad genes were up-regulated, while paaB, transposase
genes (BQ2027_MB1076), and the two hypothetical protein genes
(DVB73_RS20830, DVB73_RS25645) were down-regulated. However,
the multifold expressions of the differentially expressed genes were not
exactly the same as the transcriptome data, and that is most likely due
to the differences in experimental and computational methods.

Discussion

Transcriptomic analysis showed that the aptamer B4 impacts
P, plecoglossicida mainly through modulating 7 genes, namely the sad
gene aldehyde of
phenylacetyl-CoA cyclocoxidase, metN1 gene of ABC transporter, 2

encoding dehydrogenase, paaB gene
transposase genes with different locations but identical sequences, and
2 hypothetical protein genes with unknown functions.

Aldehyde dehydrogenase is an essential enzyme in various
biological processes such as biosynthesis, catabolism, and cellular

detoxification (15). It plays an important role in cellular detoxification

growth of the bacterium. by degrading aldehyde intermediates produced as byproducts during
3.0
up

25 down

3

'g 2.0

S

c

o 154

=

@

O 1o-
0.5+

Biological Process

Molecular Function Cellular Component

GO Term
FIGURE 3
GO functional annotation of differentia gene expression.
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FIGURE 4
Chord diagram (A) and bubble diagram (B) of KEGG analysis.

metabolic processes in Listeria monocytogenes, Vibrio paraholyticus
and Lactobacillus reuteri (16). In this study, we observed that the
addition of the antibacterial aptamer led to the increased expression
of the sad gene. This, in turn, affected four metabolic pathways
involved in the metabolism of nicotinic acid and nicotinamide
(NADH), alanine, aspartic acid, and glutamic acid. These findings
indicate that P, plecoglossicida enhanced the degradation of aldehyde
intermediates to counteract the effects of the aptamer. This disrupted

Frontiers in Veterinary Science

the normal metabolic processes of NADH, alanine, aspartic acid, and
glutamic acid and interfered with the microorganism’s adaptive
metabolism in response to different environments, leading to the
inhibition of bacterial growth.

Studies have shown that phenylacetyl-CoA cycoperoxidase has
oxygenase activity and is a key enzyme in the catabolism process of
Phe in bacteria, such as Escherichia coli and P. plecoglossicida (17).
Through the action of the enzyme, phenylacetyl-CoA, an intermediate
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of Phe catabolism, can be epoxidized and further degraded by the
tricarboxylic acid cycle (18). Our transcriptome analysis revealed that
exposure to antibacterial aptamers resulted in the down-regulation of
the paaB gene, which is involved in Phe metabolism and other
metabolic pathways in P. plecoglossicida.

ABC transporter proteins are widely found in bacteria (19), which
use the energy generated by ATP hydrolysis to achieve transmembrane
transport of various substrate molecules (proteins, amino acids,
bacterial secretions and metabolites, antibiotics, etc.) (20, 21). The
outward transporter proteins of the ABC transporter proteins are
present in all organisms, whereas the inward transporter proteins are
present only in bacteria and plants (22, 23). In bacteria, the inward
transporter proteins on the outer side of the cell membrane bind to
the substrate first, and then to transmembrane transporter proteins,
to complete the transport of the substrate (21, 24). This study showed
that the addition of antibacterial aptamer significantly up-regulated
the expression of the ABC protein gene metN1, indicating that the
energy metabolism of the bacterium was significantly affected under
the aptamer’s action, and it was speculated that the antibacterial
aptamer might enter into bacterium by binding to the inward
transporter proteins.

Transposase genes are associated with bacterial biofilm formation
(25), which can greatly enhance bacterial drug resistance (26). The
IS256 gene is an essential component of the complex transposon
Tn4001, which can promote the formation of biofilms through
transposition, insertion, and gene recombination of the ica operon
(27). In certain species of staphylococcus, strains with high 15256
expression are more capable of biofilm formation (28). Moreover, the
insertion of the transposon gene IS256 in Pseudomonas aeruginosa
and increasing its density significantly increased the mutation rate of
the bacterial genome and the development of antibiotic resistance
(29). In the present study, the addition of the antibacterial aptamer led
to the significant down-regulation of the transposase genes, followed
by the inhibition of the growth of P. plecoglossicida. This observation
suggests that the aptamer may affect the formation of biofilms and
render them susceptible to antibacterials by inhibiting the expression
of transposase genes, thereby reducing the capacity of bacteria to
develop drug resistance and inhibiting their growth.

Hypothetical proteins (HPs) are a class of proteins with uncertain
functions, constituting 30-40% of the genes in most bacterial genomes
(30, 31). In Pseudomonas species, HPs often account for more than
36% of sequencing data, making the study of HPs very important for
understanding bacteria (32). Pragati et al. (33) studied and annotated
96 biological functions of 106 HPs in Salmonella sp., 11 of which were
identified as specific drug targets. Other studies analyzed the role of
HPs in Helicobacter pylori using protein interaction networks and
found significant involvement of HPs in flagellar assembly, bacterial
chemotaxis, and lipopolysaccharide biosynthesis (34). In this study,
we observed that the expression of two hypothetical protein genes
significantly decreased after the addition of the antibacterial aptamer,
suggesting that the two HPs play an important role in the inhibition
of the aptamer. However, their specific functions are still unclear and
need to be verified by further studies.

In contrast to traditional techniques, transcriptomics has provided
a better insight into the pathogenicity of P. plecoglossicida. Shi et al.
(35) generated a strain of P. plecoglossicida deficient in the fliL gene.
Based on the transcriptome analysis, they found 126 differentially
expressed genes when compared to the wild-type strain, 114 of which
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were down-regulated and 12 up-regulated. Sun et al. (36) analyzed the
interaction between P. plecoglossicida and the host large yellow croaker
using transcriptomics and found 81 significantly differentially
expressed genes in P. plecoglossicida after the fliA gene was silenced,
77 of which were down-regulated and 4 up-regulated. These studies
show that knockout or silencing of relevant genes in P. plecoglossicida
leads to significant overall changes in the transcriptome, affecting
80-126 differentially expressed genes. Transcriptomic studies in other
species of pathogenic bacteria show similar significant changes in
differentia gene expression such as the inhibitory effects of Rhizoma
coptidis and Fructus schisandrae on Vibrio alginolyticus (1,737 and
1,068 DEGs) (37, 38) and the inhibitory effect of a natural product,
fingered citron essential oil (FCEO), on Listeria monocytogenes (1,553
DEGs) (39). These results indicate that the effects of these herbal
medicines and natural products on the pathogens are broad and
multi-targeted, and have a great impact on the gene expression of the
target bacteria. However, our study showed that only seven
differentially expressed genes were associated with the inhibitory
effect of antibacterial aptamers. The number of identified genes was
significantly lower than in the above studies, suggesting that the
antibacterial aptamers may only act on a few target sites of
P, plecoglossicida and have strong specificity. There are several possible
reasons why antibacterial aptamers have such specific effects on gene
expression in target bacteria. First, aptamer is a large molecule, which
is not easy to enter cell. The aptamer probably binds to a membrane
protein on surface of the bacteriaum at first, and then enters the
bacterial interior through endocytosis (40). After entering, the
aptamer also faces the risk of degradation by nucleases in the cell, so
its amount that can play a role in the cell is relatively small. Second,
aptamer is very specific, and can only act with some specific target
molecules in the cell, or act with some specific nucleic acid sequences
through base complementary pairing. However, small molecules such
as traditional Chinese medicine are easy to enter cells, have diverse
components, and act on many target molecules and target sites, so
there are many differentially expressed genes. In addition, aptamer
only affects some genes and some target molecules for a short period
of time, and gene knockout is a permanent knockout of genes formed
by long-term evolution of bacteria, and the impact on bacteria is
permanently destructive, so it will affect the expression of many genes
in bacteria. The outcomes of this research provide new possibilities for
the development of targeted antibacterial drugs in the future.

Conclusion

The transcriptome analysis of P. plecoglossicida in the presence of
the antibacterial aptamer B4 identified seven differentially expressed
genes, of which, the sad gene of the aldehyde dehydrogenase family
proteins and the metNI gene of the ABC proteins were up-regulated.
The paaB gene of the B subunit of phenylacetyl-CoA cyclooxidase,
the two IS256 transposase genes, and two hypothetical protein genes
with unknown functions were down-regulated. GO enrichment
analysis of the differentially expressed genes showed that these genes
were mainly involved in DNA-mediated translocation, phenylacetic
acid catabolism, growth hormone catabolism, polyamine transport
ATPase activity, betaine aldehyde dehydrogenase activity, and ABC
transporter protein complexes. KEGG enrichment analysis of the
differentially expressed genes showed that sad and paaB genes played
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major roles, and these genes were mainly involved in the metabolism
of NADH, alanine, aspartate, glutamate, phenylalanine, and methyl
butyrate, and microbial metabolism in different environments. The
inhibitory effect of aptamers on P. plecoglossicida may be realized
mainly through the influence of these differentially expressed genes
by impacting the synthesis of important nucleic acids and proteins
and influencing other related metabolic processes. Thus, our findings
demonstrate the specificity of aptamers in selectively targeting
bacteria with a set of genes. This study also provides a proof of
concept for the potential application of aptamers to replace antibiotics
in certain fields, thus minimizing off-target effects and fitness costs
imposed on fish. Future investigations should explore the impact of
aptamers on the gut microbiome of fish before proceeding with
field applications.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories and
accession number(s) can be found at: https://ngdc.cncb.ac.cn/gas/,
CRA019590.

Author contributions

YT: Conceptualization, Formal analysis, Investigation,
Methodology, Resources, Software, Validation, Writing - original
draft, Writing - review & editing. XL: Conceptualization, Data
curation, Formal analysis, Investigation, Methodology, Resources,
Software, Validation, Visualization, Writing — review & editing. LH:
Conceptualization, Investigation, Methodology, Resources, Writing
- review & editing. QY: Conceptualization, Investigation,
Methodology, Resources, Writing - review & editing. JW:
Conceptualization, Investigation, Methodology, Resources, Writing
- review & editing. QW: Conceptualization, Investigation,
Methodology, Resources, Writing - review & editing. YZ:
Conceptualization, Investigation, Methodology, Resources, Writing
- review & editing. YC: Conceptualization, Investigation,
Methodology, Resources, Writing - review & editing. YM:
Conceptualization, Investigation, Methodology, Resources, Writing
- review & editing. JZ: Conceptualization, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Supervision, Validation, Writing - original draft, Writing

- review & editing.

References

1. Nishimori E, Kita TK, Wakabayashi H. Pseudomonas plecoglossicida sp. nov., the
causative agent of bacterial haemorrhagic ascites of ayu, Plecoglossus altivelis. Int ] Syst
Evol Microbiol. (2000) 50:83-9. doi: 10.1099/00207713-50-1-83

2. Huang L, Zhang Y, He R, Zuo Z, Luo Z, Xu W, et al. Phenotypic characterization,
virulence, and immunogenicity of Pseudomonas plecoglossicida rpoE knock-down strain.
Fish Shellfish Immunol. (2019) 87:772-7. doi: 10.1016/j.£51.2019.02.028

3. Sun Y, Zhuang Z, Wang X, Huang H, Fu Q, Yan Q. Dual RNA-seq reveals the effect
of the flgM gene of Pseudomonas plecoglossicida on the immune response of Epinephelus
coioides. Fish Shellfish Immunol. (2019) 87:515-23. doi: 10.1016/j.£s1.2019.01.041

Frontiers in Veterinary Science

10.3389/fvets.2024.1511234

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by the Project of Industry-University Cooperation for
Universities in Fujian Province (No. 2024N5006), Fujian Provincial
Spark Project (No. 2024S0008), the Natural Science Foundation of
Fujian Province (No. 2021J01823, No. 2023]J01762), the Open Fund of
Engineering Research Center of Modern Technology for Eel Industry
of Ministry of Education of China (No. RE202308), Xiamen Science
and Technology Subsidy Project (No. 2023CXY0302), and Fujian
Provincial Social Science Foundation (FJ2024B185).

Acknowledgments

We express our gratitude to the Engineering Research Center of
Modern Technology for Eel Industry, Ministry of Education, for
providing us with equipment, facilities and experimental bases in
support of the present research. Also, we would like to thank
MogoEdit (www.mogoedit.com) for English language editing.

Conflict of interest

JW and QW were employed by Changle Juquan Food Co. Ltd.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the peer
review process and the final decision.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

4. Li CW, Wang SL, Ren QL, He TL, Chen XH. An outbreak of visceral white nodules
disease caused by Pseudomonas plecoglossicida at a water temperature of 12° C in
cultured large yellow croaker (Larimichthys crocea) in China. J Fish Dis. (2020)
43:1353-61. doi: 10.1111/jfd.13206

5. Zhu E. A review on the application of herbal medicines in the disease control of
aquatic animals. Aquaculture. (2020) 526:735422. doi: 10.1016/j.aquaculture.2020.735422

6. Quinones R A, Fuentes M, Montes R M, Soto D, Leon-Munoz J. Environmental
issues in Chilean salmon farming: a review. Rev Aquac (2019) 11: 375-402. doi: 10.1111/
raq.12337

frontiersin.org


https://doi.org/10.3389/fvets.2024.1511234
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://ngdc.cncb.ac.cn/gas/
http://www.mogoedit.com
https://doi.org/10.1099/00207713-50-1-83
https://doi.org/10.1016/j.fsi.2019.02.028
https://doi.org/10.1016/j.fsi.2019.01.041
https://doi.org/10.1111/jfd.13206
https://doi.org/10.1016/j.aquaculture.2020.735422
https://doi.org/10.1111/raq.12337
https://doi.org/10.1111/raq.12337

Tanetal.

7. Jeddi I, Saiz L. Computational design of single-stranded DNA hairpin aptamers
immobilized on a biosensor substrate. Sci Rep. (2021) 11:10984. doi: 10.1038/
541598-021-88796-2

8. Kaur H. Recent developments in cell-SELEX technology for aptamer selection.
Biochim Biophys Acta Gen Subj. (2018) 1862:2323-9. doi: 10.1016/j.bbagen.2018.07.029

9. Muhammad M, Huang Q. A review of aptamer-based SERS biosensors: design
strategies and applications. Talanta. (2021) 227:122188. doi: 10.1016/j.
talanta.2021.122188

10. Toh SY, Citartan M, Gopinath SC, Tang TH. Aptamers as a replacement for
antibodies in enzyme-linked immunosorbent assay. Biosens Bioelectron. (2015)
64:392-403. doi: 10.1016/j.bios.2014.09.026

11. Yan J, Xiong H, Cai S, Wen N, He Q, Liu Y, et al. Advances in aptamer screening
technologies. Talanta. (2019) 200:124-44. doi: 10.1016/j.talanta.2019.03.015

12. Yu Q, Liu M, Wei S, Qin X, Qin Q, Li P. Research progress and prospects for the
use of aptamers in aquaculture biosecurity. Aquaculture. (2021) 534:736257. doi:
10.1016/j.aquaculture.2020.736257

13. Fan YT, Lin XJ, Tan Y, Mao L, Fang M, Huang LX, et al. Selection of antibacterial
aptamers against Pseudomonas plecoglossicida and characteristics of their binding
proteins. Aquacult Rep. (2024) 39:102381. doi: 10.1016/j.aqrep.2024.102381

14. Chen S, Zhou Y, Chen Y, Gu J. Fastp: an ultra-fast all-in-one FASTQ preprocessor.
Bioinformatics. (2018) 34:i884-90. doi: 10.1093/bioinformatics/bty560

15. Marchitti SA, Brocker C, Stagos D, Vasiliou V. Non-P450 aldehyde oxidizing
enzymes: the aldehyde dehydrogenase superfamily. Expert Opin Drug Metab Toxicol.
(2008) 4:697-720. doi: 10.1517/17425255.4.6.697

16. Thomas MA, Yang L, Carter BJ, Klaper RD. Gene set enrichment analysis of
microarray data from Pimephales promelas (Rafinesque), a non-mammalian model
organism. BMC Genomics. (2011) 12:1-9. doi: 10.1186/1471-2164-12-66

17. Teufel R, Mascaraque V, Ismail W, Voss M, Perera ], Eisenreich W, et al. Bacterial
phenylalanine and phenylacetate catabolic pathway revealed. Proc Natl Acad Sci USA.
(2010) 107:14390-5. doi: 10.1073/pnas.1005399107

18. Lightly TJ, Frejuk KL, Groleau MC, Chiarelli LR, Ras C, Buroni S, et al.
Phenylacetyl coenzyme a, not phenylacetic acid, attenuates CepIR-regulated virulence
in Burkholderia cenocepacia. Appl Environ Microbiol. (2019) 85:€01594-613. doi:
10.1128/AEM.01594-19

19. Skedelj V, TomaSi¢ T, MaSi¢ LP, Zega A. ATP-binding site of bacterial enzymes as
a target for antibacterial drug design. J Med Chem. (2011) 54:915-29. doi: 10.1021/
jm101121s

20. Avila-Novoa MG, Solis-Velazquez OA, Rangel-Lopez DE, Gonzélez-Gémez JP,
Guerrero-Medina PJ, Gutiérrez-Lomeli M. Biofilm formation and detection of
fluoroquinolone-and Carbapenem-resistant genes in multidrug-resistant Acinetobacter
baumannii. Can ] Infect Dis Med Microbiol. (2019) 2019:3454907. doi:
10.1155/2019/3454907

21. Chen FN, Huang Y, Cai ], Wang ZL, Jian JC, Wang B. Structure of ABC transporter
and research Progress of it in bacterial pathogenicity. Biotechnol Bull. (2022) 38:43-52.
doi: 10.13560/j.cnki.biotech.bull.1985.2021-1175

22.Kang J, Hwang JU, Lee M, Kim YY, Assmann SM, Martinoia E, et al. PDR-type
ABC transporter mediates cellular uptake of the phytohormone abscisic acid. Proc Natl
Acad Sci USA. (2010) 107:2355-60. doi: 10.1073/pnas.0909222107

23.Lee M, Choi Y, Burla B, Kim YY, Jeon B, Maeshima M, et al. The ABC transporter
AtABCBI14 is a malate importer and modulates stomatal response to CO2. Nat Cell Biol.
(2008) 10:1217-23. doi: 10.1038/ncb1782

24. Kalscheuer R, Syson K, Veeraraghavan U, Weinrick B, Biermann KE, Liu Z, et al.
Self-poisoning of Mycobacterium tuberculosis by targeting GIgE in an a-glucan pathway.
Nat Chem Biol. (2010) 6:376-84. doi: 10.1038/nchembio.340

Frontiers in Veterinary Science

09

10.3389/fvets.2024.1511234

25. Sanchez A, Benito N, Rivera A, Garcia L, Mir6 E, Mur I, et al. Pathogenesis of
Staphylococcus epidermidis in prosthetic joint infections: can identification of virulence
genes differentiate between infecting and commensal strains? J Hosp Infect. (2020)
105:561-8. doi: 10.1016/j.jhin.2020.04.026

26. Hallstoodley L, Costerton JW, Stoodley P. Bacterial biofilms: from the natural
environment to infectious diseases. Nat Rev Microbiol. (2004) 2:95-108. doi: 10.1038/
nrmicro821

27. Cataneli Pereira V, Pinheiro-Hubinger L, de Oliveira A, Moraes Riboli DE, Benini
Martins K, Calixto Romero L, et al. Detection of the agr system and resistance to
antimicrobials in biofilm-Producing S. epidermidis. Molecules. (2020) 25:5715. doi:
10.3390/molecules25235715

28.Nasaj M, Hosseini SM, Saeidi Z, Dehbashi S, Tahmasebi H, Arabestani MR.
Analysis of phenotypic and genotypic methods for determining the biofilm-forming
abilities of CoNS isolates: association with hemolysin production and the bacterial
insertion sequence elements 1S256/257. Gene Rep. (2021) 23:101036. doi: 10.1016/j.
genrep.2021.101036

29. AIKindy B, Guyeux C. Impact of insertion sequences and RNAs on genomic
inversions in Pseudomonas aeruginosa. ] King Saud Univ. (2022) 34:9513-22. doi:
10.1016/j.jksuci.2021.11.012

30. Hoskeri J, Krishna V, Amruthavalli C. Functional annotation of conserved
hypothetical proteins in Rickettsia massiliae MTU5. ] Comput Sci Syst Biol. (2010)
3:50-1. doi: 10.4172/jcsb.1000055

31. Shahbaaz M, Imtaiyaz HM, Ahmad F. Functional annotation of conserved
hypothetical proteins from Haemophilus influenzae Rd KW20. PLoS One. (2013)
8:¢84263. doi: 10.1371/journal.pone.0084263

32. Ranjani J, Sivakumar R, Gunasekaran P, Velmurugan G, Ramasamy S, Rajendhran
J. Genome-wide identification of genetic requirements of Pseudomonas aeruginosa
PAOL1 for rat cardiomyocyte (H9C2) infection by insertion sequencing. Infect Genet Evol.
(2022) 98:105231. doi: 10.1016/j.meegid.2022.105231

33. Sah PP, Bhattacharya S, Banerjee A, Ray S. Identification of novel therapeutic
target and epitopes through proteome mining from essential hypothetical proteins in
Salmonella strains: an insilico approach towards antivirulence therapy and vaccine
development. Infect Genet Evol. (2020) 83:104315. doi: 10.1016/j.meegid.2020.104315

34. Gollapalli P, Manjunatha H, Shetty P. Genome-scale protein interaction network
construction and topology analysis of functional hypothetical proteins in Helicobacter
pylori divulges novel therapeutic targets. Microb Pathog. (2021) 161:105293. doi:
10.1016/j.micpath.2021.105293

35. Shi L, Zhang JJ, Zhao LM, Li Q, Huang LX, Qin YX, et al. Effect of the flagellar
gene fliL on the virulence of Pseudomonas plecoglossicida to hybrid grouper (Epinephelus
fuscoguttatus@x E. lanceolatus3). Aust Fish. (2023) 8:397. doi: 10.3390/fishes8080397

36. Sun Y], Nie P, Zhao LM, Huang LX, Qin YX, Xu XJ, et al. Dual RNA-Seq unveils
the role of the Pseudomonas plecoglossicida fliA gene in pathogen-host interaction with
Larimichthys crocea. Microorganisms. (2019) 7:443. doi: 10.3390/microorganisms7100443

37.Yi X, Xu X]J, Chen YN, Xu GH, Zhu ZQ, Li HY, et al. Genetic analysis of Vibrio
alginolyticus challenged by Fructus schisandrae reveals the mechanism of virulence
genes. Gene. (2023) 870:147421. doi: 10.1016/j.gene.2023.147421

38. Zhu ZQ, Xu XJ, Huang JY, Xu GH, Liu SC, Hong F, et al. Transcriptomic analysis
of Vibrio alginolyticus challenged by Rhizoma coptidis reveals mechanisms of virulence
genes. Gene. (2024) 905:148188. doi: 10.1016/j.gene.2024.148188

39. Guo JJ, Hu X, Gao ZP, Li GY, Fu FH, Shang XB, et al. Global transcriptomic
response of Listeria monocytogenes exposed to fingered citron (Citrus medica L. var.
sarcodactylis Swingle) essential oil. Food Res Int. (2021) 143:110274. doi: 10.1016/j.
foodres.2021.110274

40. Zheng J, Liu HM, Huang LX, Lin X]J, Peng XY, Jiang XL, et al. Selection of aptamers

against Vibrio anguillarum and separation and identification of aptamer binding protein.
Prog Biochem Biophys. (2022) 49:250-61. doi: 10.16476/j.pibb.2021.0297

frontiersin.org


https://doi.org/10.3389/fvets.2024.1511234
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1038/s41598-021-88796-2
https://doi.org/10.1038/s41598-021-88796-2
https://doi.org/10.1016/j.bbagen.2018.07.029
https://doi.org/10.1016/j.talanta.2021.122188
https://doi.org/10.1016/j.talanta.2021.122188
https://doi.org/10.1016/j.bios.2014.09.026
https://doi.org/10.1016/j.talanta.2019.03.015
https://doi.org/10.1016/j.aquaculture.2020.736257
https://doi.org/10.1016/j.aqrep.2024.102381
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1517/17425255.4.6.697
https://doi.org/10.1186/1471-2164-12-66
https://doi.org/10.1073/pnas.1005399107
https://doi.org/10.1128/AEM.01594-19
https://doi.org/10.1021/jm101121s
https://doi.org/10.1021/jm101121s
https://doi.org/10.1155/2019/3454907
https://doi.org/10.13560/j.cnki.biotech.bull.1985.2021-1175
https://doi.org/10.1073/pnas.0909222107
https://doi.org/10.1038/ncb1782
https://doi.org/10.1038/nchembio.340
https://doi.org/10.1016/j.jhin.2020.04.026
https://doi.org/10.1038/nrmicro821
https://doi.org/10.1038/nrmicro821
https://doi.org/10.3390/molecules25235715
https://doi.org/10.1016/j.genrep.2021.101036
https://doi.org/10.1016/j.genrep.2021.101036
https://doi.org/10.1016/j.jksuci.2021.11.012
https://doi.org/10.4172/jcsb.1000055
https://doi.org/10.1371/journal.pone.0084263
https://doi.org/10.1016/j.meegid.2022.105231
https://doi.org/10.1016/j.meegid.2020.104315
https://doi.org/10.1016/j.micpath.2021.105293
https://doi.org/10.3390/fishes8080397
https://doi.org/10.3390/microorganisms7100443
https://doi.org/10.1016/j.gene.2023.147421
https://doi.org/10.1016/j.gene.2024.148188
https://doi.org/10.1016/j.foodres.2021.110274
https://doi.org/10.1016/j.foodres.2021.110274
https://doi.org/10.16476/j.pibb.2021.0297

	Transcriptomic analysis of the inhibition mechanisms against Pseudomonas plecoglossicida by antibacterial aptamer B4
	Introduction
	Materials and methods
	Microorganisms, aptamers and primers
	Sample treatment and RNA sequencing
	Screening and enrichment analysis of differentia gene expression
	Validation of differentia gene expression by RT-qPCR
	Data access

	Results
	Screening and validation of differentially expressed genes
	GO analysis of differentially expressed genes
	KEGG analysis of differentially expressed genes
	qPCR validation of differentially expressed genes

	Discussion
	Conclusion

	References

