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A B S T R A C T   

Antibiotic resistance among aquatic bacterial pathogens has become a serious concern in aquaculture environ-
ments, which has increased research interest to develop solutions to overcome this problem. Moreover, the 
activities of several Aeromonas hydrophila gene pathways have remained elusive concerning antibiotic resistance 
evolution. Therefore, in this study, we have performed a transcriptomic analysis to compare differentially 
expressed genes between oxytetracycline (OXY) susceptible and resistant strains of A. hydrophila. Compared to 
the A. hydrophila susceptible strain, a total of 22 and 185 genes were differentially expressed in the 4-fold 
minimal inhibitory concentration (MIC) and 8-fold MIC resistant strains, respectively. Furthermore, the bioin-
formatics analysis revealed that the sulfur metabolism-related genes were down-regulated. The genes responsible 
for mannitol metabolism and the efflux pump system were up-regulated in resistant strains, compared to the 
susceptible strain. Therefore, it suggests that these three pathways may be involved in the OXY resistance 
evolution in A. hydrophila. The outcome of the transcriptomic data was further validated through quantitative 
reverse transcription-PCR (qRT-PCR) and Western blot analysis. Overall, the obtained data provides a deeper 
insight into the intrinsic molecular mechanism of OXY resistance evolution in A. hydrophila.   

1. Introduction 

Antibiotic resistance among bacterial pathogens has been on the rise 
since the discovery of antibiotics, posing significant challenges for in-
fectious disease treatment (Hasannejad-Bibalan et al., 2019). During 
their prolonged evolution, bacteria have developed resistance against 
several antibiotics using a range of tactics such as enhancing the efflux 
drug system, reducing the outer or inner membrane permeability, 
altering the structure of antibiotics and producing antibiotic hydrolytic 
enzymes (D’Costa et al., 2012; Kumar and Schweizer, 2005). However, 
the evolution of drug resistance in bacterial pathogens has been evident 
even before the discovery of antibiotics. Furthermore, the evolution of 
drug resistance is continuously established when the bacteria are con-
fronted with harmful toxins and low doses of antibiotics. For example, 

genomic sequence analysis revealed that a staphylococci strain isolated 
from permafrost carried several antibiotic resistance genes (Kashuba 
et al., 2017), which indicates that some kinds of antibiotic resistance are 
naturally occurring due to spontaneous resistance evolution. 

In recent years, research has focused on the antibiotic resistance 
mechanisms in various bacterial pathogens using whole-genome 
sequencing and transcriptomic approaches. For instance, Zhu et al. 
(2017) investigated the mechanism of enrofloxacin resistance in Aero-
monas hydrophila using transcriptomic methods. The authors identified 
transcriptomic differences between enrofloxacin susceptible and resis-
tant strains of A. hydrophila, revealing that enrofloxacin affects multiple 
biological functions in the resistant strain. Moreover, proteomic analysis 
has also been used to understand the antibiotic resistance mechanisms in 
several bacterial pathogens by identifying the antibiotic resistance 
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related proteins and pathways. In our recent studies, we have identified 
several differentially expressed proteins (DEPs) in resistant strains of 
A. hydrophila under oxytetracycline (OXY) treatment by quantitative 
proteomics technologies (Lin et al., 2015; Yao et al., 2018). Further to 
this, the outcome of these proteomic studies have revealed that various 
biological processes such as fatty acid biosynthesis, chemotaxis and 
central metabolic pathways were involved in antibiotic resistance in 
bacterial pathogens, other than the more classical antibiotics resistance 
mechanisms previously reported (Cheng et al., 2018; Li et al., 2016, 
2018b; Li et al., 2018a, 2019; Su et al., 2018). 

A. hydrophila is a Gram-negative bacterium belonging to the Aero-
monadaceae family. It is an important fish bacterial pathogen respon-
sible for global economic losses in the aquaculture sector. A. hydrophila 
is known to cause deleterious septic outbursts with high mortality rates 
in various fish species and poses a serious hazard to public health 
(Baldissera et al., 2019). In fish farms, A. hydrophila affects several types 
of fish species such as the Ctenopharyngodon idella (Grass carp), Oreo-
chromis niloticus (Nile tilapia), Piaractus mesopotamicus (Small scaled 
pacu) and Cyprinus carpio (Common carp) (Claudiano et al., 2019; Yang 
et al., 2016; Yun et al., 2019). Farmers continuously use different classes 
of antibiotics, including fluoroquinolones, trimethoprim, β-lactams, 
ciprofloxacin and OXY to control A. hydrophila infections in aquaculture 
(Rodgers and Furones, 2009; Suzuki and Hoa, 2012). However, in the 
past few decades, A. hydrophila has developed resistance to most anti-
biotics (Lin et al., 2018). This prompted us to investigate the differen-
tially expressed genes (DEGs) in A. hydrophila under a sub-lethal 
concentration of OXY to reveal genes that may have an important 
involvement in antibiotic resistance. Therefore, in this study, we 
compared the DEGs among OXY susceptible and resistant strains of 
A. hydrophila using RNA sequencing to investigate the molecular 
mechanisms of OXY resistance evolution in A. hydrophila. 

2. Materials and methods 

2.1. Bacterial strains and culture conditions 

A. hydrophila ATCC 7966 was cultivated in Luria Bertani (LB) broth 
and incubated at 30 ◦C in a shaker at 200 rpm. The minimal inhibitory 
concentration (MIC) of A. hydrophila ATCC 7966 to OXY was 2.5 μg/mL. 
Further, the OXY resistant strains were induced from a susceptible strain 
by antibiotics stress assay. Briefly, the OXY resistant strain was obtained 
from A. hydrophila ATCC 7966 by ten sequential subcultures in 1/2 MIC 
concentration of the OXY in LB medium at 30 ◦C until the MIC increased 
from the susceptible strain MIC to 4 fold (10 μg/mL) and 8 fold (20 μg/ 
mL) MIC, respectively as previously described (Lin et al., 2015). 

2.2. RNA extraction, RNA-Seq library construction and sequencing 

A single colony from 1 fold, 4 fold and 8 fold MIC bacterial strains 
were cultured in 5 mL LB medium overnight at 30 ◦C. Then the bacterial 
cells were diluted to 5 mL fresh LB medium at a ratio of 1:100 and 
incubated at 30 ◦C at 200 rpm until they reached the mid-logarithmic 
phase (OD600 reached 1.0). Generally, we have isolated ten members 
of each of the evolved communities. Among these, we have taken three 
isolated members for RNA-sequencing. Then, the total RNA was 
extracted from all samples by TRIzol® reagent according to the manu-
facturer’s instruction (Invitrogen). The contaminating genomic DNA 
was removed by RNase-free DNase I (Takara Biotechnology, Dalian, 
China). Further, the RNA quality and quantity were determined by 2100 
Bioanalyzer (Agilent) and ND-2000 (NanoDrop Technologies), respec-
tively. After that, the RNA-seq transcriptome library was constructed 
with the TruSeqTM RNA sample preparation Kit from Illumina (San 
Diego, CA) using 2 μg of total RNA and then the RNA-seq sequencing 
library was sequenced with the Illumina HiSeq×10 (2 × 150 bp read 
length) as previously described by Parkhomchuk et al. (2009). The 
RNA-sequencing analysis was done for three independent experimental 

samples. 

2.3. Bioinformatics analysis 

The data generated from the Illumina platform were used for bio-
informatics analysis using I-Sanger Cloud Platform (www.i-sanger.com) 
from Shanghai Majorbio Bio-pharm Technology Co., Ltd. Briefly, 
DESeq2 software was applied for statistical analysis of the three bio-
logical replicates. Then, the DEGs were selected based on the ratios 
between OXY susceptible and resistant strains with |log2FC|≥1 (Fold 
Change (FC) in log2 scale) and P-adjust value (Student’s t-test) at <0.05. 
Further, the overlapping of the DEGs was analyzed through the Venn 
diagram by the online tool Venny (http://bioinfogp.cnb.csic.es/too 
ls/venny/index.html). More, the GO terms of the DEGs were analyzed 
with the Goatools tool (EMBL, European Molecular Biology Laboratory) 
and the metabolic pathway of the DEGs were analyzed by the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database (Li et al., 2018a). 

2.4. Western blot analysis 

To validate the outcome of the transcriptome data, Western blot 
analysis was performed for the related DEGs as the method previously 
described (Cheng et al., 2019; Sun et al., 2019). Briefly, the protein 
samples were separated using 10 % Sodium Dodecyl Sulfate Poly-
acrylamide Gel Electrophoresis (SDS-PAGE) gels and then transferred to 
polyvinylidene fluoride (PVDF) membrane for 10 min at 2.5v in a 10 ×
Tris/Glycine buffer using a Trans-Blot Turbo Transfer System (Bio-Rad, 
Hercules, CA, USA). After blocking in 5% skim milk with 
phosphate-buffered saline pH-8.0 containing 0.1 % Tween-20 for 1 h 
(PBST), the membranes were incubated in a 1:2000 diluted primary 
antibody at 4 ◦C for overnight. Then, the membranes were washed five 
times with PBST and incubated with horseradish peroxidase conjugated 
secondary antibody in PBST at room temperature for 1 h. More, the 
expression of the targeted proteins (A0KP37, A0KNL0, A0KNL1, 
A0KFW5, A0KP35, A0KPP0, A0KGL1, A0KHC0, A0KGL1, A0KHC0, 
A0KLX3 and A0KP36) were detected by Clarity™ Western ECL Substrate 
(Bio-Rad) and scanned with the ChemiDoc MP imaging system using 
Image Lab software (Bio-Rad). 

2.5. Quantitative reverse transcription-PCR (qRT-PCR) analysis 

The DEGs obtained from transcriptome analysis were further vali-
dated by qRT-PCR. The primers used in this study were designed by the 
Primer Premier 5 software and the sequences of the primers were 
tabulated in Table 1. Moreover, the 16 s rRNA gene was used as the 
internal control. The total RNA was isolated from OXY susceptible and 
resistant strains of A. hydrophila using RNAiso Plus (TaKaRa Bio, Tokyo, 
Japan) based on the manufacturer’s protocol. Then, 1 μg of cDNA was 
synthesized using Prime-Script TM RT reagent kits (Takara Shuzo, Otsu, 
Japan). Furthermore, the 2× Real Star Green Fast Mixture (GenStar, 
China) was used as a fluorescent reporter in qRT-PCR analysis. The 
fluorescence quantitative amplification program consisted of the 
following conditions with pre-incubation for 2 min at 95 ◦C, followed by 
40 cycles of 15 s at 95 ◦C, 15 s at 60 ◦C and the final extended step with 
the 30 s at 72 ◦C. Then, the normalized data were calculated by the 
2− ΔΔct method (Livak and Schmittgen, 2001). A total of three indepen-
dent experimental samples were taken for the qRT-PCR analysis. 

3. Results 

3.1. Illumina sequencing and quality assessment 

A total of three independent biological replicates of susceptible, 4 
fold and 8 fold MIC OXY resistant A. hydrophila samples were used for 
RNA sequencing. Further, a total of 23,826,025, 23,619,297 and 
20,191,193 bp of raw reads were obtained for susceptible, 4 fold and 8 
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fold MIC resistant strains, respectively through RNA sequencing anal-
ysis. More, the obtained total genome size and GC content were 
4,744,448 bp and 61.55 %, respectively. After filtering and trimming, 
we have obtained 23,632,948, 23,469,585 and 20,042,380 bp of clean 
reads for susceptible, 4 fold and 8 fold MIC resistant strains with trim 
rates of 97.23, 98.22 and 97.25 % (clean Q20), respectively (Table 2). 
The obtained data have indicated that a successful transcriptome 
sequencing of A. hydrophila under a gradient resistance level. Further-
more, the clean reads of DEGs were used for subsequent analysis. 

3.2. Comparative analysis with the reference genome 

Trimmed and clean reads of the A. hydrophila transcriptome were 
compared with the reference genome of A. hydrophila ATCC 7966 from 

the National Center for Biotechnology Information (NCBI) 
GCA_000014805.1 by the Burrows-Wheels software. The total mapping 
rates of the reads with the reference genome were 93.54, 95.15 and 
95.74 % in the susceptible, 4 fold and 8 fold MIC resistant strains, 
respectively. There were approximately 22 million (21,703,989), 22 
million (21,896,565) and 19 million (18,941,854) uniquely mapped 
reads obtained for susceptible, 4 fold and 8 fold MIC resistant strains, 
which accounts for 91.82, 93.29 and 94.52 % of the total reads, 
respectively. Further, the coding sequence of mapped reads and ratios 
were approximately 18,401,483 (77.84 %), 18,956,340 (80.74 %) and 
15,910,495 (79.31 %) in the susceptible, 4 fold and 8 fold MIC resistant 
strains, respectively (Table 3). 

3.3. Analysis of DEGs 

Each colour in Fig. 1A represents a different sample and the bulk of 
the expansion represents the region in which the expressions of the nine 
samples were most concentrated. Further, it is also indicated that the 
gene expressions in all the samples were at the same level (Fig. 1A). 
Furthermore, the principal component analysis (PCA) has shown that 
the three samples are significantly different over the antibiotic resis-
tance evolution and the 4 fold and 8 fold MIC samples have a cross-link 
(Fig. 1B). Additionally, the correlation coefficient varied from 0.94 to 
1.0, which suggests good data repeatability (Fig. 1C). In this study we 
identified a total of 4725 genes (Supplement Table 1) which include 
4285 mRNA and 440 sRNA. Among a total obtained mRNA, the differ-
entially expressed mRNA genes were 188, in which 69 and 119 genes 
were up-regulated and down-regulated, respectively. Further, a total of 
28 differentially expressed sRNA genes were identified, including 11 up- 
regulated and 17 down-regulated genes (Supplement Table 2). The 
Venn diagram showed that 6 up-regulated genes such as mtlR, 
AHA_0550, AHA_0551, AHA_2940, AHA_1316, AHA_2744 and 13 down- 
regulated genes such as AHA_1590, AHA_1589, AHA_3324, AHA_1588, 
AHA_1586, AHA_1587, AHA_1595, AHA_2856, AHA_3322, AHA_2713, 
AHA_0810, AHA_2867, AHA_0762 were overlapped in the 4 fold and 8 
fold MIC resistant strains. Compared to the 4 fold MIC resistant strain, 
the 8 fold MIC resistant strain has shown a greater number of DEGs, 
which suggested that an increasing level of resistance evolution (4 fold 
MIC to 8 fold MIC) has augmented the number of DEGs (Fig. 1D). 

The volcano graph has indicated that the mass of DEGs was 
extremely significant (|log2FC|≥1, adjusted P < 0.05). The 8 fold MIC 
resistant samples have shown a total of 185 DEGs when compared to 4 
fold MIC resistant samples, which has 22 DEGs with significant differ-
ences (Fig. 2A&B). To further explore the functionally related genes 
with similar expression patterns, we have selected 26 genes that may 
participate in the OXY resistance evolution. The 8 fold MIC sample 
showed the extent of down-regulated genes, mainly involved in sulfur 
metabolism (metQ, modA, AHA_2577, AHA_3371, AHA_3565, cysA, cysI, 
cysH, cysC, cysN, cysD, and cysG). On the contrary, the genes related to 
mannitol metabolism (AHA_0549, AHA_0550, and AHA_0551), sulfur 
metabolism (hmp and hcp) and efflux pump system (AHA_0021, 
AHA_0022, and AHA_0023) were down-regulated in the susceptible 
strain. In contrast, at the high resistance levels (4 fold MIC to 8 fold 
MIC), all these genes were up-regulated. Overall the obtained data 
revealed that the gene expressions have significant differences among 

Table 1 
qRT-PCR primer sequence for transcription level verification.  

Gene 
Name 

Primer Sequence(5′-3′) Nucleotide 
position 

Product Size 
(bp) 

cysA F ATCGGGTGGTGCTGATGAACG 614 294 
R TGGGTAGCAGGCGGGTGATG 907 

cysN 
F GGAGTCCGACAGCCAGAAG 183 

130 R GGCGGTGGAGAAATAGCG 312 

cysD 
F GCTGGACATCTGGCAATACA 573 

155 
R GCTCCTGCTTCACTTCATCTT 727 

cysI F TCCACGCCAACGATCTCAA 683 341 
R GCCACGGCTGGTAAACTCAT 1023 

cysH F CCCCATCAATCGGGCTCT 111 357 
R TCCATCGGCTCCACCTTG 467 

cysG 
F CGCCTTTGCCTCCAACACC 111 

211 R CCTTCTTGCCGACCGACACC 321 

cysC 
F TATCGTGCTCACCGCCTTTA 291 

159 
R CCTGCCCTAGCCTTCTTGTAG 449 

metQ 
F ACAAGACCCTGAAAGTAGGC 

G 
80 

117 
R AGTCGGAGAAGTTGACCACC 196 

modA 
F GCCGATGAGGTCAAGGTGG 70 

143 R CCGTGGCTGATCTGGGTGTA 212 

hcp 
F TCACGACATGGTGGATCTCAA 741 

125 R CCAGGTGCGGATACTGCTT 865 

hmp F TTCAGGGAGGATATTCAGCAA 916 178 
R GACCGCAGAAGTAGTAGTGGG 1093 

AHA-3371 F CCCAGGTGGTGGATGTATTG 1064 107 
R GCTGGAGGCGATGGAGTAG 1170 

AHA-2577 
F GACCCACTGGCTTCTCC 768 

221 R ACAACCGCTGCATGACT 988 

AHA-3565 
F TGCTGCCCATGTGCTTCG 392 

212 R CATCTCGGTGTCCTGCTCC 603 

AHA_0021 F CTGTTCGCCGTCATCGTC 1585 164 
R ACCTTGTTCACCTGCTCCAT 1748 

AHA_0022 F CTACCCGCATCGCCAGTT 678 244 
R CACGCCATCCTTCTCCTTG 921 

AHA_0023 
F GATGACCTGATCCGCCAACT 199 

114 R GAGCCACAAACGCCGAAA 312 

AHA_0549 
F GGAGGAGTATGCCGTCAAAT 132 

152 
R CGCGGATCTTCAGGTAAGC 283 

AHA_0550 F GCTGGAGGTGACGGTGGAGA 633 162 
R TAGGCGGTGACGATGTGGC 794 

AHA_0551 F TTACCGCCCTCTTCATCCC 101 276 
R CGCTCTTGACGCGACCTT 376 

16 s-RNA 
F TGGGATTCGCTCACTATCG 262 

179 R GCAACCCCTGTCCTTTGTT 440  

Table 2 
Statistics of quality control (QC) data.  

Sample Name 1MIC 4-fold MIC 8-fold MIC 

Raw reads 23,826,025 23,619,297 20,191,193 
Raw Bases (bp) 3,573,903,800 3,542,894,500 3,028,678,900 
Raw Q20 (%) 96.88 97.93 96.92 
Clean Reads 23,632,948 23,469,585 20,042,381 
Clean Bases (bp) 3,518,461,103 3,492,185,952 2,981,596,688 
Clean Q20(%) 97.23 98.22 97.25  

Table 3 
Statistical results of trimmed reads mapping with reference genome.  

Sample Name 1MIC 4 fold MIC 8 fold MIC 

Total Reads 23,632,948 23,469,585 20,042,381 
Genome Mapped Reads 22,110,719 22,332,680 19,186,929 
Genome Mapped Ratio(%) 93.54 95.15 95.74 
Uniq Mapped Reads 21,703,989 21,896,565 18,941,854 
Uniq Mapped Ratio(%) 91.82 93.29 94.52 
CDS Mapped Reads 18,401,483 18,956,340 15,910,495 
CDS Mapped Ratio(%) 77.84 80.74 79.31  
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Fig. 1. Expression analysis among A. hydrophila 
susceptible, 4 fold MIC and 8-fold MIC samples. 
(A) Expression distribution of the three sam-
ples. The different colors distinguish the sam-
ples. Y-axis is Log10 (TPM + 1) and the 
expanded parts indicate that the gene expres-
sion is most concentrated in all the samples. (B) 
PCA of transcriptome data reveals clear clus-
tering of three groups. The red, green and blue 
areas represent 1 MIC, 4 fold and 8 fold MIC, 
respectively. The three points indicate three 
replicates. (C) Correlation analysis among the 
three samples. The bottom right is samples and 
the top left is a cluster. Squares of different 
colors represent the correlation between the 
two samples. The correlation coefficient colour 
scale bar is shown on the right. (D) Venn dia-
gram showing the tendency of different genes in 
4 fold MIC and 8 fold MIC. Up-regulated, down- 
regulated and overlap gene numbers are shown 
in the picture. (For interpretation of the refer-
ences to colour in this figure legend, the reader 
is referred to the web version of this article.)   

Fig. 2. Effect of OXY treatment on the gene 
expression level in 4 fold and 8 fold MIC resis-
tant strains of A. hydrophila. (A) and (B) Volcano 
map of differently expressed genes in 4 fold MIC 
and 8 fold MIC samples. The X-axis indicates 
log2 (Fold Change). Y-axis indicates -log10 (p 
adjusted). The scatter in the figure represents 
each gene. Green dots represent down-regulated 
genes, red dots represent up-regulated genes 
and orange and grey dots represent not differ-
entially expressed genes. (C) The heat map il-
lustrates the hierarchical clustering of the 
relative expression of DEGs in each sample. Red 
indicates the up-regulated genes, while blue 
indicates the down-regulated genes. (For inter-
pretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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the 4 fold and 8 fold MIC resistant strains (Fig. 2C). 
We then compared the reference genome with the six databases (NR, 

Swiss-Prot, Pfam, COG, GO and KEGG) to comprehensively obtain the 
functional information about DEGs, which is used for functional anno-
tations (Table 4). The unigene annotations in the COG, GO and KEGG 
databases were about 92.02, 75.68 and 59.91 %, respectively. The 
transcriptome data were further analyzed by COG classification, which 
showed 3943 unigenes clustered into 21 functional categories. Among 
these, the amino acid transport and metabolism (7.15 %), transcription 
(6.06 %) and inorganic ion transport and metabolism clusters (5.76 %) 
were identified as major pathways. 

3.4. GO annotation and KEGG pathway analysis of DEGs 

We analyzed the GO enrichment of the DEGs among the susceptible 
and resistant strains. When compared with the susceptible strain, the 4 
fold MIC and 8 fold MIC resistant strains have shown a total of 22 and 
185 DEGs, respectively. Furthermore, the several biological processes in 
the GO terms were over represented compared to the other GO terms. 
Among the different GO terms, 1883 (58.06 %) genes were related to the 
biological process. The top 10 biological processes with the highest 
degree of enrichment are shown in Fig. 3. At 4 fold MIC sample, phos-
phoenolpyruvate dependent sugar phosphotransferase system, nitrogen 
cycle metabolic process and carbohydrate transmembrane transport 
were enriched in two genes. Meanwhile, the other seven biological 
processes, including polyol transport, organic hydroxy compound 
transport, molybdate ion transport, mannitol transport, mannitol 
metabolic process, hexitol metabolic process and denitrification 
pathway were enriched in one gene (Fig. 3A). Furthermore, as the de-
gree of resistance increased to 8-fold MIC, the three processes, such as 
oxidation-reduction process (43 genes), cellular respiration (8 genes) 
and ATP metabolic process (7 genes), were enriched with most of the 
genes. Moreover, the three processes of sulfur metabolism (sulfate 
assimilation, hydrogen sulfide metabolic process and hydrogen sulfide 
biosynthetic), respiratory electron transport chain, oxidative phos-
phorylation and ATP synthesis coupled electron transport process were 
enriched in six genes. Additionally, the acetyl-CoA metabolic process 
was enriched in three genes (ack-2A, acsA and sucB) (Fig. 3B). 

We further analyzed these DEGs by KEGG pathways analysis. A total 
of 1494 genes were mapped to 64 pathways. Many genes related to 
multiple pathways were enriched in both 4 fold and 8 fold MIC resistant 
strains. The five pathways, including nitrogen metabolism, pyruvate 
metabolism, microbial metabolism in diverse environments, citrate 
cycle (TCA cycle) and propanoate metabolism were enriched in both the 
4 fold and 8 fold MIC resistant strains. Interestingly, over the increasing 
resistance evolution (4 fold MIC to 8 fold MIC), the genes related to 
sulfur metabolism (cysD, cysN, cysC, cysH, cysI, cysA, AHA_3371 and 
AHA_2577) pathway were significantly enriched. Further, the results of 
KEGG are consistent with the results of GO enrichment analysis. More, 
the results of the GO and KEGG analyses have revealed that the OXY 
resistance affects multiple biological functions in A. hydrophila, mainly 
in energy biogenesis such as sulfur metabolism and mannitol meta-
bolism. So, the overall obtained transcriptomic data clearly have 

indicated that the genes related to sulfur metabolism, mannitol meta-
bolism and efflux pump system may play an important role in OXY 
resistance in A. hydrophila when the concentration is increased 
(Fig. 4A&B). 

3.5. Validation of transcriptome data at the protein level 

We have selected several proteins related to DEGs such as A0KP37, 
A0KNL0, A0KNL1, A0KFW5, A0KP35, A0KPP0, A0KGL1, A0KHC0, 
A0KLX3 and A0KP36 for Western blot analysis to validate the outcome 
of the RNA sequencing data. The obtained results showed that the cysG 
(A0KP37), cysH (A0KNL1), cysA (A0KFW5), cysN (A0KP35), AHA_3793 
(A0KPP0), groL (A0KGL1), AHA_1130 (A0KHC0), AHA_2766 (A0KLX3) 
and cysD (A0KP36) proteins were substantially down-regulated in both 
the 4 fold and 8 fold MIC samples compared to the susceptible strain 
(Fig. 5). In general, many of the protein expression tendencies were 
consistent with the transcriptome data. However, not all the protein 
levels are consistent with the RNA levels. For example, some proteins 
such as A0KP35, A0KPP0 and A0KLX3 were decreased in the 8 fold MIC 
sample but increased slightly in the 4 fold MIC sample. On the other 
hand, the protein A0KNL0 was decreased in the 4 fold MIC sample but 
increased in the 8 fold MIC sample. However, the genes related to all of 
these selected proteins were substantially decreased at the RNA level in 

Table 4 
Statistical results of the gene functional annotation.  

Database Number of unigenes Percentage (%) 

Genes of NR 4161 97.11 
Genes of Swiss-Prot 3190 74.45 
Genes of Pfam 3768 87.93 
Genes of COG 3943 92.02 
Genes of GO 3243 75.68 
Genes of KEGG 2567 59.91 
Annotation in at least one database 4147 96.78 
Annotation in all databases 2220 51.81 
Total Unigenes 4285 100  

Fig. 3. The top 10 biological processes with the most significant p-values. (A) 
and (B) Scatter plot of the enriched GO annotation of DEGs in 4 fold MIC and 8 
fold MIC resistant strains of A. hydrophila. The X-axis indicates the rich factor. 
Y-axis indicates biological process name. The size of the dots specifies the 
number of DEGs in the biological process and the colors of the dots represent 
different p-values. 
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both 4 fold and 8 fold MIC samples. These variations reflected the 
fluctuation between the transcription and translation levels; likely, the 
time of regulation delayed their expression. 

3.6. Validation of transcriptome data at the mRNA level 

Finally, to further validate the transcriptome data, the qRT-PCR 
analysis was performed for a total of 20 candidate genes related to the 
efflux pump system, mannitol and sulfur metabolism. Among 14 sulfur 
metabolism genes, 2 genes such as hcp and hmp were up-regulated and 
12 genes such as cysA, cysC, cysD, cysH, cysI, cysN, cysG, AHA_3371, 
modA, metQ, AHA_2577 and AHA_3565 were down-regulated in the 8 
fold MIC resistant strain. Further, the mannitol metabolism related 
genes (AHA_0549, AHA_0550, and AHA_0551) and efflux pump system 
related genes (AHA_0021, AHA_0022, and AHA_0023) were up-regulated 
in the 8 fold MIC resistant strain. More, the correlation analysis showed 
a strong positive relationship between the experiment and data (R2 =

0.803), which made the validation of transcriptome data by qRT-PCR 
reliable and repeatable (Fig. 6). 

4. Discussion 

The transcriptome is the comprehensive collection of expressed RNA 
transcripts in a cell. Its portrayal is vital for decoding the functional 
intricacy of the genome and understanding the cellular activities in or-
ganisms, including development, growth, pathogenicity and immune 
defence (Xiang et al., 2010; Zhang et al., 2018; Tang et al., 2020). 
Microarray and expressed sequence tag analyses have long been used to 
understand the molecular mechanisms underlying antibiotic resistance 
in bacterial pathogens (Dally et al., 2013). However, Next-Generation 
Sequencing (NGS) platforms such as Illumina HiSeq×10 are better 
suited to quantifying transcripts’ expression at low levels than micro-
arrays and EST analyses (Rao et al., 2015) because this revolutionary 
sequencing technique confirms the direct transcript profiling without 
any compromise. 

This study determined the comparative transcriptome differences 
between susceptible and resistant strains of A. hydrophila using the 
Illumina Hiseq sequencing platform. The obtained data revealed the 

Fig. 4. The top 10 metabolic pathways with the significant p-values. (A) and 
(B) The KEGG pathway enrichment analysis shows significant DEGs in the top 
10 metabolic pathways in 4 fold MIC and 8 fold MIC resistant strains of 
A. hydrophila. The X-axis indicates the rich factor, while Y-axis indicates the 
pathway name. The size of the dots specifies the number of DEGs in each 
pathway and the colors of the dots represent the different p-values. 

Fig. 5. Validation of transcriptomic data by Western blot analysis. (A) Coomassie R-250 staining of the membrane specified equal loading of the protein samples in 
susceptible, 4 fold MIC and 8 fold MIC resistant strains, respectively. (B) The 10 proteins (A0KP37, A0KNL0, A0KNL1, A0KFW5, A0KP35, A0KPP0, A0KGL1, 
A0KHC0, A0KLX3, and A0KP36) selected from transcriptomic data were assessed for their expression by Western blot analysis. The ratios mentioned below each 
figure specify the RNA tendency level of their respective proteins in 4 fold MIC and 8 fold MIC samples. 
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molecular mechanisms of OXY resistance in A. hydrophila. (Zhu et al., 
2017) have reported the successful transcriptome sequencing of enro-
floxacin susceptible and enrofloxacin resistant A. hydrophila strains with 
a high percentage of clean reads. Similarly, in this study, the obtained 
transcriptomic data have shown a high percentage of clean reads in OXY 
susceptible and resistant A. hydrophila strains, compared to the reference 
genome. Therefore, it represents the quality of transcriptomic 
sequencing data that met the demand for subsequent studies. 

GO annotation and KEGG pathway enrichment analysis were done to 
reveal the biological function of the significant DEGs between the OXY 
susceptible and resistant A. hydrophila strains. The outcome of GO 
analysis revealed that at the 4 fold MIC degree of resistance, polyol 
transport, nitrogen cycle metabolic process, mannitol transport, 
mannitol metabolic process and denitrification pathway were highly 
enriched. In 8 fold MIC, the processes such as sulfate assimilation, 
oxidation-reduction process, hydrogen sulfide metabolic process and 
hydrogen sulfide biosynthetic process were highly enriched. The out-
comes of the KEGG pathway analysis have exposed that a significant 
percentage of genes were highly enriched in the phosphotransferase 
system (PTS), nitrogen metabolism and fructose and mannose meta-
bolism in the 4 fold MIC OXY resistant A. hydrophila strain. Also, a 
substantial percentage of genes were highly enriched in beta-lactam 
resistance, sulfur metabolism, microbial metabolism in diverse envi-
ronments and citrate cycle (TCA cycle) in 8 fold MIC OXY resistant 
A. hydrophila strain. Overall, the obtained data from GO and KEGG an-
alyses have revealed that most of the genes were highly enriched in 
sulfur and mannitol metabolisms, which also supported the outcome of 
Heat map data. We have selected some DEGs related to sulfur meta-
bolism, mannitol metabolism, and efflux pump system for further ana-
lyses based on the obtained data. 

To validate the outcome of transcriptome sequencing results, we 
have performed Western blot and qRT-PCR analyses for the candidate 
proteins or genes related to the sulfur metabolism, mannitol metabolism 

and efflux pump system. (Rusniok et al., 2009) have reported that the 
five proteins encoded by the cysD, cysH, cysI, cysJ and cysN genes have 
the ability to reduce the sulfate (SO4

2− ) to hydrogen sulfide (H2S) in 
Neisseria meningitidis for their sulfur source. In line with this experi-
mental result, we have observed the down-regulation of cysD, cysH, cysI 
and cysN in 4 fold and 8 fold MIC OXY resistant A. hydrophila strains in 
qRT-PCR analysis. This indicates that A. hydrophila may utilize the sul-
fate as a sole sulfur source by this cysDHIN gene system. Therefore, the 
down-regulation of these genes in A. hydrophila on OXY treatment may 
affect the energy metabolism pathway. Furthermore, the expressions of 
6 proteins [Siroheme synthase 2 (A0KP37), Sulfite reductase [NADPH] 
hemoprotein beta-component (A0KNL0), Phosphoadenosine phospho-
sulfate reductase (A0KNL1), Sulfate/thiosulfate import ATP-binding 
protein (A0KFW5), Sulfate adenylyltransferase subunit 1 (A0KP35), 
and Sulfate adenylyltransferase subunit 2 (A0KP36)], which are 
involved in sulfur metabolism among OXY susceptible and resistant 
strains were validated by Western blot analysis. The results have shown 
that the A0KP37, A0KNL1, A0KFW5, A0KP35 and A0KP36 proteins 
were substantially down-regulated in the 8 fold MIC OXY resistant 
A. hydrophila strain when compared with their respective controls. The 
sulfur metabolism is considered one of the important energy metabolism 
pathways in several bacteria and a drug target for potential bactericidal 
therapy. In our previous proteomic study, we have also observed that the 
increasing concentration of OXY substantially downregulated the en-
ergy metabolism pathway related genes such as R4VS58, R4VXT4 (TCA 
cycle), R4VW15 (glycolysis) and A0KFS2 (pyruvate metabolic pathway) 
in A. hydrophila (Lin et al., 2015). Therefore, the obtained data in this 
study further confirmed our previous hypothesis that decreasing energy 
generation might be a common phenomenon for A. hydrophila responses 
to OXY. Moreover, several recent studies have also reported that the 
down-regulation of the energy metabolism pathway may help bacterial 
survival in the antibiotics environment (Cheng et al., 2019; Palde et al., 
2016), which indicates that the decreasing level of sulfur metabolism 
may protect A. hydrophila from a threatening environment. 

Two of the foremost weapons of the innate immune system to 
eradicate pathogenic organisms are the production of reactive nitrogen 
species (RNS) and reactive oxygen species (ROS), which are resultant 
from the nitric oxide and superoxide produced by the nitric oxide syn-
thase and NADPH oxidase, respectively (Figueiredo et al., 2013). The 
hybrid cluster proteins (HCPs) are a family of bacterial proteins which 
protect microorganisms from RNS and ROS mediated toxicity. The 
research work of (Yurkiw et al., 2012) have revealed that HCPs are 
required to sustain the high amounts of nitrite reduction by the nitrite 
reductase in Desulfovibrio vulgaris; they also proposed the role of HCPs in 
protection from nitrite derived products. Flavohemoglobins (flavoHbs) 
are nitric oxide (NO) detoxifying proteins that metabolize the NO to 
nitrate and protect the microorganisms from growth inhibition and 
killing by NO producing immune cells. Furthermore, flavoHbs has a 
protective role against RNS and ROS and have the capability to protect 
microorganisms against nitrosative stress (Helmick et al., 2005; Kos-
kenkorva-Frank and Kallio, 2009). The transcriptome sequencing and 
qRT-PCR analyses data have revealed that the hcp and hmp genes were 
up-regulated, suggesting that A. hydrophila protect themselves from 
various nitrosative stresses when treated with increasing concentrations 
of OXY. 

ModA is a soluble periplasmic protein that is part of an ABC trans-
porter system to uptake nutrients (Tam and Saier, 1993). Besides its 
functions in nutrients uptake, ModA was found to be down-regulated 
when responding to cell-wall-active antibiotics in Staphylococcus 
aureus (Utaida et al., 2003). Whole genome sequencing among vanco-
mycin resistant and susceptible S. aureus strains also found loss of its 
functional mutant in the vancomycin resistant strain (Avison et al., 
2002). In line with these reports, the decreased expression level of modA 
was observed in the OXY resistant A. hydrophila strain. This indicates 
that modA may play an important role in the antibiotic resistance evo-
lution and perhaps are involved in antibiotic resistance by reducing 

Fig. 6. Validation of transcriptomic data by qRT-PCR. The differential 
expression of sulfur metabolism (Round), mannitol metabolism (Triangle) and 
efflux pump system (Square) related genes were assessed by qRT-PCR at the 
mRNA level. Of these, 12 genes (cysA, cysN, cysC, cysD, cysI, cysH, cysG, metQ, 
modA, AHA_2577, AHA_3371 and AHA_3565) related to sulfur metabolism were 
down-regulated, whereas 2 genes (hcp and hmp) related to sulfur metabolism, 3 
genes (AHA_0549, AHA_0550 and AHA_0551) related to mannitol metabolism 
and 3 genes (AHA_0021, AHA_0022 and AHA_0023) related to the efflux pump 
system were up-regulated. Green indicates down-regulation, while red indicates 
up-regulation. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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membrane permeability. 
Mannitol is one of the most abundant of six carbon polyols in mi-

croorganisms, which plays a vital role in stress tolerance, osmoregula-
tion and antioxidant defence in them (Nguyen et al., 2019). Kumar et al. 
have elucidated the functional properties of the mannitol operon system 
and revealed their role on the virulence and pathogenicity of V. cholerae 
(Kumar et al., 2011). In this study, the obtained transcriptome data have 
shown the normal regulation or down-regulation of mannitol meta-
bolism related genes at the 1 fold MIC concentration of OXY in 
A. hydrophila. In contrast, the increasing concentration of OXY showed 
the up-regulation of mannitol metabolism related genes for their pro-
tection against various oxidative stresses caused by high concentrations 
of antibiotic exposure. The obtained qRT-PCR data also validated the 
same, in which the three mannitol related genes such as AHA_0549, 
AHA_0550 and AHA_0551 were up-regulated in the 8-fold MIC OXY 
resistant A. hydrophila strain. 

Acriflavin is a multidrug efflux pump system involved in the exclu-
sion of antibiotics from bacterial cells. It also probably protects the 
bacterial cells from hydrophobic inhibitors. In addition, it is a homolog 
to the AheABC efflux pump, which belongs to the resistance nodulation 
cell division family. The AheABC efflux pump is associated with the 
intrinsic resistance to several antibiotics and compounds. (Cruz et al., 
2015) and (Hernould et al., 2008) have identified that this AheABC 
efflux pump system extruded at least 9 antibiotics and 13 substrates in 
A. hydrophila ATCC 7966, thus indicating their important role in anti-
biotics resistance. Our current data further provides evidence that 
increasing AheB in both 4 fold and 8 fold MIC OXY resistant strains may 
promote the evolution of antibiotics resistance. 

Furthermore, we have observed the up-regulation of AHA_0022 
(RND transporter) in 4 fold and 8-fold MIC OXY resistant A. hydrophila 
strains. The RND transporter efflux pumps are common among bacterial 
pathogens. They afford a second-line barricade against the different 
classes of antibiotics and have a three-way assembly such as a peri-
plasmic adaptor protein, inner membrane spanning transporter protein 
and outer membrane efflux protein. These three components help the 
bacteria force out the antibiotics promptly to the extracellular milieu 
through the water-filled channel produced by the three-way assembly of 
RND transporter efflux pumps (Sandhu and Akhter, 2018). Our data 
suggest that AHA_0022 may contribute to antibiotic resistance by 
pumping the OXY in A. hydrophila. 

Besides these, AHA_0023 (coded as a TetR family transcriptional 
regulator) was previously reported to be involved in bacterial antibiotic 
resistance. It plays a major role in metabolism, quorum sensing and 
antibiotic resistance (Cuthbertson and Nodwell, 2013). In this study, we 
have observed the increased expression level of the AHA_0023 gene 
during the OXY resistance evolution. The up-regulation of the efflux 
pump system related gene cluster (from AHA_0021 to AHA_0023) in-
dicates that they may force out the OXY or regulate the various meta-
bolism and virulence factors. 

5. Conclusion 

Based on the Illumina HiSeq×10 RNA sequencing analysis, the 
resistance to OXY in A. hydrophila was identified to be more complex as 
it targets multiple metabolic pathways. Moreover, the sulfur metabolism 
related protein (sulfate adenylyltransferase subunit 1, sulfate adenylyl-
transferase subunit 2, hybrid cluster protein, flavohemoprotein, phos-
phoadenosine phosphosulfate reductase, sulfite reductase (NADPH) 
hemoprotein beta-component, molybdate ABC transporter periplasmic 
molybdate-binding protein), mannitol metabolism related proteins 
(mannitol operon repressor, mannitol-1-phosphate 5-dehydrogenase, 
PTS system mannitol-specific EIICBA component) and efflux pump 
system related proteins (acriflavin resistance plasma membrane protein, 
RND transporter protein and TetR family transcriptional regulator pro-
tein) may play significant roles in the OXY resistance of A. hydrophila. 
Furthermore, it is speculated that the mechanism of OXY resistance in 

A. hydrophila is closely related to a decrease of various nitrosative 
stresses, sulfur metabolism and increase of mannitol utilization system, 
various efflux pump systems such as acriflavin multidrug efflux system 
and RND transporter efflux system activation. Overall, these data pro-
vide a deeper insight to understand the intrinsic molecular mechanisms 
of OXY resistance evolution in A. hydrophila. 
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