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ABSTRACT Oxidative stresses commonly exist in natural environments, and microbes
have developed a variety of defensive systems to counteract such events. Although
increasing evidence has shown that high hydrostatic pressure (HHP) and low tem-
perature (LT) induce antioxidant defense responses in cells, there is no direct evi-
dence to prove the connection between antioxidant defense mechanisms and the
adaptation of bacteria to HHP and LT. In this study, using the wild-type (WT) strain
of a deep-sea bacterium, Shewanella piezotolerans WP3, as an ancestor, we obtained
a mutant, OE100, with an enhanced antioxidant defense capacity by experimental
evolution under H2O2 stress. Notably, OE100 exhibited better tolerance not only to
H2O2 stress but also to HHP and LT (20 MPa and 4°C, respectively). Whole-genome
sequencing identified a deletion mutation in the oxyR gene, which encodes the tran-
scription factor that controls the oxidative stress response. Comparative transcrip-
tome analysis showed that the genes associated with oxidative stress defense, an-
aerobic respiration, DNA repair, and the synthesis of flagella and bacteriophage were
differentially expressed in OE100 compared with the WT at 20 MPa and 4°C. Genetic
analysis of oxyR and ccpA2 indicated that the OxyR-regulated cytochrome c peroxi-
dase CcpA2 significantly contributed to the adaptation of WP3 to HHP and LT. Taken
together, these results confirmed the inherent relationship between antioxidant de-
fense mechanisms and the adaptation of a benthic microorganism to HHP and LT.

IMPORTANCE Oxidative stress exists in various niches, including the deep-sea ecosys-
tem, which is an extreme environment with conditions of HHP and predominantly LT.
Although previous studies have shown that HHP and LT induce antioxidant defense re-
sponses in cells, direct evidence to prove the connection between antioxidant defense
mechanisms and the adaptation of bacteria to HHP and LT is lacking. In this work, using
the deep-sea bacterium Shewanella piezotolerans WP3 as a model, we proved that en-
hancement of the adaptability of WP3 to HHP and LT can benefit from its antioxidant
defense mechanism, which provided useful insight into the ecological roles of antioxi-
dant genes in a benthic microorganism and contributed to an improved understanding
of microbial adaptation strategies in deep-sea environments.

KEYWORDS Shewanella, deep sea, experimental evolution, high pressure, low
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Oxidative stresses commonly exist in natural environments, and microbes have
developed a variety of defensive systems to counteract such events. HHP (high

hydrostatic pressure) and LT (low temperature) are two of the most remarkable
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characteristics of the majority of deep-sea environments (1). Both characteristics can
affect cellular function by negatively influencing cell integrity, membrane fluidity,
macromolecular interactions, and energy utilization, which can lead to metabolic
disorders and redox imbalances (2, 3). As bacterial metabolism and cellular integrity are
maintained by balancing the redox state of all cellular components for optimal overall
function, the disturbance of this balance is accompanied by an increase in oxidative
stress (4). For example, as reactive oxygen species (ROS) might come from the electron
transport chain in the cell membrane, damage to the membrane caused by HHP could
lead to the leakage of electrons, which can be intercepted by O2 and form ROS. In
Shewanella benthica KT99 and Shewanella violacea DSS12, a novel membrane-bound
ccb-type quinol oxidase displaces the bc1 complex and cytochrome c oxidase to overcome
oxidative stress under HHP conditions. Moreover, LT could increase the solubility of oxygen
and result in increased concentrations of ROS and, thus, the potential for oxidative damage
(3). Therefore, bacteria living in such environments have to overcome oxidative stress.

Antioxidative genes/proteins are commonly found in marine extremophiles (5, 6). S.
violacea DSS12, a psychrophilic facultative piezophile isolated from deep-sea sedi-
ments, has approximately 15 types of antioxidative genes. A cold-adapted bacterium,
Colwellia psychrerythraea 34H, has been isolated from Arctic marine sediments and has
approximately 13 types of antioxidative genes. A series of recent studies revealed that
LT or HHP could lead to microbial oxidative stress responses and the expression of
antioxidant enzymes. The transcription of the oxidative stress-related genes ahpC, katG,
oxyR, soxS, sodA, sodC, and grxA was found to be significantly induced in Salmonella
enterica serovar Typhimurium in response to cold stress (5°C) (7). Proteomic analysis of
the responses of Lactococcus piscium CNCM I-4031 to cold stress showed that two
antioxidant proteins, Ahp and thioredoxin (Trx), were induced (8). Treatment of Esch-
erichia coli O157:H7 with HHP (100 MPa) resulted in upregulated transcription levels of
the antioxidative genes trxA, trxC, and grxA. dps, trxA, and trxB mutants of E. coli K-12
were shown to be significantly more sensitive to HHP (400 MPa) than their wild-type
(WT) counterparts (9). In addition, E. coli MG1655 mutants lacking ROS scavengers (KatE,
KatF, SodAB, and SoxS) were also found to be more pressure sensitive than the
wild-type strains (10). Moreover, a radioresistant bacterium, Deinococcus radiodurans
R1, which can resist oxidative stress, was also found to be highly piezo resistant (11). All
of those studies indicated that antioxidation might play a role in HHP and LT adapta-
tion. In Saccharomyces cerevisiae, it has been proven that enhanced oxidative stress
tolerance leads to enhanced tolerance to HHP stress (12). However, whether bacteria
with increasing antioxidant defense capacities would better adapt to double stresses of
HHP and LT remains unknown.

Shewanella strains are among the most abundant Proteobacteria in the deep-sea
environment. Shewanella piezotolerans WP3 (here referred to as WP3) was isolated from
West Pacific sediments at a depth of 1,914 m, where the in situ temperature is �2°C
and the hydrostatic pressure is 20 MPa (13). In this study, the associations of
antioxidants with adaptation to HHP and LT were investigated by developing an
evolved strain, OE100, which was cultured with a challenge concentration of H2O2.
Remarkably, OE100 exhibited increased H2O2 tolerance and simultaneously better
growth at 20 MPa and 4°C. Resequencing of the genome revealed that deletion
mutations occurred in a key oxidative stress response transcriptional regulator,
OxyR, and two polar flagellar genes. Transcriptional analysis revealed that the genes
associated with oxidative stress defense, anaerobic respiration, DNA repair, and the
synthesis of flagella and bacteriophage were differentially expressed in OE100
compared with the WT at 20 MPa and 4°C. Through the construction of an OxyR
in-frame deletion strain (ΔoxyRc), we confirmed that reduced OxyR levels could
contribute to the adaptation of WP3 to HHP and LT. Taken together, the results of
our study suggest that oxidative stress defense is a common adaptation strategy for
bacteria coping with cold deep-sea environments.
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RESULTS
Obtaining the H2O2-tolerant WP3 strain by experimental evolution. Six bacterial

populations of the WP3 wild-type strain were evolved under H2O2 stress as described
in Materials and Methods. After 500 generations of growth, 6 single-colony isolates,
named E1-1, E2-1, E3-1, E4-1, E5-1, and E6-1, from each evolved population were
randomly picked by plating and single-colony isolation. Among the six strains, E6-1 had
the highest endpoint culture density (optical density at 600 nm [OD600] of 4.7; P � 0.05)
in medium with 0.6 mM H2O2 (see Fig. S1 in the supplemental material). This strain was
named OE100 and selected for follow-up analysis.

The tolerance of evolved strain OE100 to H2O2 is significantly increased. To
compare the levels of H2O2 tolerance of OE100 and the WT, viability assays, disc
diffusion assays, and plating defect assays were performed. Although there was no
significant difference in viability between OE100 and the WT with a low H2O2 concen-
tration (1 mM), OE100 showed a higher survival rate than that of the WT when the H2O2

concentration was increased from 1 mM to 6 mM. When the H2O2 concentration was
6 mM, the survival rate of OE100 was approximately 5 times higher than that of the WT
(Fig. 1A). Moreover, the disc diffusion assay showed that the diameter of the inhibition
zone of OE100 was smaller than that of the WT, indicating that OE100 has a greater
ability to resist H2O2 stress than the WT (Fig. 1B). In addition, the viability of the OE100
strain was significantly improved, as demonstrated by plating defect assays (Fig. 1C). All
of these data collectively led to the conclusion that OE100 was more resistant to H2O2

than its ancestor WT strain, indicating that the antioxidation property of OE100 was
significantly increased during the experimental evolution process.

FIG 1 Characteristics of OE100 in response to H2O2 stress. (A) Survival assay. H2O2 was added to mid-log-phase cultures to the final
concentrations indicated. After 20 min, the samples were properly diluted and plated onto 2216E plates. Colony counting was
performed after 48 h. (B) Disc diffusion assay. Paper discs loaded with 10 �l H2O2 at different concentrations were placed onto bacterial
lawns (grown for 8 h). The results shown are from 48 h after the discs were in place. For data presentation, the sensitivity of each strain
was calculated by its average diameter (n � 4). Error bars represent standard deviations. (C) Plating defect assay. Mid-log-phase
cultures were adjusted to 108 CFU/ml and diluted by 10-fold series dilutions, and 5 �l of each dilution was plated onto 2216E plates
with H2O2 added at different concentrations. Images were captured 48 h after plating. All experiments were performed three times,
and similar results were obtained.
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OE100 shows better growth at 4°C and 20 MPa. To test whether the increase in
the antioxidant defense capacity can enhance the adaptability of the WT to HHP and
LT, the growth of OE100 at different pressures and temperatures was examined. Under
ambient pressure conditions (0.1 MPa), OE100 exhibited a higher growth yield than that
of the WT at both 20°C and 4°C (Fig. 2A). A similar result was obtained when OE100 was
cultured at high pressure. The growth rates of OE100 and the WT were 0.08 h�1 and
0.06 h�1, respectively, and OE100 showed a significantly higher cell density than that
of the WT at 4°C and 20 MPa (Fig. 2B), which are the in situ temperature and hydrostatic
pressure in locations inhabited by WP3.

Genomic changes and natures of mutated genes. To identify the genetic basis of
the increased fitness of the evolved strain under HHP and LT conditions, the genomes
of H2O2-evolved strain OE100 and the ancestral WT strain were sequenced, and the
data were analyzed. We obtained 90,393 subreads with 173� coverage of the WT
genome and 181,030 subreads with 213� coverage of the OE100 genome. The
genomic sequence of OE100 differed from the ancestral WT sequence by 5 deletions
(Table 1) and 7 single-nucleotide polymorphisms (SNPs) (Table 2).

Interestingly, only one of the sequenced mutations occurred in a gene with a
well-known role in the oxidative stress response. A 69-bp deletion occurred in the
oxidative stress transcriptional regulator gene oxyR. OxyR features a sensory cysteine
residue that is directly oxidized by H2O2, thereby generating a disulfide bond that alters
its binding to DNA and controls the transcription of H2O2 scavenger genes (14). We
confirmed that the reduced amino acid sequence of OxyR in OE100 belonged to the
C-terminal substrate-binding domain containing these two conserved cysteine residues
(Cys203 and Cys212 in WP3 OxyR are homologous to the Cys199 and Cys208 in E. coli
OxyR) (see Fig. S2 in the supplemental material).

In addition, a 1,899-bp deletion was located within the coding region of two fliC1
genes (encoding polar flagellin). The swimming motility assay with OE100 showed that
the deletion in fliC1 led to a significant decrease in the swimming ability (Fig. S3).
Moreover, a single-base deletion and a 12-bp deletion in two separate genes of

FIG 2 Growth curve of OE100 in 2216E medium at different temperatures and pressures. (A) Growth of OE100 at
0.1 MPa and different temperatures. (B) Growth of OE100 at 20 MPa and different temperatures. The average values
and standard deviations, displayed by the error bars, resulted from three replicates. All of the data shown represent
results from at least three independent experiments.

TABLE 1 Deletions present in OE100 compared to the WT

Gene
Position on
genome Annotated function

Length of
deletion (bp)

SWP_RS16075 3815802 Hypothetical protein 1
SWP_RS09080 2105025 Hypothetical protein 12
oxyR 4012375 Transcriptional regulator, LysR family OxyR 69
fliC1a 1555674 FliC, polar flagellin domain protein 70
fliC1b 1556355 FliC, polar flagellin domain protein 1,215
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unknown function (Table 1) indicated the previously unrecognized mechanisms of the
oxidative stress response and adaptation under experimental conditions.

SNPs were located within the coding regions of six genes (trkH, 23S rRNA, yjjW, acrR,
rpoD, and tauE) with annotated functions and in one gene of unknown function
(SWP_RS13360) (Table 2); no mutations were found in the noncoding or intergenic
regions. Among these SNPs, there are only two missense mutations (yjjW and rpoD) and
one nonsense mutation (SWP_RS13360). The yjjW gene encodes a glycine radical
enzyme activase that acts on a wide variety of biomolecules in numerous pathways,
including vitamin biosynthesis and coenzyme biosynthesis (15). The rpoD gene encodes
a �70 protein that can affect the expression state of cells (16). Therefore, mutations in
these two genes could rewire the network into a more efficient state and affect the
fitness of OE100.

Transcriptomic changes in OE100 compared to the WT. To check the contribu-
tion of the other transcriptional rearrangements to the increased fitness of OE100 at
HHP and LT, differentially expressed genes between the WT and OE100 at maximum
growth yields at 20 MPa and 4°C were investigated by whole-genome transcriptional
analysis. To validate the transcriptome sequencing (RNA-Seq) data, 9 genes, including
those that were upregulated, downregulated, or unchanged, were selected for reverse
transcription (RT)-quantitative PCR (qPCR). The relative mRNA levels for each gene were
calculated and log transformed. The correlation coefficient (R2) between the data
obtained by microarray analysis and those obtained by qPCR was 0.9213, demonstrat-
ing that the transcriptome data were reliable and could be used for the follow-up
analysis (see Fig. S4 in the supplemental material).

Compared to the WT, 483 genes (approximately 10% of the WP3 genome) in OE100
showed significant differential expression (log2 fold change for OE100 compared to the
WT of �1; P value [false discovery rate {FDR}] of �0.001), of which 302 genes and 181
genes were up- and downregulated, respectively (Fig. S5). Specifically, the transcription
levels of most genes encoding the scavenger enzymes involved in hydrogen peroxide
or peroxide elimination were upregulated (Table 3). For example, katE and ahpC, which
are genes that encode the primary H2O2 scavengers in many bacteria, showed 4-fold-
and 32-fold-higher expression levels in OE100 than in the WT, respectively. ccpA2 and
gpx, which are also responsible for H2O2 scavenging, were upregulated by 1.6-fold and
3.6-fold, respectively. In addition, the transcription level of dps, which is a homologue
of the dps gene in E. coli with both the “ferritin-like” activity and the DNA-binding
capacity, was upregulated by 1.68-fold. However, the transcription levels of the genes
involved in superoxide scavenging (sod) were not significantly different.

In addition, most of the genes related to anaerobic respiration on different electron
acceptors, including nitrate, nitrite, fumarate, and dimethyl sulfoxide (DMSO), showed
significant upregulation in OE100, while the genes related to the aerobic electron
transport chain were downregulated. CymA, a cytoplasmic-membrane-bound c-type
cytochrome belonging to the NapC/NirT protein family that directs electrons from the
menaquinol pool to the periplasm, was induced by 1.7-fold in OE100. This protein was
proven to be the essential electron transport protein for the anaerobic respiratory
flexibility of the Shewanellae (17). In WP3, CymA is involved in the reduction of nitrate,
nitrite, DMSO, and fumarate, and it was proven to serve as the sole electron transporter

TABLE 2 SNPs present in OE100 compared to the WT

Gene Position on genome Annotated function
Type of amino acid change
(amino acid change) Nucleotide change

trkH 56774 K� transporter Trk Silent (S483S) G¡A
23S rRNA 76729 23S rRNA T¡C
yjjW 228972 Pyruvate formate lyase-activating enzyme Missense (H42Q) C¡G
acrR 244302 TetR family transcriptional regulator Silent (L84L) C¡T
rpoD 1115319 RpoD RNA polymerase sigma factor 70 Missense (A273G) C¡G
SWP_RS13360 3125851 Hypothetical protein Nonsense (Q464Stop) T¡C
tauE 4099249 Cytochrome c biogenesis Silent (A326A) A¡C
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TABLE 3 Selected differentially expressed genes in OE100 at 4°C and 20 MPa (probability � 0.8)

Function Gene Gene descriptiona

Log2 fold change
(OE100/WT)

Antioxidant activity SWP_RS05640 Glutathione peroxidase Gpx 1.85
SWP_RS16945 Transcriptional regulator OxyR 1.55
SWP_RS00790 DNA-binding protein Dps 0.75
SWP_RS19255 Transcriptional regulator OhrR 1.80
SWP_RS19285 Alkyl hydroperoxide reductase subunit F, AhpF 1.24
SWP_RS19290 Alkyl hydroperoxide reductase subunit C, AhpC4 1.62
SWP_RS19745 Catalase KatE 2.05
SWP_RS12910 Cytochrome c peroxidase CcpA2 0.69

Nitrate respiration SWP_RS19850 Anaerobic dehydrogenases NapA� 1.86
SWP_RS19855 Nitrate reductase NapB� 1.95
SWP_RS19845 Periplasmic nitrate reductase NapD� 1.69

Nitrite respiration SWP_RS20710 Formate-dependent nitrite reductase, NrfC protein 6.50
SWP_RS20715 Formate-dependent nitrite reductase, NrfG protein 7.07
SWP_RS20705 Formate-dependent nitrite reductase, NrfD protein 5.87
SWP_RS17675 Nitrite reductase 1.92

Anaerobic respiration SWP_RS21330 Membrane-bound tetraheme cytochrome c CymA 0.78

Fumarate respiration SWP_RS01965 Fumarate reductase cytochrome b subunit 1.69
SWP_RS01970 Fumarate reductase respiratory complex subunit 1.82
SWP_RS01975 Fumarate reductase flavoprotein subunit 1.60
SWP_RS01980 Succinate dehydrogenase/fumarate reductase iron-sulfur protein 1.58

DMSO respiration SWP_RS03195 Decaheme cytochrome c CytC 1.98
SWP_RS03200 Transcriptional regulator, LysR family, LysR2 1.65
SWP_RS03205 Twin-arginine translocation pathway signal, DmsA2 1.98
SWP_RS03215 Cytoplasmic chaperone TorD 1.73
SWP_RS03210 4Fe-4S ferredoxin, iron-sulfur binding 1.82
SWP_RS03220 Hypothetical protein 1.37
SWP_RS15435 Conserved hypothetical protein DmsH 1.16

Polar flagellum SWP_RS06720 Flagellin FlaG1 1.89
SWP_RS06655 Flagellar basal body rod protein FlgB1 1.33
SWP_RS06660 Flagellar basal body rod protein FlgC1 1.23
SWP_RS06775 ATPase FliI/YscN �1.02
SWP_RS06690 Flagellar P-ring protein �1.03
SWP_RS06770 Flagellar assembly protein FliH1 �1.17
SWP_RS06780 Flagellar protein FliJ1 �1.34
SWP_RS06715 Flagellin, FliC1b �3.07

Lateral flagella SWP_RS22555 Sodium-type flagellar protein MotY 1.83
SWP_RS22550 Motor switch part FliM 1.39
SWP_RS22700 Flagellin, FliC2 �3.82

Phage SWP_RS11565 Putative capsid protein FpsC �5.58
SWP_RS11550 Minor capsid protein FpsD �9.92
SWP_RS11570 Zonula occludens toxin FpsH �5.47
SWP_RS11545 ssDNA-binding protein FpsB �9.32
SWP_RS11560 Minor capsid protein FpsF �6.31
SWP_RS11535 Transcription regulator FpsR �6.31
SWP_RS11540 Replication protein FpsA �11.22

DNA repair SWP_RS05950 DNA repair protein RecN �2.35
SWP_RS23035 DNA polymerase ImuA �3.04
SWP_RS10395 DNA polymerase ImuB �2.79
SWP_RS10400 DNA polymerase V DnaE2 �2.47
SWP_RS05205 DNA polymerase IV �3.02
SWP_RS21400 Peptidase S24, LexA repressor �2.04
SWP_RS06045 DNA recombination/repair protein RecA �0.87
SWP_RS20905 MutT/nudix family protein �1.99

assDNA, single-stranded DNA.
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toward nitrite reductase (18). Moreover, compared to other anaerobic respiration
pathways, nitrite reductases have the highest expression levels (nrfC, 89-fold; nrfG,
134-fold; nrfD, 58-fold).

Most of the genes involved in flagellar biosynthesis, phage production, and DNA
repair were repressed (Table 3). The genes encoding polar flagellin (fliC1b) and lateral
flagellin (fliC2) were downregulated by 8.4-fold and 14-fold, respectively. The genes
encoding filamentous phage capsid proteins (FpsC, FpsD, and FpsF) were significantly
downregulated by 47.8-fold, 968.7-fold, and 79.3-fold, respectively. The expression level
of DNA polymerase IV, which is a translesion polymerase known to promote damaged
DNA survival by allowing replication to bypass lesions, was decreased by 8.1-fold. In
addition, the transcription levels of two key genes involved in the SOS response, lexA
and recA, were repressed by 4.1-fold and 1.8-fold, respectively.

Deletion mutation of oxyR results in increased growth of WP3 at 20 MPa and
4°C. There was a 69-bp deletion located in the C-terminal substrate-binding domain of
oxyR in OE100. To confirm whether the reduced level of the oxyR gene was involved in
LT and HHP adaptation, an OxyR in-frame deletion strain (ΔoxyRc) with an identical
69-bp deletion was constructed based on WP3Δ4RE, which was a wild-type WP3 strain
with 4 restriction enzyme gene deletions and a higher conjugation efficiency (19). The
ΔoxyRc strain carrying pSW2 showed a higher tolerance to H2O2 than did WP3Δ4RE/
pSW2, and this phenotype was abolished in the ΔoxyRc/oxyR strain (complementation
of the ΔoxyRc strain with the oxyR gene) (Fig. 3A), suggesting that the mutation in OxyR
was responsible for the phenotype. Notably, the ΔoxyRc strain carrying pSW2 demon-
strated better growth at 20 MPa and 4°C, indicating that reduced oxyR levels in OE100
contributed to the growth of OE100 at 20 MPa and 4°C (Fig. 3B). Interestingly, out of 30
single-colony isolates that were randomly picked from 6 evolved populations (5
single-colony isolates from each evolved population), 19 strains were found to harbor
the same deleted region in oxyR as the one present in OE100 (see Table S2 in the
supplemental material), indicating that the mutation of this region in oxyR is important
for WP3 survival under H2O2 stress.

As OxyR regulates different kinds of antioxidant genes, to identify the OxyR-
regulated genes involved in adaptation to HHP and LT, the relative mRNA levels of
these genes in the ΔoxyRc strain carrying pSW2 at 20 MPa and 4°C were examined by
RT-qPCR (Fig. 3C). The transcription of the oxyR gene was upregulated in the ΔoxyRc
strain carrying pSW2, suggesting that self-repression is present in oxyR expression.
Expectedly, the transcriptions of the katE, ahpF, and ahpC4 genes were significantly
upregulated in the ΔoxyRc strain carrying pSW2 and downregulated in the ΔoxyRc/oxyR
strain, indicating that OxyR in WP3 acts as a repressor of the katE, ahpF, and ahpC4
genes, and the absence of a conserved domain stimulates the expression of these
genes. Notably, the transcription of the ccpA2 gene was upregulated in both the ΔoxyRc
strain carrying pSW2 and the ΔoxyRc/oxyR mutant, thus demonstrating a similar pattern
of change with oxyR and suggesting that OxyR acts as an activator of the ccpA2 gene.
Accordingly, the ΔoxyRc/oxyR mutant with a significantly high level of expression of the
ccpA2 gene also demonstrated better growth at 20 MPa and 4°C (Fig. 3B), indicating
that the ccpA2 gene was important for adaptation to HHP and LT. To test this notion,
we constructed ccpA2 deletion (ΔccpA2/pSW2), complementation (ΔccpA2/ccpA2), and
overexpression (WT strain carrying ccpA2) mutants. Compared to the WT, the ΔccpA2
strain carrying pSW2 showed decreased growth at HHP and LT, while growth was
increased in the ΔccpA2/ccpA2 strain and in the WT strain carrying ccpA2 (Fig. 3D).
Moreover, the ΔccpA2 strain carrying pSW2 did not show a growth defect at 0.1 MPa
and 20°C (Fig. S6), suggesting that ccpA2 is the major antioxidant facilitating the
adaptation of WP3 to HHP and LT.

DISCUSSION

Based on our results, we have proposed a model to explain the enhanced HHP/LT
adaptation mechanism of OE100 (Fig. 4). The most important system that contributes
to adaptation to HHP and LT is an antioxidant defense system. As the substrate-binding
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domain of oxyR in OE100 was mutated, we inferred that OxyR lost the ability to sense
H2O2 and affect its binding to target sites. OE100 showed greater resistance to H2O2,
indicating that OxyR in OE100 functioned as a repressor for H2O2 scavenger genes, and
the mutation of oxyR derepressed the expression of these genes. Through the con-
struction of the ΔoxyRc mutant, we found that the ΔoxyRc mutant demonstrated better
adaptation to HHP and LT with an increased antioxidant ability, indicating that anti-
oxidation indeed contributes to adaptation to HHP and LT. The upregulated genes katE,
ahpF, ahpC4, and ccpA2 in the ΔoxyRc strain were also found to be induced in OE100
at 20 MPa and 4°C, suggesting that these genes were under the control of OxyR and
contribute to adaptation to HHP and LT. Complementation with OxyR did not restore

FIG 3 Characteristics of the ΔoxyRc strain. (A) Disc diffusion assay of the ΔoxyRc strain carrying pSW2 and the ΔoxyRc/oxyR strain in
response to H2O2. (B) Growth curves of the ΔoxyRc strain carrying pSW2 and the ΔoxyRc/oxyR strain at 20 MPa and 4°C. (C) Impact of
reduced OxyR levels on expression levels of various H2O2-scavenging genes. The expression levels of these genes in the ΔoxyRc strain
carrying pSW2 and the ΔoxyRc/oxyR strain were normalized relative to those in WP3Δ4RE/pSW2. (D) Impact of the ccpA2 gene on the
growth of WP3 at 20 MPa and 4°C. All experiments were performed three times, and similar results were obtained.
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the wild-type phenotype at 20 MPa and 4°C. Previously, the copy numbers of pSW2 in
WP3 were determined (12 and 30 copies at 20°C and 4°C, respectively) (20). The
transcription level of oxyR was upregulated by 18-fold in the complemented strain
compared with the wild-type strain (Fig. 3C). Accordingly, the mRNA level of ccpA2 was
significantly higher in the oxyR-complemented strain than that in the wild-type strain.
Although the transcription levels of other antioxidant genes (katE, ahpC1, ahpC2,
ahpC3, ahpC4, and ahpF) were significantly downregulated (Fig. 3C), the increased
ccpA2 expression level still conferred a higher antioxidant ability to the complemented
strain than that of the wild-type strain (Fig. 3B). Therefore, of these genes, ccpA2 was
indicated to be the most important gene for adaptation to HHP and LT. Notably, CcpA2
is a homologue of CcpA in Shewanella oneidensis MR-1, which was positively regulated
by the OxyR protein in Shewanella oneidensis MR-1 (OxyRso) and functions as a major
H2O2-decomposing enzyme under anoxic conditions (21, 22). Recent findings showed
that CcpA allowed bacteria to use H2O2 as a terminal electron acceptor to support
anoxic respiration (23). AhpF, which is a flavoprotein with NADH:disulfide oxidoreduc-
tase and functions as an assistant to restore the disulfide in AhpC4 to its reduced form
(24), was highly induced in the ΔoxyRc strain, indicating a demand for reducing
equivalents of the strain for adaptation to HHP and LT. In addition to scavenger
enzymes, the genes of the iron storage protein Dps were also upregulated in OE100. As
Dps can sequester free iron inside the cell to prevent the excessive generation of
harmful HO· by Fenton’s reaction and shield DNA from damage (25), the upregulation
of dps in OE100 suggested a need to minimize free iron during adaptation to HHP
and LT.

In addition to an antioxidant defense system, an energy production system also
contributes to adaptation to HHP and LT. WP3 has two sets of nitrate respiration
systems, periplasmic dissimilatory nitrate reductase alpha (NAP-�) and NAP-�. A pre-
vious study demonstrated that both systems were functional, but NAP-� was a more
efficient nitrate-reducing system (18). In addition, two sets of DMSO respiration systems
were also identified in WP3, and both DMSO type I and type II systems were shown to
be functional, but type I was more efficient for WP3 to thrive at 20 MPa and 4°C (26).
In OE100, the NAP-� and DMSO type II systems showed higher expression levels in
OE100 than in the WT, indicating that OE100 strengthens the less efficient respiration
systems and thus produces more energy.

FIG 4 Graphic display of transcriptomic data for genes categorized by function in OE100 at 20 MPa and 4°C. Green and
red indicate the genes that are induced and repressed (OE100/WT), respectively. Underlining indicates that the gene is
mutated in OE100. Blue arrows represent gene regulation. The red rectangle indicates that the gene is important for
adaptation to HHP and LT. DMS, dimethyl sulfide.
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Moreover, the better adaptation of OE100 to HHP and LT can be partly due to
repressed systems, including the SOS response and DNA repair systems. Although
neither H2O2 nor O2

� can damage DNA directly, H2O2 produces HO·, which can oxidize
both base and ribose moieties of the DNA, giving rise to a wide variety of lesions and
thus inducing the SOS response and activating the expression of DNA repair genes (24).
Stress survival studies showed that an SOS-deficient mutant of Listeria monocytogenes
was less resistant to H2O2 than the wild type (27). Compared to the WT, the key genes
involved in the SOS response, lexA and recA, were downregulated in OE100, indicating
that DNA damage under the tested conditions was not serious enough to activate the
SOS response. In addition to recA and lexA, the transcription levels of some genes
encoding DNA repair enzymes, including ImuA/B, MutT, and DNA polymerase IV, also
showed downregulation, suggesting a low level of DNA damage that may be due to the
enhanced antioxidation properties of OE100. Therefore, OE100 can redirect less energy
utilization from proliferative processes to macromolecular processes and repair.

WP3 had two sets of flagellar systems, and a previous study showed that the
expression of polar and lateral flagellar systems could respond to HHP and LT, respec-
tively. The mutant lacking lateral flagella showed a significant decrease in growth at
4°C, which indicated that lateral flagella are important for the environmental adapta-
tion of the strain at LT (28). Flagellins constitute the major extracellular part of the polar
flagellum, which is responsible for swimming motility. In OE100, the major extracellular
part of the polar flagellum of OE100 was lost during experimental evolution, leading to
a decreased swimming motility of OE100 (see Fig. S3 in the supplemental material).
Interestingly, out of 30 single-colony isolates that were randomly picked from 6 evolved
populations, 6 strains were found to harbor the same deleted region in the polar
flagellar gene fliC1, and all 6 of these isolates showed decreased swimming motility
(Table S2). A trade-off between motility and oxidative stress resistance was also found
for Pseudomonas putida KT2440, where the nonflagellated strain showed better resis-
tance to paraquat-induced oxidative stress (29). Therefore, OE100 with impaired polar
flagella can better cope with oxidative stress induced by HHP and LT. Moreover, a
previous study demonstrated that the filamentous phage SW1 was active at 20 MPa
and 4°C, and a significantly higher growth rate was observed for the phage-free strain
than for wild-type strain WP3 at 20 MPa and 4°C (19, 30). Therefore, the downregulation
of phage genes may partly contribute to the better growth ability of OE100. As the
synthesis of both flagella and phage require plenty of energy, the repression of these
systems showed that OE100 had more energy available to better adapt to HHP and LT.

Furthermore, a previous study showed that the overexpression of a single antioxi-
dant enzyme of Kat, Ahp, or Dps could help bacteria to cope with many environmental
stresses (e.g., cold, acid, heat, heavy metal, high salt concentrations, and UV) which can
lead to oxidative stress (31–38), suggesting that antioxidant defense is a common
adaptation strategy used by bacteria in response to environmental stressors other than
HHP and LT.

In summary, this study confirmed the inherent relationship between antioxidant
defense mechanisms and adaptation to HHP and LT, provides new scientific guidance
for adaptation mechanisms of deep-sea bacteria, and provides an alternative method
to obtain a bacterium with enhanced tolerance to HHP and LT by increasing its
antioxidation capacity through experimental evolution. In the future, the protection of
cells from oxidative stress damage should be taken into account when mimicking the
cultivation of deep-sea bacteria or studying the diversity or characteristics of uncultur-
able deep-sea microorganisms. Furthermore, this study provides insight into the pres-
sure adaptation mechanism of Shewanella, and the transcriptomic data obtained from
this study provide a valuable resource for further functional studies of the underlying
molecular mechanisms in deep-sea bacteria.

MATERIALS AND METHODS
Experimental evolution. All bacterial strains and plasmids used in this study are listed in Table

4. The experimental evolution of WP3 under external H2O2 stress was performed as previously
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described, with some modifications (39–41). Briefly, a single clonal isolate of Shewanella piezotoler-
ans WP3 was used as the ancestor (WT) to 6 populations for experimental evolution. Six populations
were propagated in 50 ml 2216E medium (5 g/liter tryptone, 1 g/liter yeast extract, and 34 g/liter
NaCl). The cell cultures were aerobically grown at 20°C and at 200 rpm and were serially transferred
to 50 ml 2216E medium with 0.4 mM H2O2 every 12 h with 1:100 dilutions. After 250 generations,
the concentration of H2O2 added to the dilution medium was adjusted to 0.6 mM, and the
populations evolved for 250 more generations. After a cumulative 500 generations of evolution, 6
single-colony isolates from each evolved population were randomly picked by plating and single-
colony isolation. As one measure of evolving fitness, the endpoint growth level (culture density at
the stationary phase) was measured in the cultures derived from each isolate. The strain with the
highest endpoint culture density was selected and designated OE100.

Growth assay. The growth of the ancestral strain (WT) and the evolved strain (OE100) was
examined with three replicates for each strain. For aerobic growth, the strains were cultured in
2216E broth in a rotary shaker (200 rpm) at 20°C or 4°C. For the anaerobic growth assay, serum
bottles, each containing 100 ml of fresh medium, were anaerobically prepared by flushing with
nitrogen gas through a butyl rubber stopper fixed with a metal seal to strip the dissolved oxygen
prior to autoclave sterilization. To examine the growth of the strains at HHP, each culture was grown
to log phase in 2216E medium at 1 atm and 20°C or 4°C in a rotary shaker. The log-phase cultures
were diluted into the same medium to an optical density at 600 nm of 0.01. Aliquots of the diluted
culture were injected into serum bottles containing 100 ml of anaerobic medium through the butyl
rubber stopper. After brief shaking, 2.5-ml disposable plastic syringes were used to distribute the
culture in 2-ml aliquots. The syringes with needles were stuck into rubber stoppers in a vinyl
anaerobic airlock chamber (Coy Laboratory Products Inc., Grass Lake, MI, USA). The syringes were
then incubated at a hydrostatic pressure of 20 MPa at 4°C or 20°C in stainless steel vessels (Feiyu
Science and Technology Exploitation Co. Ltd., Nantong, China) that could be pressurized by using
water and a hydraulic pump (5, 18, 26). These systems were equipped with quick-connect fittings for
rapid decompression and recompression (achieving 20 MPa within 30 s). The cultures were held at
20 MPa and 20°C and at 20 MPa and 4°C for 24 h and 84 h, respectively.

H2O2 challenge assay. The response of the bacterial strains to H2O2 challenge was assessed by
multiple approaches. A disc diffusion assay was employed to determine the impacts of H2O2 on
bacterial lawns. Mid-log-phase cells were inoculated by 10-fold dilution into fresh broth and spread
onto fresh 2216E plates (200 �l of culture; approximately 4 � 106 CFU). After 8 h, 6-mm-diameter
paper discs loaded with 10 �l H2O2 (Sangon Biotech Co. Ltd., China) at concentrations of 1, 2, 4, and
8 M were placed onto the bacterial lawn. Plates were incubated at 20°C for 2 days. To determine the
effect of H2O2 on the survival of cells, H2O2 at concentrations of 1, 2, 4, and 6 mM was added to the
mid-log-phase cultures. After 20 min of incubation at 20°C, treatment was stopped by adding
catalase (Worthington Biochemical Corporation, USA) at a concentration of 400 U/ml. The samples
were diluted in a 3.4% NaCl solution and plated onto 2216E plates for counting viable colonies.

TABLE 4 Bacterial strains and plasmids used in this study

Strain or plasmid Description Reference or source

Strains
E. coli WM3064 Donor strain for conjugation; ΔdapA 46

S. piezotolerans WP3
WT Wild-type strain Laboratory stock
OE100 Evolved strain derived from WP3 This study
WP3Δ4RE Wild-type WP3 strain with 4 restriction enzyme gene deletions 19
WT/pSW2 WT with pSW2 This study
WP3Δ4RE/pSW2 WP3Δ4RE with pSW2 This study
ΔoxyRc oxyR mutant derived from WP3Δ4RE This study
ΔoxyRc/pSW2 ΔoxyRc strain with pSW2 This study
ΔoxyRc/oxyR ΔoxyRc strain with pSW2-oxyR This study
ΔccpA2 ccpA2 deletion mutant derived from WT This study
ΔccpA2/pSW2 ΔccpA2 with pSW2 This study
ΔccpA2/ccpA2 ΔccpA2 with pSW2-ccpA2 This study
WT carrying

ccpA2
WT with pSW2-ccpA2 This study

Plasmids
pRE112 Chloramphenicol resistance; suicide plasmid with sacB1 gene as a negative selection

marker; used for gene deletion
47

pRE112-ΔoxyRc pRE112 containing the PCR fragment for deleting oxyR This study
pRE112-ΔccpA2 pRE112 containing the PCR fragment for deleting ccpA2 This study
pSW2 Chloramphenicol resistance; generated from filamentous bacteriophage SW1; used for

complementation
20

pSW2-oxyR pSW2 containing oxyR for complementation This study
pSW2-ccpA2 pSW2 containing ccpA2 for complementation and overexpression This study
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Colonies were counted after 2 days of incubation at 20°C. The results were expressed as percent
survival, which is calculated by dividing the CFU per milliliter of surviving cells after 20 min by the
CFU per milliliter of cells after 0 min. To examine the plating defects, cells at mid-log phase were
adjusted to approximately 108 CFU/ml with fresh 2216E medium, followed by six 10-fold serial
dilutions. Five microliters of each sample was spotted onto 2216E plates, and H2O2 was added at
concentrations of 0.02, 0.04, and 0.08 mM. The plates were incubated for 2 days before being read.
All experiments were repeated at least three times.

Swimming motility assay. The swimming motility assays were performed as previously described
(42). Briefly, 1 �l of culture (mid-exponential phase) from each strain was placed onto swimming plates
(2216E medium with 0.3% [wt/vol] agar). The plates were incubated at 20°C for 3 days. Motility was
assessed by measuring the diameter of the colony. The assay was performed at least three independent
times and in triplicate.

Genome sequencing. Cells of OE100 and WT bacteria growing in the exponential phase were
harvested by centrifugation (12,000 � g for 3 min at 20°C), and the cell pellets were used for DNA
extraction. High-molecular-weight DNA was extracted by using the phenol-chloroform method and
sequenced by using the PacBio RS II sequencer with the P6-C4 sequencing reagent (Wuhan Institute of
Biotechnology, China). We used the sequenced and annotated GenBank file of the genome of S.
piezotolerans WP3 (GenBank accession no. NC_011566) as a reference and mapped the sequenced
genomes.

Mutations in the evolved strain versus the ancestor were confirmed by the identification of SNPs and
deletion-insertion polymorphisms (DIPs) by using Mauve2.4.0 (Darling Laboratory, University of Tech-
nology—Sydney). The presence of DIPs and suspected SNP sites in OE100 was verified by Sanger
sequencing. The primers designed to amplify the PCR products for Sanger sequencing are listed in Table
S1 in the supplemental material. Differences found in our ancestral strain from the reference WP3
genome were considered the “genetic property” of the ancestor.

Deletion mutagenesis and complementation. In-frame deletion mutagenesis of oxyR was per-
formed as previously reported (26). The primers designed to amplify the PCR products for mutagenesis
are summarized in Table 5. The PCR products were generated by using the DNA of OE100 as the
templates with primers oxyRc-UF and oxyRc-UR. After digestion with the restriction enzymes SacI and
KpnI, the treated fusion PCR products were ligated into the SacI and KpnI sites of suicide plasmid pRE112,
resulting in mutagenesis vector pRE112-oxyRc. This vector was first introduced into E. coli WM3064 and
then conjugated into WP3Δ4RE. Positive exconjugants were spread onto marine agar 2216E plates
supplemented with 10% (wt/vol) sucrose. The chloramphenicol-sensitive and sucrose-resistant colonies
were screened for the oxyRc deletion by PCR. The ΔoxyRc mutant was verified by sequencing of the
mutated region. The same strategy was used to construct the ΔccpA2 strain.

Plasmid pSW2 was used for the genetic complementation of the mutant. The intact oxyR gene
fragment was amplified from WT genomic DNA. The resulting PCR products were inserted into the
shuttle vector pSW2. The ΔoxyRc/oxyR transformant was obtained by introducing recombinant plasmid
pSW2-oxyR into the ΔoxyRc strain via conjugation. The same strategy was used to construct the
complementing ΔccpA2/ccpA2 strain.

RNA sequencing and RNA-Seq data analysis. Total RNA from the WT and OE100 mutant strains
at maximum growth yield under 20 MPa and 4°C was extracted by using TRIzol reagent according
to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). rRNA was removed by using a
RiboMinus transcriptome isolation kit (Invitrogen, Carlsbad, CA, USA). Fragmentation buffer was
added for interrupting mRNA into short fragments. Taking these short fragments as the templates,
a random hexamer primer was used to synthesize the first-strand cDNA. The second-strand cDNA
was synthesized by using buffer, dATPs, dGTPs, dCTPs, dUTPs, RNase H, and DNA polymerase I after
the removal of deoxynucleoside triphosphates (dNTPs). Short fragments were purified with the
QIAquick PCR purification kit (Qiagen, Hilden, Germany) and resolved with elution buffer (EB; 10 mM
Tris-Cl, pH 8.5) for end repair and adding poly(A). After that, the short fragments were connected
with sequencing adapters. The uracil-N-glycosylase (UNG) enzyme was then used to degrade the
second-strand cDNA, and the product was purified by using a Mini Elute PCR purification kit (Qiagen,
Hilden, Germany) before PCR amplification. RNA sequencing was performed on an Illumina HiSeq
2000 instrument (Illumina, San Diego, CA, USA) at the Beijing Genomics Institute (BGI) (China). A total
of three independent biological replicates were prepared under each condition.

The clean data were trimmed from raw reads for further analysis by removing adapter sequences,
low-quality reads (Q value of �20), ambiguous “N” nucleotides, and fragments of �20 bp. Unique
sequences were mapped to the WP3 genome with SOAPaligner (soap2) (43). The uniquely mapped
reads were collected and analyzed with the DEG-Seq package to identify the differentially expressed
genes (estimation of gene expression levels based on the reads per kilobase per million [RPKM]
values). Criteria of an FDR of �0.001 and the absolute value of a log2 fold change of �1 were used
as the thresholds to judge the significance of the gene expression differences. The NOISeqBIO
method was used to handle the biological replicates, and a probability of �0.8 and a log2 fold
change of �1 were used as the thresholds to judge if the gene was differentially expressed under
the two experimental conditions (44).

RT-qPCR. To validate the data generated by RNA-Seq, the expression levels of 10 randomly selected
genes were quantified by using RT-qPCR. The primers were designed by using Primer Express software
(Applied Biosystems, CA, USA) and are listed in Table 5. The amount of target was normalized to the
reference gene swp2079 (45). A RT-qPCR assay of each biological replicate was carried out for three
replicates, and the mean values and standard deviations were calculated for the relative RNA expression
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levels. The RT-qPCR log2 ratio values were plotted against the RNA-Seq data log2 values, and the
correlation coefficients (R2) between these two data sets were calculated.

In the assessment of the effect of reduced levels of OxyR on the expression levels of various
H2O2-scavenging genes, the expression levels of target genes in the ΔoxyRc strain carrying pSW2 and the
ΔoxyRc/oxyR strain were normalized relative to those in WP3Δ4RE/pSW2.

Accession number(s). The RNA-Seq raw reads were deposited in the Gene Expression Omnibus
(GEO) database of the NCBI with accession no. GSE99297.

TABLE 5 Primers used in this study

Oligonucleotide Sequence (5=¡3=) Description

oxyRc-UF GGCCGGTACCTTATTTTGTATGGAACAAAATAGACCATTTAGTCG Gene deletion
oxyRc-UR CTGTGAGCTCTGGTTAATTTACATCAAGAACAAAATTTTAATCGC Gene deletion
oxyRF-C TCGACTCGAGATGTCATTGGTAATCTGCTTTATGAAAC Complementation
oxyRR-C CGCGGATCCTTAATTATGTTGTTCAAGCAGCTTTTG Complementation
ccpA2UF TGCCGGTACCCGCTTGGTTGCTACTCCC Gene deletion
ccpA2UR ATAGTAAGGTTTGTCAATGTGCTC Gene deletion
ccpA2DF GACAAACCTTACTATGCCACGTCCTGTGCCTT Gene deletion
ccpA2DR GAACGAGCTCACAATACAGAGCCACACAACTGGTC Gene deletion
ccpA2F-C CCGCTCGAGATGAGCACATTGACAAACCTC Complementation
ccpA2R-C CGCGGATCCCTAGTTAGCAAAAGGCACAG Complementation
oxyR-F GCAATTGGTATTAAAAACCCTAAATAC oxyR sequencing
oxyR-R AAGGATGCCTTGAGAAATCTATG oxyR sequencing
katF CCTGCGTGACGGGATTAAGT RT-qPCR
katR CGGGTTGCGCTTTTGG RT-qPCR
ahpC1F CGCATGATCGACGCACTTC RT-qPCR
ahpC1R CCAACCAGCAGGACAAACATC RT-qPCR
ahpC2F CACTTCTAAGCGACGAAGACCAT RT-qPCR
ahpC2R AATTTCTTCTCCCCCCAAACA RT-qPCR
ahpC3F CCAAACTCACTGCCGGAAA RT-qPCR
ahpC3R GCACCAGCCACCACGATAG RT-qPCR
ahpC4F CCCAACTGGCGCAATCAC RT-qPCR
ahpC4R GCGCTAAGCCATCTTCTTCAA RT-qPCR
ahpFF AACGTACCGGGTGAGCAAGA RT-qPCR
ahpFR TCACAATGTGGGCAATAAGCA RT-qPCR
ccpA1F ACTCGAGAACGAATTGCACAAG RT-qPCR
ccpA1R CGGCGCGATAGGATGGT RT-qPCR
ccpA2F GGGTTGGCCCAGTTTTGG RT-qPCR
ccpA2R GACCGCCTGCTTGCTCTTTA RT-qPCR
ccpA3F GCCTCATGCCATGTGCAA RT-qPCR
ccpA3R ACCAATACTCAAGCGACGAGAGT RT-qPCR
ccpA4F TGCCCCAAGCCGCTATC RT-qPCR
ccpA4R CAATAAATGCAGCCCAAATCC RT-qPCR
gpxF GGTGCTCAAGAAAAAGGCGATA RT-qPCR
gpxR CCCAAAGTTGAGTTCGCAAAA RT-qPCR
dpsF CCGCTGCTTGGTACCATTG RT-qPCR
dpsR CGCTAACAGCGATGGGAAGT RT-qPCR
oxyF GGCGAAGAGGTGGTGTTACG RT-qPCR
oxyR GCTCGACCAAATCATCCACATC RT-qPCR
swp2079F TTAAGGCAATGGAAGCTGCAT RT-qPCR
swp2079R CGTCTTTACCCGTTAATGATACGA RT-qPCR
SWP_03625F GCGGAAGAAAACAGCGATAAA RNA-Seq validation
SWP_03625R TGCTCACCAATACCAGCTTCTG RNA-Seq validation
SWP_06535F CGAGGGCTATGCTCGTCTCTT RNA-Seq validation
SWP_06535R TTGCCAGAGGCGCTTTTT RNA-Seq validation
SWP_11550F TTTCACCGACTGAATACAATTTAGCT RNA-Seq validation
SWP_11550R CAAGCCCAAAGACCTGCAAA RNA-Seq validation
SWP_11565F ACAAGTGCTGTTGAGTTTCTAAAGGA RNA-Seq validation
SWP_11565R CCACCGCACCAAATAGCATA RNA-Seq validation
SWP_11570F TCAGAAACAGGGTCTACTGCAGTT RNA-Seq validation
SWP_11570R ATCGACTGATTTTTGAGGCTTTAAG RNA-Seq validation
SWP_18205F TGCCGAGCAAGCTTTTGC RNA-Seq validation
SWP_18205R TGCTCTGCTGAAACCTTACCATT RNA-Seq validation
SWP_20695F TGAGCATGCCACTGAGTATGG RNA-Seq validation
SWP_20695R TTGCGCAGTACATTGAACTCAA RNA-Seq validation
SWP_20720F AAACATGACCGCAGGCAGTAG RNA-Seq validation
SWP_20720R GCAAGCCAGAATCGGTAACG RNA-Seq validation
SWP_21995F GGCAGAGACATTCCAAACTCTAGAA RNA-Seq validation
SWP_21995R GGCAGTTGATATTGCGCTTGA RNA-Seq validation
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