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ABSTRACT

Lateral gene transfer (LGT) plays a key role in shap-
ing the genome evolution and environmental adapta-
tion of bacteria. Xenogeneic silencing is crucial to en-
sure the safe acquisition of LGT genes into host pre-
existing regulatory networks. We previously found
that the host nucleoid structuring protein (H-NS) si-
lences prophage CP4So at warm temperatures yet
enables this prophage to excise at cold temperatures
in Shewanella oneidensis. However, whether H-NS si-
lences other genes and how bacteria modulate H-NS
to regulate the expression of genes have not been
fully elucidated. In this study, we discovered that the
H-NS silences many LGT genes and the xenogeneic
silencing of H-NS relies on a temperature-dependent
phosphorylation at warm temperatures in S. oneiden-
sis. Specifically, phosphorylation of H-NS at Ser42 is
critical for silencing the cold-inducible genes includ-
ing the excisionase of CP4So prophage, a cold shock
protein, and a stress-related chemosensory system.
By contrast, nonphosphorylated H-NS derepresses
the promoter activity of these genes/operons to en-
able their expression at cold temperatures. Taken
together, our results reveal that the posttransla-
tional modification of H-NS can function as a reg-
ulatory switch to control LGT gene expression in
host genomes to enable the host bacterium to
react and thrive when environmental temperature
changes.

INTRODUCTION

Lateral gene transfer (LGT) plays a prominent role in bac-
terial genome evolution and environmental adaptation. The
acquisition of foreign genes, including phages and plasmids,
is highly likely to decrease the fitness of the recipient bac-
terial host under normal growing conditions. It is crucial
for a bacterial host to coordinate the expansion of their
functional repertoire through LGT while maintaining their
physiological and regulatory integrity. Xenogeneic silenc-
ing proteins in bacteria are mostly responsible for protect-
ing cells from the detrimental effects of LGT by selectively
silencing newly acquired DNA molecules (1,2). H-NS, a
nucleoid-associated DNA-binding protein, is an important
xenogeneic silencing factor and serves as the ‘genome sen-
tinel’ in Gram-negative bacteria (3). H-NS selectively si-
lences LGT genes, such as virulence genes or pathogenic-
ity islands, in Salmonella, thereby preventing foreign genes
from having deleterious effects on their host by keeping
them silent until conditions permit their expression (4–6).
H-NS family proteins selectively silence the prophage rac in
Escherichia coli, Pf4 in Pseudomonas aeruginosa (7–10) and
CP4So prophage in Shewanella oneidensis MR-1 (11). How-
ever, the mechanism by which bacteria modulate H-NS to
control the expression of laterally transferred genes has not
been fully elucidated.

Temperature fluctuation is a primary environmental
stress affecting bacteria (12–15). The H-NS protein is one of
the best-studied thermoregulators and is known to regulate
a serial of genes at different temperatures (16–20). It was
reported that >200 thermoregulated genes in Salmonella
exhibited H-NS-dependent upregulation as the tempera-
ture increased from 25 to 37◦C (21). In E. coli, 69% of the
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thermoregulated genes were determined to be controlled
by H-NS (22). Bacteria living in fluctuating environments
must have the capacity to sense changes in temperature and
to modulate the expression of specific genes to cope with
these changes (13,23,24). The current consensus among re-
searchers is that changes in temperature affect the capacity
of H-NS to form multimers that condense DNA and repress
gene expression (25–28). However, little is known regarding
the relationship between H-NS xenogeneic silencing and the
thermoregulatory role of H-NS.

Shewanella is an important dissimilatory metal-reducing
bacterial taxon that contributes to biogeochemical metal
cycling and subsurface bioremediation (29). Many She-
wanella strains are capable of extracellular electron trans-
fer to insoluble metal oxides, which are utilized as exter-
nal electron acceptors for anaerobic respiration (30). The
Shewanella genus has been isolated from permanently near-
freezing areas, such as the Arctic and the deep sea, per-
manently hot areas, such as hot-spring and deep-sea hy-
drothermal vents, and seasonally fluctuating regions, such
as surface water and sediments (31). Pangenome analyses
demonstrated that LGT plays a key role in shaping the
genome of Shewanella strains and accelerating the evolution
of strains. Genes of the electron transport system were dis-
tributed across a variety of Shewanella strains isolated from
various environments (11,32–36).

Shewanella oneidensis MR-1 is a psychrotrophic model
strain that was isolated from the sediment of a surface lake,
Oneida Lake. In a previous study, we demonstrated that
prophage CP4So excision functions as a regulatory switch
to enable the survival of S. oneidensis at cold temperatures
by controlling the activity of SsrA (small stable RNA A)
and biofilm formation (11). Genome excision of CP4So
in S. oneidensis does not lead to host lysis due to the ab-
sence of its helper P2 prophages (34,37). The genome ex-
cision of CP4So prophage directly results in a functional
loss of SsrA, and the inactivation of SsrA decreases the re-
sistance of bacterial host to various stressors (34). As we
showed earlier, the CP4So-encoded toxin/antitoxin system
ParE/CopA stabilizes the phage circle after excision at cold
temperatures, which enables it to reintegrate at warm tem-
peratures (38). It is critical to note the CP4So phage genome
is not lost upon excision but remains as a non-integrated
episome in those cells. Importantly, we also observed that
H-NS silences prophage CP4So excision at warm tempera-
tures, but this repression is alleviated at cold temperatures
(11). Similarly, in the deep-sea bacterium S. piezotolerans
WP3, H-NS silences the cold-inducible lateral flagellar sys-
tem (39). These studies further demonstrate the importance
of H-NS in controlling LGT in bacterial adaptation, but
the environmental cues and signaling cascades that lead to
prophage excision at cold temperatures have not been fully
elucidated.

In this study, we describe a key process of xenogeneic
silencing via a temperature-dependent posttranslational
modification of the host H-NS in S. oneidensis. Specifi-
cally, the control of H-NS on prophage excision and other
LGT-related genes/operons is modulated via H-NS phos-
phorylation during temperature shifts. H-NS is phosphory-
lated, and phosphorylated H-NS silences foreign genes at
warm temperatures, while at cold temperature, H-NS re-

mains nonphosphorylated, and nonphosphorylated H-NS
derepresses foreign genes. This study illustrates a new way
of decision-making for xenogeneic silencing in response to
temperature shifts in bacteria.

MATERIALS AND METHODS

Bacterial strains and growth conditions

The bacterial strains and the plasmids used in this study
are listed in Supplementary Table S1. Luria-Bertani (LB)
was used for growing Shewanella and E. coli strains. DAP
(2,6-diamino-pimelic acid) was added at a final concen-
tration of 0.3 mM to cultivate the auxotrophic E. coli
WM3064. Kanamycin (50 �g ml–1) was used to maintain
the pHGE, pBBR1MCS-2, pHGEI01 or pET28b-based
plasmids. Ampicillin (50 �g ml–1) and gentamycin (15 �g
ml–1) were used to maintain the pHGM01-based plas-
mids. Spectinomycin (100 �g ml–1) was used to maintain
the pBBR-Cre plasmid. When necessary, isopropyl-�-D-
thiogalactopyranoside (IPTG) was added as an inducer.

Construction of FLAG-tagged H-NS strain

Primers used for strain construction are listed in Sup-
plementary Table S2. Strain MR-1 H-NSFLAG with the
chromosomal-encoded H-NS fused with 2× Flag-tag se-
quence at its C-terminus was constructed using the method
as previously described (34). The fused fragment was cloned
into the pHGM01 to create pHGM01-H-NS::FLAG,
and a chloramphenicol resistance cassette was inserted
downstream of the Flag-tag to generate pHGM01-H-
NS::FLAG-Cm. The construct was then introduced onto
the chromosome of S. oneidensis by conjugation using E.
coli WM3064/pHGM01-H-NS::FLAG-Cm as the donor
strain. The chloramphenicol resistance cassette was re-
moved by FLP-mediated recombination (40). The correct
construct was confirmed by DNA sequencing of the target
region.

Quantification of prophage excision

The frequency of prophage excision in the bacterial pop-
ulation was determined by quantitative PCR (qPCR) as
previously described (11,41). The number of chromosomes
that are devoid of prophage CP4So was quantified using
primers (CP4So-attB-F/R) that specifically amplify the re-
constituted bacterial attachment site. The number of total
cells was quantified using primers (GyrB-qPCR-F/R) that
specifically amplify a single-copy chromosome gene gyrB.
Finally, frequency of prophage excision was obtained as ra-
tio of attB/gyrB using the calculation method that was de-
scribed previously (7,42).

Mutagenesis and complementation

Site-directed mutagenesis of hns was performed by a two-
step overlap PCR method using primers listed in Supple-
mentary Table S2. Primers used were designed with the
relevant mutation site. First, the wild-type hns expression
plasmid, pBBR1MCS-2-hns, containing the open reading
frame region of hns as well as its native promoter region.
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A second round of PCR was performed with primer pairs
pBBR1-H-NS-FT/RT using primary PCR products as a
template, and the products were ligated into pBBR1MCS-2
using the ClonExpress II One Step Cloning Kit (Vazyme,
Nanjing, China). All mutants were verified by sequencing
of the mutated regions. Plasmid pBBR1MCS-2-based hns
wild-type and its mutants were introduced into S. oneiden-
sis via conjugation with E. coli WM3064 serving as the
donor strain. In-frame deletion of genes in MR-1 was con-
structed by homologous recombination as previously de-
scribed (43). Briefly, the DNA regions flanking the up-
stream and downstream regions of the target gene were am-
plified and joined by fusion PCR. The fused fragments were
cloned into the suicide plasmid pHGM01 using BP Clonase
(Thermo Fisher Scientific, MA, USA). The generated sui-
cide plasmids were introduced into S. oneidensis via conju-
gation. The correct integration of the PCR fragment into
the chromosome of S. oneidensis was verified by PCR and
DNA sequencing.

Protein purification

H-NS wild type and variants with a 6× His tag at their C-
terminus were expressed and purified using pHGE-based
plasmids in S. oneidensis �hns strain. Cells were induced
for 6 h (at A600 ∼ 0.6) with 0.5 mM IPTG and were then
harvested and lysed at 30 kpsi by a cell disruptor (Con-
stant Systems Ltd., Northants, UK) in lysis buffer (50 mM
NaH2PO4, 300 mM NaCl, pH 8.0) with the addition of
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO,
USA). Nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qia-
gen, Valencia, CA, USA) was used to purify the His-tagged
proteins following the manufacturer’s instructions. The pu-
rified proteins were dialyzed into a buffer (20 mM Tris–HCl,
300 mM NaCl, pH 8.0) for further analysis and were quan-
tified with a bicinchoninic acid (BCA) assay kit (Bio Teke,
Beijing, China).

LC–MS/MS Analysis

The purified H-NS proteins (20 �g) was separated by 12%
SDS-PAGE and visualized by Coomassie brilliant blue
staining. LC–MS/MS analysis was carried out by Jingjie
PTM BioLab (Hangzhou, China) Co. Ltd. Briefly, the di-
gested peptides were extracted, dried, and subjected to
Nano electrospray ionization source followed by tandem
mass spectrometry (MS/MS) in Q Exactive Plus (Thermo
Fisher Scientific, MA, USA) coupled online to the UPLC.
The electrospray voltage applied was 2.0 kV. The m/z scan
range was 350–1800 for full scan, and intact peptides were
detected in the Orbitrap at a resolution of 70 000 as previ-
ously described (44). The resulting MS/MS data were pro-
cessed using Proteome Discoverer 1.3 Tandem and searched
against the reference proteome of MR-1. Trypsin/P was
specified as cleavage enzyme allowing up to four missing
cleavages. Mass error was set to 10 ppm for precursor ions
and 0.02 Da for-fragment ions. Carbamidomethyl on Cys
was specified as the fixed modification and oxidation on
Met, phosphorylation on Ser, Thr, Tyr and acetylation on
Lys were specified as variable modifications. Peptide confi-
dence was set at high, and peptide ion score was set >20.

Western blot analysis using Phos-tag

The Phos-tag reagent can associate with the divalent cation
of Mn2+ and form a complex with the phosphorylated
proteins, thus retarding the phosphorylated protein mi-
gration (45). Hence, Phos-tag-based western blot can be
used to quantify the ratio of phosphorylated versus non-
phosphorylated protein in the sample. Cells were disrupted
by Fast-Prep 24 instrument in lysis buffer (20 mM Tris–
HCl, 300 mM NaCl, pH 8.0). The protein concentration of
the cell lysates was measured using a Bradford assay with
BSA as a standard (Bio Teke, Beijing, China). A total of
20 �g protein per lane was run on 12% SDS-PAGE sup-
plemented with 50 �M phosphate-binding tag (Phos-tag)
and 50 �M MnCl2. After electrophoresis, the gel was trans-
ferred to a 0.2-�m PVDF membrane. The membranes were
immunoblotted with anti-Flag antibody (Abmart, Shang-
hai, China). A horseradish peroxidase-conjugated antibody
against rabbit was used as secondary antibody. Immunore-
active bands were revealed with enhanced chemilumines-
cence (ECL) system (Thermo Fisher Scientific, MA, USA).

Electrophoretic mobility shift assay (EMSA)

The DNA region covering the promoter region of alpA (237
bp), SO 1648 (229 bp) or SO 2119 (324 bp) were PCR am-
plified as previously described (11). After purification, the
promoter DNA fragment was labeled using the Biotin 3′
End DNA Labeling Kit (Thermo Fisher Scientific, Rock-
ford, USA) as previously described (7). A total of 0.5 pmol
probe per lane were incubated with different concentrations
of purified protein for 30 min at 25◦C either with or with-
out the unlabeled probe. DNA-protein complexes were elec-
trophoresed on 6% (w/v) polyacrylamide gels in 0.5× Tris–
borate–EDTA buffer. The biotin-labeled DNA probe was
visualized using the Chemiluminescence Nucleic Acid De-
tection Module Kit (Thermo Fisher Scientific, Rockford,
USA).

Analytical ultracentrifugation

Sedimentation velocity experiments were performed at
20◦C in a Beckman Optima XLA ultracentrifuge equipped
with absorbance optics and an An60 Ti rotor (Beckman
Coulter, Fullerton, CA, USA). Radial scans of absorbance
were taken at 280 nm for H-NS proteins (WT and variants),
and sedimentation velocity experiments were performed at
30 000 rpm. The sedimentation coefficient was obtained us-
ing the c(s) method with the Sedfit program (46).

Transcriptome sequencing and quantitative reverse transcrip-
tase PCR (qRT-PCR)

Overnight cultures of S. oneidensis were diluted (A600
of 0.05) and then incubated at 30◦C with shaking un-
til A600 reached about 1.0. Subsequently, 1 ml aliquots
were removed as control and the remaining cultures were
shaken at 15◦C for 4 h before collecting for RNA extrac-
tion. Total RNA for transcriptome sequencing or qRT-
PCR was extracted using the RNAprep Pure Cell/Bacteria
Kit (Tiangen, Beijing, China). Transcriptome sequencing
was performed by Genedenovo Biotechnology Co., Ltd.
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(Guangzhou, China) using the Illumina Novaseq 6000 plat-
form. Raw data of two sets (Set1 and Set 2) were sub-
mitted to the NCBI SRA database under number of PR-
JNA599554 (Set 1) or PRJNA6695365 (Set 2). For qRT-
PCR validation, RNA was digested by gDNA wiper to
eliminate the DNA contamination and 50 ng RNA was used
to generate cDNA using the HiScript II QRT SuperMix
(Vazyme Biotech, Nanjing, China). The housekeeping gene
rrsE (16S rRNA gene) was used as an internal control to
normalize the gene expression data. Primers for qRT-PCR
are listed in Supplementary Table S2.

Reporter strain construction

The alpA promoter region was PCR amplified and inserted
in front of the full-length lacZ gene in plasmid pHGEI01
(40). The created plasmid pHGEI01-PalpA was verified by
PCR and transferred into �hns host via conjugation for in-
tegration into the host chromosome. Subsequently, the inte-
grated plasmid was eliminated by introducing a helper plas-
mid, pBBR-Cre. The removal of pBBR-Cre plasmid was
obtained by growing these cells without antibiotics for two
passages. The reporter strain �hns nrfD::PalpA-lacZ was
verified by PCR and sequencing the target region. H-NS
and its mutants were expressed using the pBBR1MCS-2
based plasmid in the reporter strain. Cells in the log phase
(A600 ∼ 1.0) were harvested by centrifugation and lysed by
Fast-Prep 24 instrument (MP Biomedicals, CA, USA) in
buffer (0.25M Tri–HCl, pH 7.5, 0.5% Triton X-100). The
resulting supernatant was collected after centrifugation and
used for enzyme activity assay by adding the substrate of o-
nitrophenyl-�-D-galactopyranoside (ONPG) (4 mg ml–1).
�-galactosidase activity was measured at A420 nm using a
Sunrise microplate reader (Tecan, Männedorf, Switzerland)
and presented as Miller units.

RESULTS

Phosphorylation of H-NS in S. oneidensis is temperature-
dependent

Previously, we observed that repression of H-NS on exci-
sion of prophage CP4So in S. oneidensis was relieved after
temperature downshift and was recovered after temperature
upshift (11). To further investigate the regulation of H-NS
during temperature shifts of S. oneidensis, the translation of
H-NS in vivo was probed at 30 and 15◦C. To assess endoge-
nous expression of H-NS, a FLAG tag was fused in frame at
the C-terminus of H-NS in the chromosome of S. oneiden-
sis to construct the MR-1 H-NSFLAG strain (Supplemen-
tary Table S1). Cells were cultured at 30◦C until reaching
exponential phase (A600 ∼ 0.8), split into two groups, and
further incubated at either 30 or 15◦C. Consistent with our
previous result, excision of CP4So in the MR-1 H-NSFLAG

strain increased ∼1200-fold at 24 h at the lower temperature.
In contrast, CP4So stably resided in the host chromosome
at 30◦C (Figure 1A). This result also suggested that FLAG
tagging did not affect the action of H-NS upon CP4So ex-
cision. Next, an anti-FLAG antibody was utilized to deter-
mine the endogenous expression of H-NS, and the results
showed that the amounts of H-NS protein were compara-
ble at 30 and 15◦C (Supplementary Figure S1A). After that

step, we investigated whether H-NS is posttranslationally
modified. His-tagged H-NS was successfully purified from
the �hns strain and immunoblotted with an anti-His anti-
body and an anti-phospho-(Ser/Thr) antibody at both tem-
peratures. These results demonstrate that a Ser/Thr residue
of H-NS was phosphorylated in S. oneidensis (Supplemen-
tary Figure S1B, C).

To determine the phosphorylation state of H-NS at dif-
ferent temperatures, Phos-tag was used, which can specif-
ically trap the phosphorylated protein as a lower-mobility
band running above the same nonphosphorylated protein
band when visualized through western blot. Single colonies
of MR-1 H-NSFLAG cells grown overnight on fresh LB
plates were inoculated into 25 ml liquid LB and further
incubated with shaking at 30 or 15◦C (Figure 1B). After
overnight incubation (A600 ∼ 4.0), a culture sample (sam-
ple 1 or sample 2, respectively) was collected for western
blot analysis. To produce a temperature downshift mim-
icking seasonal changes, an aliquot of cells grown at 30◦C
was transferred into fresh LB and grown for 24 h at 15◦C
(sample 3). Similarly, to mimic a temperature upshift, an
aliquot of cells grown at 15◦C were transferred into fresh LB
and grown for 24 h at 30◦C (sample 4). Western blot using
Phos-tag and anti-FLAG antibodies was performed, and
the ratio of phosphorylated versus total H-NS was quan-
tified by ImageJ software. There was a significant difference
in the degree of phosphorylation of H-NS between sample 1
and sample 2. H-NS was predominantly phosphorylated at
30◦C and predominantly nonphosphorylated at 15◦C (Fig-
ure 1B). When the temperature shifted from 15 to 30◦C,
most H-NS molecules were phosphorylated after 24 h (sam-
ple 3), whereas when the temperature shifted from 30 to
15◦C, only about half of the H-NS molecules were in the
phosphorylated state after 24 h (sample 4). The total H-NS
protein levels detected by western blot using anti-FLAG re-
mained constant during the temperature shifts (Figure 1B).
A time-course experiment is shown in Figure 1C. The de-
gree of phosphorylation of H-NS remained high between
8 and 24 h when cultured at 30◦C (samples 1–3). When
downshifted from 30 to 15◦C, the ratio of phosphorylated
H-NS decreased from 8 to 24 h (samples 5 and 6). Taken
together, these results demonstrated that H-NS was mostly
phosphorylated at warm temperatures, while a significant
fraction of the H-NS was nonphosphorylated at cold tem-
peratures.

Identification of phosphorylation sites of H-NS

To identify the phosphorylation sites, His-tagged H-NS
protein produced via pHGE-hns in S. oneidensis at 30◦C
was subjected to LC–MS/MS analysis after trypsin diges-
tion. A total of three phosphorylation sites were found:
Ser (S) residues S2, S42 and S71 (Figure 2; Supplementary
Figure S2A). Specifically, fragmentation of charged ions
with mass-to-charge (m/z) of 691.32898 (z = 2+), 548.56873
(z = 3+) and 1005.48529 (z = 2+) yielded sequential b and y
ion sequences that matched the sequences of three peptides,
2S(p)EFLEILTHGR12, 41ES(p)MEAEELQAIAAR54 and
63QQMEAVGLS(p)IDDLGGVAVK81, of H-NS with
phosphate modification (representing an addition of 80 Da)
(Supplementary Figure S2A). The secondary structure of
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Figure 1. H-NS is phosphorylated in a temperature-dependent manner. (A) Excision frequency of CP4So in strain MR-1 H-NSFLAG cultured at 30 or
15◦C at different time points was quantified by qPCR. Experiments were performed with three independent cultures and error bars indicate standard error
of mean. western blot analysis using anti-FLAG antibody was conducted to check the level of H-NS production under these conditions (Supplementary
Figure S1A). (B) Phos-tag based western blot analysis showing the level of phosphorylated H-NS in the MR-1 H-NSFLAG strain growing at two different
temperate and during temperature shifts. The anti-FLAG was used as primary antibody to identify phosphorylated and nonphosphorylated H-NS protein.
The phosphorylated H-NS is marked as H-NS-P and the nonphosphorylated is marked as H-NS. Regular western blot analysis without Phos-tag serves as
control to show the total level of H-NS protein in each lane (∼20 �g). The relative intensity of H-NS-P vs total H-NS (phosphorylated and nonphospho-
rylated) was quantified by ImageJ software. (C) Time course analysis of phosphorylated H-NS by Phos-tag based western blot analysis after temperature
shift. Regular western blot analysis without Phos-tag serves as control to show the total level of H-NS protein in each lane (∼20 �g). The relative intensity
of H-NS-P versus total H-NS was quantified by ImageJ software. Experiments were performed with three independent cultures, and only representative
images are presented here. Significant changes are marked with one asterisk for P < 0.05.

the H-NS protein consists of a C-terminal DNA-binding
domain and a coiled-coil N-terminal domain that mediates
oligomerization, similar to E. coli, Salmonella and Vibrio
(28,47,48) (Figure 2). Specifically, we observed that all three
phosphorylated residues are in the N-terminal oligomer-
ization domain. Among these three residues, residue 2 is a
highly conserved Ser, and residue 71 is either Ser or Asp
(D). Notably, residue 42 is a conserved Glu (E) in E. coli,
Salmonella and Vibrio but variable in Shewanella strains
isolated from habitats with diverse ranges of temperatures.
Most Shewanella strains have Ser at residue 42, but strains
NCIMB400 (isolated from the North Sea) and BA175
(isolated from the Baltic Sea at a depth of 120 m) have Glu
(E), and PV-4 (isolated from the deep sea in the Pacific
ocean at a depth of 1325 m) has Lys (K) at residue 42.
Since Glu (E) or Asp (D) is known to mimic a phospho-
rylated state of Ser, it appears that residue 42 of H-NS
may behave as phosphorylated in some Shewanella strains
(Figure 2).

Site-directed mutagenesis was employed to replace Ser
with alanine (Ala, A) of H-NS to test which serine is phos-
phorylated in S. oneidensis in vivo. Ser differs from Ala in
that one of the methylene hydrogen atoms is replaced by a
hydroxyl group; thus, substitution of Ser by Ala prevents
potential phosphorylation. H-NS with each of the three
Ser residues mutated to Ala (A2, A42 or A71), as well as
the WT (as control), was tagged in frame with FLAG us-
ing the pBBR1MCS-2 plasmid and expressed in the �hns
strain using the native promoter of hns (Supplementary Ta-
ble S1). Phos-tag was utilized to separate phosphorylated
H-NS and nonphosphorylated H-NS by western blot. No-
tably, a nonphosphorylated protein band could only be seen
when S42 was mutated to A42 at 30◦C. These results in-
dicate that phosphorylation of H-NS generally occurred at
multiple serine sites at 30◦C, but a fraction of H-NS pro-
teins was only phosphorylated at S42 (Supplementary Fig-
ure S2B). As expected, the amount of nonphosphorylated
H-NS protein of WT and the three variants were compara-
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Figure 2. Phosphorylation sites of H-NS in Shewanella. Alignment of H-NS proteins from Salmonella (S. enterica serovar Typhimurium LT2), E. coli
(E. coli K-12 MG1655), Vibrio (Vibrio cholerae O395) and nine Shewanella strains. The predicted secondary structure is shown on the top and the three
identified phosphorylated serine residues are marked on the bottom. The nine Shewanella strains include S. oneidensis MR-1, S. sp. MR-4, S. sp. MR-7,
S. sp. ANA-3, S. putrefaciens CN-32, S. putrefaciens W3–18-1, S. loihica PV-4, S. frigidimarina NCIMB 400 and S. baltica BA175.

ble when cells were cultured at 15◦C (Supplementary Figure
S2C).

Phosphorylation at S42 of H-NS is required for silencing
prophage CP4So

To explore whether the phosphorylation of H-NS partic-
ipates in prophage excision, two different types of site-
directed mutagenesis were performed on the three Ser
residues of H-NS (Figure 3A). As noted above, substitu-
tion of Ser by Ala mimics a nonphosphorylated state of
the Ser residue. Conversely, substitution of Ser by Asp (D)
mimics phosphorylation of the Ser residue. Next, we inves-
tigated whether these mutations affect the ability of H-NS
to control prophage excision. The wild-type H-NS and its
derived H-NS mutants were expressed via pBBR1MCS-2
under the hns promoter in the �hns strain to eliminate the
effect of the chromosomal encoded H-NS. Among the four
prophages in S. oneidensis, H-NS only regulates excision of
prophage CP4So (11). Consistent with our previous find-
ing, deletion of hns considerably increased CP4So prophage
excision (∼1000-fold), and complementation by WT H-NS
restored its original low level (∼1 out of 105 cells) at 30◦C
(Figure 3A). However, substitution of S42 by A42 com-
pletely abrogated the ability of H-NS to repress CP4So ex-
cision, while substitution of S42 by D42 did not affect the
ability of H-NS to repress CP4So excision. Substitutions
of S2 or S71 did not affect the ability of H-NS to control

prophage excision. These results suggest that the phospho-
rylation of S42 is critical for the silencing of CP4So by H-
NS.

We previously showed that H-NS silences CP4So exci-
sion by binding to the promoter of the prophage excision-
ase gene alpA (11). AlpA induces the genome excision of
CP4So, thereby leading to the disruption of SsrA (small
stable RNA A), and inactivation of ssrA decreases resis-
tance to various stressors (34,49). Additionally, cell viabil-
ity was greatly reduced when alpA was overexpressed in the
WT and �CP4So strains at 30◦C (Supplementary Figure
S3AB). The toxic effect of AlpA is consistent with our ear-
lier report on the prophage CP4–57 excisionase AlpA in E.
coli (50). Therefore, the expression of alpA should be si-
lenced or maintained at a low level at 30◦C. As shown in
Supplementary Figure S3C, two identical putative H-NS
binding sites (5′-GATAATG-3′) are found in the promoter
region of alpA (104 and 183 bp upstream of the start codon
of alpA). This binding motif is highly similar to the con-
sensus binding motif of H-NS in E. coli (51). The effect of
H-NS phosphorylation on alpA was first explored in vivo by
using a transcriptional lacZ fusion. In brief, the promoter-
less lacZ gene was fused with the promoter of alpA to make
a PalpA::lacZ fusion and cloned into plasmid pHGI01. The
constructed plasmid was site-specifically integrated into the
nrfD gene of the �hns strain, and alpA promoter activity
was subsequently determined by measuring �-galactosidase
activity. Consistent with the results of our previous study,
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Figure 3. Phosphorylation of S42 is critical for silencing prophage. (A) Schematic representation of the aa substitutions of H-NS protein. The Ser (S)
residue of H-NS was mutated to Ala (A) or Asp (D), respectively. Frequency of CP4So excision was quantified in �hns strain with H-NS variant produced
via the pBBR1MCS-2 based plasmids. (B) Impact of phosphorylation/dephosphorylation of H-NS at S42 on the activity of the alpA promoter. The lacZ
reporter system (PalpA::lacZ) was integrated into �hns strain. Cells grown to mid-log phase were harvested for the assays. (C) EMSA using purified WT
H-NS, H-NS variants (A2, A42, A71) or a mixture of H-NS variants (three variants were added at an equal amount) purified at 30◦C and the alpA promoter
(0.5 pmol). (D) Sedimentation coefficient profiles of WT H-NS and three H-NS variants in the presence or absence of PalpA. Three independent cultures
of each strain were tested and error bars indicate standard error of mean (n = 3) in (A) and (B). Significant changes are marked with one asterisk for P <

0.05 and three asterisks for P < 0.01.
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deletion of hns induced alpA expression, and complementa-
tion with WT H-NS in the �hns host considerably repressed
alpA expression at 30◦C (Figure 3B). Notably, among the
six H-NS substitutions, only the substitution of S42 by A42
abrogated the ability of H-NS to repress alpA expression,
suggesting that S42 is important for H-NS to silence alpA.

To further investigate how phosphorylation affects the
DNA binding ability of H-NS in vitro, three H-NS variants
(A2, A42 and A71) purified from the �hns strain carrying
pHGE-based plasmids at 30◦C (Supplementary Figure S4)
were utilized for EMSA. As shown in Figure 3C, a simi-
lar pattern was observed for WT, A2 and A71 with increas-
ingly reduced mobility of the DNA-protein complexes with
increasing protein concentrations from 0.4 to 1.4 �g/well
(lanes 2–7), suggesting a concentration dependence of H-
NS occupancy of multiple binding sites or H-NS oligomer-
ization on the DNA substrate. Mixed A2, A42 and A71
also shifted the alpA promoter in a similar pattern to that
of the WT H-NS with increasing protein concentrations. In
contrast, A42 showed a maximal gel shift band with some
protein-DNA complex stuck in the gel wells at concentra-
tions of ≥0.6 �g/well (lanes 3–7) compared to WT H-NS
or A2/A71 mutants. To further test whether the formation
of trapped protein-DNA complex is specific to A42, equal
amounts of H-NS protein (1.0 �g/well) were used for the
binding reaction and were loaded onto one gel to minimize
the possible effect of gel concentrations or running condi-
tions. Consistently, trapped product was only seen for A42
(last panel). These EMSA assays suggested that phosphory-
lation of Ser42 is critical for the DNA binding or oligomer-
ization of H-NS.

To further analyze the oligomerization of H-NS vari-
ants in the presence or absence of substrate DNA, the
protein–DNA complex species were determined by sedi-
mentation velocity experiment using analytical ultracen-
trifugation (Figure 3D). Results showed the WT-DNA
complex formed by WT H-NS and PalpA showed three
species at 0.9 S, 2.5 S and 4.3 S (Svedberg coefficient). A2–
DNA complex only show one species at 3.1 S. A42–DNA
complex showed a species at 5.1 S which was also observed
in A71–DNA complex. Moreover, a species at 15 S with a
massive molecular weight was only observed in A42–DNA
sample, which may explain the trapped A42–DNA complex
in the well in the EMSA experiments.

Phosphorylation affects the silencing of xenogeneic DNA by
H-NS

To determine the physiological relevance of phosphory-
lating H-NS, two sets of RNA-seq experiments were per-
formed. H-NS is known to be a global xenogeneic silencer;
however, only a small number of genes (including alpA)
are known to be regulated by H-NS in S. oneidensis. Thus,
the first set of experiments (Set 1) attempted to identify
genes/operons that are specifically silenced by H-NS at
30◦C using the �hns and WT strains. Set 2 was performed
to search for genes/operons that are affected by phospho-
rylating S42 of H-NS using the three strains in Figure 3A
(�hns/p, �hns/p-hns, �hns/p-hnsA42).

Using expression fold >2 as the cutoff, a total of 278
genes were found to be silenced by H-NS by comparing

Figure 4. Heat map showing a subset of the 32 most highly upregulated
genes by deleting hns gene (Set 1) and by mutating hns (from S42 to A42)
(Set 2). RNA-seq were performed using Set 1 that includes two strains A1
(WT) and A2 (�hns) and Set 2 that includes three strains B1 (�hns/p-hns),
B2 (�hns/p) and B3 (�hns/p-hnsA42). Gene expression data normalized
by z-score is shown on the left and the CP4So prophage and the six operons
are shown on the right. Genes in bold fonts are the representative genes in
each operon, which are further confirmed by qRT-PCR in Table 1.

the WT strain versus the �hns strain at 30◦C in Set 1
(Supplementary File S2; Supplementary Figure S5). Re-
pression of most of these genes (185 out of 278) by H-NS
was further confirmed by using the �hns/p strain versus
�hns/p-hns strain in Set 2 (Supplementary File S2; Sup-
plementary Figure S5). More importantly, among the genes
that were silenced by H-NS, we found that 179 genes were
affected by the mutation of S42 to A42 in Set 2 (Sup-
plementary File S2). Transcriptome profiles of the seven
most highly regulated operons (including 32 genes) in the
two sets of RNA-seq experiments are shown in Figure
4 and Supplementary Table S3, and comparative genome
analysis suggests that they are laterally acquired (35).
These genes/operons include those from prophage CP4So
(SO 1441–1443, including alpA), a stress-related chemosen-
sory system (SO 2119–2126) (52), the putrescine transport
operon (SO 0312–0314), a cold shock family protein (CSP)
SO 1648, and an operon that can synthesize unnatural nu-
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Table 1. The signal (FPKM) of the eight most highly expressed genes/operons identified by RNA-seq of Set 1 and Set 2. Confirmation of the fold-change
of RNA-seq was conducted by qRT-PCR for Set 2. FPKM, fragments per kilobase of transcript per million mapped reads.

Set Set 1 FPKM Set 2 FPKM Set 2 qRT-PCR (Fold-change)

Gene name A1 WT A2 �hns B1(�hns/p- hns) B2 (�hns/p) B3 (�hns/p-hnsA42) B2 vs B1 B3 vs B1

SO 4821 (alpA) 0.1 15.56 1.92 34.51 42.21 10.9 ± 1.0 9.5 ± 1.0
SO 2119 4.29 163.98 1.69 98.88 111.42 12.1 ± 0.7 11.5 ± 0.8
SO 0312 (porin) 25.77 175.33 2.83 171.84 215.74 11.5 ± 0.7 10.6 ± 0.6
SO 1648 (csp) 33.26 78.92 12.98 135.64 172.44 11.0 ± 0.9 19.8 ± 0.9
SO 4362 2.69 72.89 4.42 59.24 59.77 17.7 ± 0.1 18.9 ± 0.1
SO 3301 5.06 48.01 2.54 51.46 46.07 14.7 ± 0.6 15.7 ± 0.6
SO 0092 (deoD) 2.99 24.58 1.72 17.54 16.8 5.9 ± 0.8 7.2 ± 0.9
SO 1427 (dmsE) 4.13 26.77 4.13 24.55 25.74 4.2 ± 0.8 5.0 ± 0.6
SO 3146 (hns) 629.08 0.001 4255.18 4.01 3030.71 - -

cleosides (SO 0091–0092). Additionally, three operons re-
lated to the extracellular electron transfer (EET) pathways
include the periplasmic electron transfer via the periplas-
mic decaheme c-type cytochromes (SO 4355–4362), includ-
ing MtrA and MtrB, an outer membrane flavocytochrome
c flavin subunit (SO 3297–3301), and DmsE and DmsF
(SO 1427–1428). Similar patterns were found comparing
the �hns strain and WT strain in Set 1 and comparing WT
and alanine mutation at 42 position mutated H-NS (A42) in
the absence of a chromosomal copy of H-NS in Set 2, sug-
gesting that the silencing of these laterally acquired genes
requires phosphorylation of H-NS at Ser42.

To verify the RNA-seq results of Set 2, seven represen-
tative genes in seven operons and SO 1648 were selected
and tested by qRT-PCR analysis (Table 1). Notably, the
expression levels of these genes were very low in the WT
or �hns/pH-NS strains, indicating that these genes are si-
lenced at 30◦C by H-NS. Consistent with the RNA-seq re-
sults, both hns deletion and alanine mutation at 42 (A42)
activated the expression of these genes, suggesting that S42
needs to be phosphorylated for H-NS to serve as a xeno-
geneic silencer for these genes. Additionally, transcription
of 93 genes was increased in the �hns strain, but the ex-
pression of these genes was not affected by mutating S42
(Supplementary File S2), suggesting that another mecha-
nism may govern their selective silencing by H-NS under
different conditions.

Silencing of two cold inducible genes also requires phospho-
rylation of H-NS at S42

Since H-NS is nonphosphorylated at cold temperatures,
we investigated whether the genes repressed by phosphory-
lated H-NS are also induced at cold temperatures, similar
to alpA. To test this hypothesis, the change in the expression
level of these genes in Table 1 was quantified by qRT-PCR
in the WT cells 2 h after the temperature downshift from
30 to 15◦C. Among eight representative genes, SO 1648 was
the most highly induced (16.72-fold) by the temperature re-
duction Figure 5A. There are five CSPs (SO 0733, SO 1648,
SO 1732, SO 2628, SO 2787) in S. oneidensis; SO 1648 dis-
played some sequence identity to E. coli CspA (∼66%). No-
tably, previous whole-genome DNA microarrays used to in-
vestigate temporal gene expression profiles in S. oneiden-
sis in response to a temperature downshift demonstrated
that SO 1648 was highly upregulated and induced 14-fold

after a downshift from 30 to 8◦C (53). Additionally, phe-
notypic analyses demonstrated that SO 1648 was the only
functional CSP protein at cold temperatures upon delet-
ing each of the 5 CSP genes (53). Temperature downshift
also resulted in a 9.16-fold increase in alpA expression and
a 9.67-fold increase in SO 2119 expression (Figure 5A). Al-
though the exact function of SO 2119 is not known, overex-
pression of SO 2119 results in growth inhibition of S. onei-
densis at 30◦C (Supplementary Figure S6A). The expression
of SO 2119 was found to be silenced at 30◦C by H-NS (Ta-
ble 1). Putative A/T-rich H-NS binding sites were found in
the promoter regions of SO 1648 and SO 2119 (Supplemen-
tary Figure S6B). EMSA was performed using the promoter
region of SO 1648 or SO 2119 and showed that A42 still
appeared to aggregate more easily when it was binding to
these promoters compared to the WT H-NS and other H-
NS variants purified from 30◦C (Figure 5B). The mixed H-
NS variants showed a similar binding profile as the WT H-
NS. These results are consistent with the binding of H-NS
WT and variants to the alpA promoter (Figure 3C), suggest-
ing that S42 is important for H-NS to silence these genes at
30◦C.

Furthermore, we purified the H-NS protein at 15◦C, and
EMSA was conducted to compare the binding of H-NS
from two different temperatures to the same promoter re-
gion. Compared to the H-NS protein from 30◦C, the H-NS
protein purified from 15◦C exhibited reduced binding activ-
ity to the promoter region of alpA, SO 1648 or SO 2119 at
lower protein concentrations (<1.0 �g/well in Supplemen-
tary Figure S6C), while it formed a similar aggregated com-
plex with these promoters at a higher protein concentration
(>1.0 �g/well in Figure 5C). This result indicates that the
nonphosphorylated H-NS has a reduced ability to repress
the expression of these cold-inducible genes at 15◦C. More-
over, qRT-PCR was employed to quantify the expression
of the three cold-inducible genes at 30 and 15◦C. In keep-
ing with the previous results, mutating S42 to A42 greatly
reduced the ability of H-NS to repress the expression of
these genes at 30◦C (Figure 5D), but no effect was observed
at 15◦C (Supplementary Figure S7). Mutating S42 to D42
showed a reduced ability to repress alpA and SO 2119 than
the WT H-NS at 30◦C, indicating that H-NS with S42 ex-
erts stronger repression than H-NS with D42 in which H-
NS is in permanently phosphorylated state at this residue.
Mutating S71 to A71 slightly reduced the ability of H-NS to
repress the expression of SO 2119 at 30◦C, suggesting that
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Figure 5. Phosphorylation of S42 is critical for silencing cold inducible genes. (A) Fold-change of transcripts of three genes (15◦C versus 30◦C) quantified
by qRT-PCR. Data are from three independent cultures and one standard deviation is shown. (B) EMSA using H-NS variants (A2, A42, A71) and WT
H-NS purified from plasmid carrying �hns cultured at 30◦C. For the mixture, equal amount of three H-NS variants were used and the final total amounts
of protein were indicated. (C) EMSA using WT H-NS purified from �hns cultured at 15◦C. (D) Impact of phosphorylation/dephosphorylation of H-NS
at S2, S42 and S71 on the transcriptional change of alpA, SO 1648 or SO 2119. Expression of the 16S ribosomal RNA gene rrsE was used to normalize
the total RNA in different samples in (A) and (D). Three independent cultures of each strain were tested and error bars indicate standard error of mean (n
= 3). Significant changes are marked with one asterisk for P < 0.05 and three asterisks for P < 0.01.

phosphorylation of the A71 might also be involved in the
selective silencing of H-NS.

Putative Ser/Thr kinases and phosphatases in S. oneidensis

There are two possible explanations for the decreasing level
of phosphorylated H-NS after temperature downshifts: re-
duced kinase activity to act on newly synthesized protein
or increased phosphatase activity to dephosphorylate ex-
isting protein. We then searched for putative kinases and
phosphatases that use Ser/Thr as substrates in the genome
of S. oneidensis. Three genes were found to encode puta-
tive Ser/Thr phosphatases (Supplementary Table S4). SerB
(SO 1223) catalyzes the last step in L-serine biosynthesis
and CheZ (SO 3208) participates in the chemotaxis sig-
nal transduction pathway by dephosphorylation-free CheY
(54,55) and therefore these would not be expected to act on
H-NS. The third, SO 2119, is a hypothetical protein with
some sequence identity (28%) with the phosphatase SpoIIE

of Bacillus subtilis, which is conserved in eukaryotes and
prokaryotes (56,57) (Supplementary Table S4). To deter-
mine whether SO 2119 plays a role in the dephosphoryla-
tion of H-NS, western blot analysis using Phos-tag and anti-
FLAG antibodies was performed on MR-1 H-NSFLAG cells
with SO 2119 deleted. At both 30 and 15◦C, the level of
phosphorylated H-NS was the same in the presence or the
absence of SO 2119, suggesting that H-NS is not the target
of SO 2119 (Supplementary Figure S8A).

Eight genes encoding putative Ser/Thr protein kinases
were found (Supplementary Table S5). Among these genes,
SO 1461 encodes a eukaryotic-type Ser/Thr kinase of the
PknB subfamily that was recently shown to phosphory-
late the H-NS analog Lsr2 in Mycobacterium tuberculo-
sis and is located inside CP4So (Supplementary Figure
S8B). The PknB subfamily of Ser/Thr kinases includes
Staphylococcus aureus PknB, Bacillus subtilis PrkC, and
M. tuberculosis Pkn proteins. The previously characterized
PknB members contain an N-terminal cytosolic kinase do-
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Figure 6. A proposed mechanism of xenogeneic silencing by H-NS. At warm temperatures, host H-NS is phosphorylated by the serine kinase and the
phosphorylated H-NS binds to the promoter region of the xenogeneic genes (e.g. alpA, SO 2119 or SO 1648) to silence them. Thus, prophage CP4So is
stably maintained in the host genome and SO 2119 and SO 1648 are not produced to minimize host burden. At cold temperatures, the activity of kinase
is reduced and newly synthesized H-NS is no longer phosphorylated. Non- phosphorylated H-NS de-represses the promoter and induces the expression
of these genes. As a result, CP4So is excised and SO 1648 is produced, thereby increasing host fitness in the cold.

main, a transmembrane segment, and multiple C-terminal
extracellular PASTA domains that are thought to bind
beta-lactam compounds and peptidoglycans (Supplemen-
tary Figure S8B). Blast research demonstrated that the N-
terminus of SO 1641 contains a putative ATP binding do-
main and a transmembrane domain (Supplementary Fig-
ure S8C), but the overall identification with known PknB is
less than 30%. Thus, we investigated whether SO 1461 can
phosphorylate H-NS. Western blot analysis using Phos-tag
and anti-FLAG antibodies was performed with MR-1 H-
NSFLAG cells overexpressing SO 1461 at 15◦C, and the level
of phosphorylated H-NS was increased with the expression
of SO 1461 (Supplementary Figure S8D).

Homologs of SO 1461 that share medium to high amino
acid identity (∼40–90%) are present in several Proteus, Vib-
rio, Pseudomonas and Xanthomonas strains (Supplemen-
tary Figure S8B), and these homologs are all putative ki-
nases. Notably, unlike the PknB found in Gram-positive
bacteria, the pknB-like genes are in mobile elements, such as
integrative and conjugative elements (ICEs) or prophages,
suggesting that they are acquired horizontally. However,
several attempts to delete SO 1461 were made at 30◦C, but
no deletion mutant was obtained, presumably because the
gene may be essential in the presence of prophage CP4So.
This result is consistent with the findings of earlier reports,
which showed that the PknB was essential in M. tuberculo-
sis (58) and that pknB can only be deleted in osmoprotective
sucrose magnesium medium (59).

DISCUSSION

Many bacteria, such as Shewanella, must withstand a wide
range of temperature shifts daily or seasonally. For these
bacteria, activating or silencing genes at different tem-
peratures is critical. In this study, we demonstrate a new
method of decision-making for xenogeneic silencing via
temperature-dependent posttranslational modification of
the host H-NS protein (Figure 6). Specifically, host H-NS
is modulated by a serine kinase via phosphorylation to gain
control of LGT genes in response to temperature changes.
At warmer temperatures where planktonic growth is pre-
ferred, phosphorylated H-NS prophage silencing of the
phage excisionase genes alpA and CP4So is maintained in a
lysogenic state. Additionally, genes in the extracellular elec-
tron transfer pathways, a cold shock protein, and a stress-
related chemosensory system are also all silenced by phos-
phorylated H-NS at warm temperatures. When temperature
decrease, H-NS proteins become increasingly nonphospho-
rylated due to reduced kinase activity, and nonphospho-
rylated H-NS no longer represses these LGT genes. As a
result, the CP4So prophage is excised, and the transcrip-
tion of SO 1648 is activated at cold temperatures to pro-
mote host fitness. Additionally, the CP4So-encoded PknB
homolog SO 1461 can phosphorylate H-NS when overpro-
duced. This result exemplifies a symbiotic relationship be-
tween the LGT genes (including phage) and bacterial host
protein when the interests of both sides are aligned to react
and thrive in variable environmental conditions.
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Silencing foreign DNAs with preferences for AT-rich re-
gions is an important function of H-NS, and the alleviation
of xenogeneic silencing by H-NS also requires tight control.
Previously, we found that among the four prophages in S.
oneidensis, H-NS only silences CP4So, the only prophage
that is excised during the temperature reduction, and this
process is important for host cold adaptation (11). Among
the five CSPs in S. oneidensis, SO 1648 is among the most
highly induced genes during the temperature downshift
from 30 to 8◦C by whole-genome microarray analysis, and
mutational analyses confirmed that SO 1648 is the only
functional Csp protein at very low temperatures (53). No-
tably, we found that SO 1648 is the only Csp protein that
is silenced by phosphorylated H-NS at 30◦C. Dephospho-
rylation of H-NS affects the expression of SO 1648. These
results indicate that the genes/operons that are silenced by
H-NS at warm temperatures and derepressed at cold tem-
peratures are important for the survival of S. oneidensis in
the cold. Furthermore, the genes that are involved in ex-
tracellular electron transfer pathways are also silenced by
phosphorylated H-NS. It makes sense for these genes to be
silenced during aerobic respiration. The ability of oxidizing
insoluble metals to be utilized as external electron accep-
tors for anaerobic respiration might also be important in
the cold adaptation of S. oneidensis in specific niches, es-
pecially because a temperature decrease also leads to a re-
duced solubility of several metals. Moreover, the promoter
regions of these genes containing two or more predicted
H-NS binding motifs are all more AT-rich (AT content ≥
63.2%) (Supplementary Figures S3A and 6B) than the av-
erage AT contents of S. oneidensis MR-1 genome (54.1%).
In several bacterial pathogens, H-NS or H-NS homologs
control the temperature-dependent induction of virulence
factors, including pap (pyelonephritis-associated pili) and
fimA (fimbrilin A) in E. coli (18,60) and virF (virulence fac-
tor F) in Shigella flexneri (61). It has not been determined
whether a temperature-dependent posttranslational modifi-
cation plays a role in the regulation of these virulence oper-
ons by H-NS or H-NS homologs.

Recently, the importance of posttranslational modifica-
tion of nucleoid-associated proteins in different bacteria has
been reviewed (62). Several recent studies have examined the
changes in the regulatory role of H-NS due to posttransla-
tional modification (59,63). One study used proteomic anal-
ysis and found that phosphorylation of H-NS on Thr13 is
important for upregulation of a wide range of genetic loci,
including the PhoP/PhoQ-regulated genes in Salmonella
enterica serovar Typhimurium (63). Another study found
four phosphorylated Thr residues of the H-NS analog in
M. tuberculosis, and phosphorylation of Thr112 is required
for M. tuberculosis to grow on solid media and to survive
under hypoxic conditions (59). A recent study reported that
the expression of foreign genes of Salmonella is activated
inside macrophages through degradation of H-NS by the
protease Lon (64). Our study provides direct evidence that
posttranslational modification of H-NS involving serine is
critical in the thermoregulation of H-NS. Additionally, we
observed that the phosphorylation of Ser42 is critical for
H-NS to silence the expression of several LGT genes. The
ability to multimerize is important for H-NS in gene silenc-
ing (65–67), and changes in temperature affect the capac-

ity of H-NS to form multimers that condense DNA and
repress gene expression (26,28). Biophysical studies have
demonstrated that an increase in temperature promotes a
conformational change in the dimerization site (25,28). A
total of three phosphorylated residues are located within
the oligomerization domain of H-NS, and phosphorylation
of Ser42 is found to be most important for xenogeneic si-
lencing of the genes that are induced at low temperatures.
We noticed that mutating Ser to Asp/Glu showed reduced
abilities to repress alpA and SO 2119 than the WT H-NS at
30◦C. In E. coli, H-NS can bind to its protein partner such
as Hha or StpA to form heteromultimer to control its target
genes (68). It is possible that changing Ser42 into a perma-
nently phosphorylated residual such as Asp/Glu may affect
the binding of H-NS to its protein partner in S. oneiden-
sis. Further biophysical studies and structural analyses are
warranted to explore how the conformational change upon
the phosphorylation of various residues of H-NS affects the
DNA binding of H-NS.

Protein phosphorylation mediated by Ser/Thr protein ki-
nases is widely utilized to transduce extracellular signals
into intracellular responses. Compared to the Ser/Thr pro-
tein kinases in eukaryotes, the control mechanisms of these
kinases are less well understood in prokaryotes. Further-
more, previous studies primarily focused on Gram-positive
bacteria, including M. tuberculosis, S. aureus or Listeria
monocytogenes. Among these bacteria, PknB is an essential
membrane protein in M. tuberculosis (58), and it plays a key
role in regulating growth, cell division and envelope synthe-
sis in M. tuberculosis or S. aureus (69,70). Notably, an H-NS
analog Lsr2 protein in M. tuberculosis is phosphorylated by
PknB in vitro (59). In this study, we found a PknB homolog
inside the CP4So prophage, but it exhibits low sequence
similarity with PknB of Gram-positive bacteria. The PknB
proteins of Gram-negative bacteria, such as S. oneidensis,
P. mirabilis and Vibrio, are highly conserved and are con-
siderably larger than those of Gram-positive bacteria (1376
aa in S. oneidensis versus 626 aa in M. tuberculosis), pos-
sessing a long and different C-terminus with no predicted
function. Notably, in many Gram-negative bacteria, these
kinases are within mobile genetic elements and in proxim-
ity to a restriction-modification system. It remains to be ex-
plored whether these kinases can rewire the host protein and
are involved in the silencing of these mobile elements.
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