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H-NS is a histone-like nucleoid-structuring protein that regulates gene

expressions, particularly acquired foreign genes, however, little is known

about whether H-NS can modulate bacterial susceptibility by regulating its

intrinsic genes. The hns-deleted mutant E1hns, the hns-complemented strain

E1hns/phns and the hns-overexpressed strain E/phns were derivatives of

Escherichia coli ATCC 25922, the susceptibility of which were assessed by the

broth microdilution method and time-kill curves assays. We found that the MICs

for strain E1hns against gentamicin and amikacin were significantly decreased

by 8–16 folds in contrast to E. coli ATCC 25922. Further studies displayed

that the absence of hns caused damage to the bacterial outer membrane and

increased the expression levels of porin-related genes, such as ompC, ompF,

ompG, and ompN, thus obviously enhancing aminoglycosides uptake of strain

E1hns. Meanwhile, hns deletion also led to remarkable inhibition of the e	ux

pumps activity and decreased expressions of e	ux-related genes clbM, acrA,

acrB, acrD, and emrE, which reduced the e	ux of aminoglycosides. In addition,

the activation of glycolysis and electron transport chain, as well as the reduction

of 1ψ dissipation, could lead to a remarkable increase in proton motive force

(PMF), thus further inducing more aminoglycosides uptake by strain E1hns. Our

findings reveal that H-NS regulates the resistance of E. coli to aminoglycosides

by influencing its uptake and e	ux, which will enrich our understanding of the

mechanism by which H-NS modulates bacterial resistance.
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1 Introduction

The histone-like nucleoid structuring (H-NS) protein is 137 amino acids in length

in Escherichia coli and closely related bacteria and is present at very high levels, with

approximately 20,000 to 60,000 molecules per cell (1, 2). It is generally believed that the H-

NS protein, as a global regulator, preferentially binds to AT-rich DNA by preventing RNA

polymerase from accessing or escaping promoters (3), thereby silencing the expression of

corresponding genes, notably acquired foreign genes, such as resistance genes acquired by

horizontal transfer (4, 5). To date, H-NS has received considerable attention in regulating

acquired foreign genes, and it has been proved that H-NS protects bacteria and drives
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FIGURE 4

E�ects of hns deleted from E. coli ATCC 25922 on bacterial membrane permeability, membrane potential (1ψ), e	ux pumps activity and cellular

respiration. (A) The permeabilities of outer membrane are evaluated by the fluorescence intensity with 1-N-phenylnaphthalamine. (B) The

permeabilities of inner membrane are evaluated by the fluorescence intensity with propidium iodide. (C) The dissipations for 1ψ are analyzed by the

fluorescence intensity with 3,3′-Dipropylthiadicarbocyanine Iodide. (D) Membrane proton gradient is assessed by fluorescence dye BCECF-AM. (E)

E	ux pumps activity is assessed by fluorescence dye ethidium bromide. (F) The changes of NAD+/NADH ratio are measured using an NAD+/NADH

Assay Kit. E. coli ATCC 25922 is the control. The strain E1hns is the derivative of E. coli ATCC 25922 that lacks hns and the strain E1hns/phns is the

derivative of E1hns that carries the recombined plasmid pBAD::hns. Strains E1hns and E1hns/phns are induced by 0.2% L-arabinose. All experiments

are performed with biological replicates and present as the mean ± SD. The significances are determined by unpaired t-test between two groups. ns,

No significant di�erence by Student’s t-test; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

3.6 Membrane damage improves the
susceptibility of strain E1hns

To clarify the impact of hns deletion on the morphology of

E. coli, morphological changes of strains E. coli ATCC 25922 and

E1hns were examined by SEM. In comparison with E. coli ATCC

25922, the cell surface of strain E1hns exhibited different degree

of deformations and devastation (Figure 5). As shown in Figure 5,

long rod-shaped bacteria increased significantly in strain E1hns,

speculating that it might be related to the slow growth caused by the

deletion of the hns gene (Figures 5C, D). In addition, some cells of

strain E1hns displayed observable membrane damage, which may

be one of the reasons for the increased uptake of aminoglycosides

by strain E1hns. Recently, Lv et al. proved that hypoionic shock-

induced cell membrane damage could dramatically increase the

bacterial uptake of aminoglycosides, which enhanced bactericidal

action of the antibiotics (25).

Earlier studies have documented that the SOS response is an

extremely important molecular instrument of bacteria which allows

it to deal with diverse DNA damages (26), but at the same time,

activation of the SOS response accelerates the synthesis of the SulA

protein, which can arrest cell division (27). In the present study,

strain E1hns not only grew slowly, but also showed cell membrane

damage. Therefore, we speculate that the deletion hns gene in E. coli

ATCC 25922 leads to bacterial membrane damage, thus activating

the SOS response, which in turn hinders bacterial growth.

3.7 Increased proton motive force
facilitates the uptake of aminoglycosides

It is well-known that aminoglycosides do not require energy

to cross the OM of bacteria, where OM damage and increased

expression of porin-related genes can accelerate absorption, while

PMF is required to provide energy when they pass through the

IM (28–30). Bacterial PMF, an energetic pathway located on

the bacterial membrane, consists of 1ψ and the transmembrane

proton gradient (1pH).

To verify whether PMF altered among strains E. coli ATCC

25922, E1hns and E1hns/phns, we first assessed the dissipation

of 1ψ by the fluorescent probe 3,3′-Dipropylthiadicarbocyanine
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FIGURE 5

Morphological changes of the strains E. coli ATCC 25922 and E1hns. (A, B) Bacterial morphology of E. coli ATCC 25922; (C, D) bacterial morphology

of E1hns. E. coli ATCC 25922 is the control. The strain E1hns is the derivative of E. coli ATCC 25922 that lacks hns and is induced by 0.2% L-arabinose.

FIGURE 6

Transcriptomic analysis of strain E1hns against the reference genome of E. coli ATCC 25922. (A) Gene Ontology (GO) function classification of

di�erentially expressed genes (DEGs). (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs. Padj < 0.05 is

statistically significant. The x axis and y axis indicate the name of the pathway and the Gene ratio, respectively. The Gene ratio is the ratio of the

number of di�erentially expressed genes enriched into a particular pathway or functional class to the number of all annotated genes in that pathway

or functional class. The size of the dot indicates the number of di�erentially expressed genes in this pathway. The colors of the points correspond to

di�erent Padj ranges. The strain E1hns is the derivative of E. coli ATCC 25922 that lacks hns and is induced by 0.2% L-arabinose.

Iodide [DiSC3 (5)]. When 1ψ dissipates, the fluorescent

probe DiSC3 (5) is released into the buffer solution, resulting

in a significant increase in fluorescence intensity. Our

findings showed that compared with E. coli ATCC 25922,

the fluorescence intensity of strain E1hns was decreased

dramatically (P < 0.0001) (Figure 4C), indicating that the

dissipation of 1ψ in strain E1hns was sharply repressed.

Further, the fluorescence intensity of complemented strain

E1hns/phns reverted to the levels of E. coli ATCC 25922.

Similarly, 1pH was also determined by the fluorescent probe
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FIGURE 7

Di�erentially expressed genes (DEGs) obtained from E. coli ATCC 25922 and E1hns. E. coli ATCC 25922 is the control. The strain E1hns is the

derivative of E. coli ATCC 25922 that lacks hns. (A) DEGs involved in the glycolysis. (B) DEGs involved in the electron transport chain. (C) DEGs

involved in e	ux systems. (D) DEGs involved in porins. (E) DEGs involved in flagellar systems. Log2FC means log2 (Fold Change), blue for decreased

expression, brown for increased expression. The strain E1hns is the derivative of E. coli ATCC 25922 that lacks hns and is induced by 0.2% L-arabinose.

FIGURE 8

The mRNA expression levels of strains E. coli ATCC 25922, E1hns and E1hns/phns. (A) E	ux-related genes. (B) Porin-related genes. E. coli ATCC

25922 is the control. The strain E1hns is the derivative of E. coli ATCC 25922 that lacks hns and is induced by 0.2 % L-arabinose. ns, No significant

di�erence by Student’s t-test. *; P < 0.05, **; P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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FIGURE 9

The regulation mechanism of H-NS on aminoglycosides resistance of E. coli. (A) E. coli ATCC 25922. (B) E. coli ATCC 25922 that lacks hns. I, II, III, and

IV represent complexes I, complexes II, complexes III, and complexes IV, which are respiratory chain complex and carries out electron transport. ①

The OM permeability of strain E1hns is improved by membrane damages and increased expression levels of porin-related genes, thus increasing the

uptake of aminoglycosides. ② The activation of glycolysis and electron transport chain and the inhibition of 1ψ dissipations in strain E1hns result in

an increase of PMF, which can further facilitate the uptake of aminoglycosides. ③ The e	ux pumps activity of strain E1hns is inhibited that can

reduce drugs e	ux. ④ The flagella of strain E1hns is apparently reduced, which can inhibit the formation of bacterial biofilms, thereby enhancing

bacterial susceptibility to aminoglycosides.

BCECF-AM (20µM, Beyotime, Shanghai, China) and the

results demonstrated that no observable changes were found

in the tested bacteria (Figure 4D). These results imply that

the elevated PMF of strain E1hns is mainly due to the

inhibition of 1ψ dissipations, which enhances the uptake

of aminoglycosides.

3.8 Lower e	ux pumps activity reduces
drugs e	ux of strain E1hns

Given that the intracellular accumulation of antibiotics is

determined by both influx and efflux (31), we also determined

efflux pumps activity changes in E. coli ATCC 25922, E1hns and
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E1hns/phns using ethidium bromide as a hydrophobic fluorescent

probe (Figure 4E). Compared with E. coli ATCC 25922 and

complementary strain E1hns/phns, the fluorescence intensity of

strain E1hns exhibited higher (P < 0.0001), suggesting that its

efflux activity was significantly inhibited.

3.9 Activation of glycolysis and electron
transport chain leads to an increase of PMF
in strain E1hns

To gain a deeper understanding of H-NS regulationmechanism

on the susceptibility of E. coli, we further performed the

transcriptomic analysis. In comparison with the control E. coli

ATCC 25922, GeneOntology (GO) annotation analysis (Figure 6A)

showed that DGEs of strain E1hns were mainly correlated with

adhesion, stress response and chemotaxis of biological processes,

lyase activity of molecular function, and pili of cellular component.

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment

analysis (Figure 6B) revealed that DEGs in strain E1hns were

enriched significantly in energy metabolisms.

Specifically, the genes with significantly increased expression

were involved in glycolysis and electron transport chain of

respiratory process (Figure 6) in strain E1hns. As shown

in Figure 7A, the expression levels of glycolytic-related genes

presented distinctly elevated. In parallel, the genes involved in

respiratory chain, such as NADH-Q oxidoreductase-related gene

ndh and cytochrome oxidase-related genes appA, appB, appC, cydA,

and cydB, were all obviously up-regulated (Figure 7B). Previous

studies have verified that an increase in glycolytic metabolites

can facilitate the conversion of redox energy to PMF, thereby

promoting aminoglycosides uptake (28, 32, 33). Accordingly, to

identify whether the respiratory chain is activated, we determined

the intracellular NAD+/NADH ratio in strains E1hns, E1hns/phns

and E. coliATCC 25922 using an NAD+/NADHAssay Kit (WST-8,

Beyotime, Shanghai, China). As expected, the NAD+/NADH ratio

of strain E1hns was remarkably higher than that of E. coli ATCC

25922 (P < 0.0001) (Figure 4F), suggesting that the deletion hns

gene in E. coli ATCC 25922 can stimulate glycolysis and promote

the conversion of redox energy into PMF, thus facilitating the

uptake of aminoglycosides.

Further analysis found that many efflux-related genes

(Figure 7C) presented down-regulated, such as clbM (34), emrE

(35, 36), acrD (37), and acrAB (38), which were helpful to reduce

drugs efflux. To confirm whether the expression levels of above

genes were altered in strain E1hns, we examined their mRNA

relative expression levels using RT-qPCR (Figure 8A). The results

demonstrated that the expression levels in strain E1hns were

evidently lower than those in E. coli ATCC 25922, approximately

decreased by 99.0% (clbM), 68.3% (emrE), 49.7% (acrB), and 39.2%

(acrA), respectively. Thus, reduced expression levels of genes

associated with the efflux system can inhibit efflux activity, thereby

helping to slow drugs efflux.

Due to porin-related genes ompN, ompF, ompC, and ompG

(Figure 7D) showed obvious upregulations, we also examined their

mRNA expression levels in strains E. coli ATCC 25922 and E1hns

using RT-qPCR. We found that the expression levels of these

genes were markedly higher in strain E1hns than that in E. coli

ATCC 25922 (Figure 8B), with the highest levels of ompN (i.e.,

22.21-fold higher), followed by ompF (5.06-fold higher) and ompG

(3.06-fold higher), whereas the levels of ompC exhibited only

a marginal increase. Porins OmpC and OmpF passively diffuse

small hydrophilic molecules (≤500 Da) into the periplasm (39),

and their expressions are mutually exclusive, i.e., when ompF

is on, ompC is off, and vice versa (40). OmpG, which belongs

to the subclass of porins, harbors a larger channel than OmpF

and OmpC, and also allows for translocation (41). OmpN is one

of the minor porins, although its translocation function has not

been reported (42). Therefore, it is conceivable that the elevated

expression levels of porin-related genes will further destabilize the

OM barrier and contribute to the increase of OM permeability

of strain E1hns.

Intriguingly, there were many down-regulated DEGs in the

flagellar system in strain E1hns (Figure 7E), compared to the

reference strain E. coli ATCC 25922. Further, it can also be seen

from Figure 5 that the flagella of E. coli ATCC 25922 are clearly

visible, while that of strain E1hns is almost invisible. Many studies

have revealed that flagellum is a locomotive organelle and can affect

bacterial adhesion, invasion and biofilm formation (37, 43). To

further confirm whether the motility of strain E1hns has changed,

we fulfilled the swimming motility assay of strains E. coli ATCC

25922, E1hns, E1hns/phns, and E/phns using LB plates with 0.3%

agar according to the method of previous studies (44, 45). The

results demonstrated that strain E1hns had the shortest swimming

distance (≈ 9.3mm), followed by E1hns/phns (≈ 12.8mm) and

E. coli ATCC 25922 (≈ 13.8mm), while E/phns had the longest

distance (≈ 14.7mm), suggesting that H-NSmodulates the motility

of E. coli by positively governing the expression of flagellate-

related genes.

4 Conclusion

Taken together, our findings highlight the deletion of hns in

E. coli can strengthen antibacterial activity of aminoglycosides

by increasing intracellular drug concentrations (Figure 9). On the

one hand, the inhibition of efflux pump activity in strain E1hns

can reduce the efflux of aminoglycosides. On the other hand, in

addition to elevated OM permeability can promote drugs uptake,

the increase of PMF induced by glycolysis and 1ψ can further

accelerate the uptake of aminoglycosides.
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