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A defining characteristic of Gram-negative bacteria is the presence of an outer
membrane, which functions as an additional barrier inhibiting the penetration of toxic
chemicals, such as antibiotics. Porins are outer membrane proteins associated with
the modulation of cellular permeability and antibiotic resistance. Although there are
numerous studies regarding porins, a systematic approach about the roles of porins
in bacterial physiology and antibiotic resistance does not exist yet. In this study, we
constructed mutants of all porins in Escherichia coli and examined the effect of porins on
antibiotic resistance and membrane integrity. The OmpF-defective mutant was resistant
to several antibiotics including β-lactams, suggesting that OmpF functions as the main
route of outer membrane penetration for many antibiotics. In contrast, OmpA was
strongly associated with the maintenance of membrane integrity, which resulted in the
increased susceptibility of the ompA mutant to many antibiotics. Notably, OmpC was
involved in both the roles. Additionally, our systematic analyses revealed that other porins
were not involved in the maintenance of membrane integrity, but several porins played a
major or minor role in the outer membrane penetration for a few antibiotics. Collectively,
these results show that each porin plays a distinct role in antibiotic resistance and
membrane integrity, which could improve our understanding of the physiological function
and clinical importance of porins.

Keywords: antibiotic resistance, porins, membrane integrity, OmpA, OmpC, OmpF

INTRODUCTION

The outer membrane (OM) of Gram-negative bacteria is a unique architecture which is composed
of phospholipids, lipopolysaccharides (LPS), lipoproteins, and β-barrel porins (Henderson et al.,
2016). The OM functions as an additional barrier for blocking the transport of toxic compounds,
such as bile acid and antibiotics (O’Shea and Moser, 2008; Pages et al., 2008). Therefore, chemicals
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with a molecular weight of more than 600 Da cannot generally
penetrate the envelope of the Gram-negative bacteria (O’Shea
and Moser, 2008). Therefore, antibiotics with a molecular weight
more than 1400 Da, such as vancomycin and daptomycin, cannot
pass through the OM of Gram-negative bacteria. This feature of
the OM is one of the main obstacles in the development of a
novel antimicrobial agent targeting the Gram-negative pathogens
(Lee et al., 2013).

OM porins are transmembrane pore-forming proteins with
a β-barrel structure, which forms a water-filled open channel
and allows the passive transport of hydrophilic compounds
(Schulz, 2002; Nikaido, 2003; Pages et al., 2008). The porins
are the most abundant proteins of the OM in Gram-negative
bacteria, with various existing types. They can be classified
as non-specific or specific porins based on their activity.
Additionally, they are classified into monomeric, dimeric, or
trimeric porins based on their functional structure (Koebnik
et al., 2000; Pages et al., 2008). In addition to the passive
transport of various molecules, porins seem to play an important
role in maintaining the envelope integrity of the Gram-negative
bacteria. For example, outer membrane protein A (OmpA)
is a non-specific porin which allows the passive transport
of many small chemicals (Sugawara and Nikaido, 1992; Iyer
et al., 2018). It is also a peptidoglycan-associated protein with
a flexible periplasmic domain that is involved in the non-
covalent interaction with peptidoglycan (Samsudin et al., 2016).
Because porins mediate the passive diffusion of antibiotics across
the OM, they are closely associated with antibiotic resistance
in the Gram-negative bacteria. For example, β-lactams and
fluoroquinolones were known to penetrate the OM through
the non-specific porin OmpF (Mach et al., 2008; Delcour,
2009). Therefore, the ompF mutant was resistant to several β-
lactam antibiotics in some Gram-negative pathogens, including
Escherichia coli (Nikaido et al., 1983; Ziervogel and Roux,
2013), Klebsiella pneumoniae (Sugawara et al., 2016), Serratia
marcescens (Moya-Torres et al., 2014), Pseudomonas aeruginosa
(Okamoto et al., 2001), and Enterobacter aerogenes (Bornet et al.,
2000). On the other hand, the deletion of OmpA resulted in
increased susceptibility to several antibiotics including β-lactams
in Acinetobacter baumannii (Smani et al., 2014). This result
may be caused by the effect of OmpA on the maintenance
of membrane integrity, because impaired membrane integrity
can increase the intracellular diffusion of antibiotics. Although
these results suggest that porins affect antibiotic resistance in
different ways, a systematic analysis of the relationship between
porins and antibiotic resistance has not been performed yet.
In particular, the role of specific porins in antibiotic resistance
remains unclear.

In this study, we analyzed how all porins of E. coli affect
the resistance to various antibiotics of different classes, and the
maintenance of membrane integrity. These analyses showed that
porins can be classified into three groups according to their
roles in antibiotic transport and membrane integrity: antibiotic
transport-related specific porins (LamB, YddB, etc.), membrane
integrity-related non-specific porin (OmpA), and non-specific
porins involved in both antibiotic transport and membrane
integrity (OmpC and OmpF). OmpF and OmpA play a major

role in antibiotic transport and the maintenance of membrane
integrity, respectively. OmpC is important for both of the two
functions. These results suggest the functional diversity of porins
and explain why the effect of porins on antibiotic resistance is
diverse depending on the kind of porin.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Culture
Conditions
The bacterial strains and plasmids used in this study are
listed in Supplementary Table S1. Bacterial cells were grown
as described previously (Lee et al., 2015; Choi et al., 2016).
Unless otherwise indicated, Luria-Bertani broth (LB broth)
was used for the general growth of cells. The antibiotics
kanamycin (Kan) and chloramphenicol (Cm) were used at
concentrations of 50 µg/ml and 5 µg/ml, respectively. All
porin deletion mutants were constructed by replacing the
entire or partial open reading frame region of a target
gene with the kanamycin-resistance gene using the λ red
recombinase as described previously (Datsenko and Wanner,
2000). The kanamycin-resistance gene was amplified from
pKD13 using the primer sets listed in Supplementary Table
S2. The purified PCR product was electroporated into MG1655
cells harboring a pKD46 plasmid, and the deletion mutant
was selected on LB plates with kanamycin at 37◦C. The
kanamycin-resistance gene was removed by using a pCP20
plasmid expressing the FLP recombinase as described previously
(Datsenko and Wanner, 2000).

The ompA1C mutant was constructed by replacing
the region between 197th codon and the stop codon
of the ompA gene with the kanamycin-resistance gene
containing its promoter region. The kanamycin-resistance
gene was amplified using a forward primer with a synthetic
linker (underlined) and FLAG-tag (in boldface type), 5′-
ACGGCATGCTGAGCCTGGGTGTTTCCTACCGTTTCGGTC
AGGGCGAAGCAGGCAGCGGCGACTACAAAGACGATGAC
GACAAGTAGCTTAGACGTCAGGTGGCACT-3′ and a reverse
primer, 5′-AAAGGCAAAAAAAACCCCGCAGCAGCGGG
GTTTTTCTACCAGACGAGAACACGCTCAGTGGAACGAA
AAC-3′. The purified PCR product was electroporated into
MG1655 cells harboring the pKD46 plasmid, and the deletion
mutant was selected on LB plates with kanamycin at 37◦C.

Determination of Minimal Inhibitory
Concentration (MIC) Values
The MIC values were examined on agar plates with the agar
dilution method according to the Clinical Laboratory Standards
Institute guidelines (Wikler and CLSI, 2018). The Müller-Hinton
agar (Difco, United States) plates were prepared by adding
antimicrobial agents in two-fold serial dilutions, resulting in
plates containing final concentrations of 512 µg/ml to 7.8 ng/ml.
E. coli cells were grown in the Mueller-Hinton broth to a
McFarland turbidity standard of 0.5 (approximately 1.5 × 108

cells/ml). Cultures were diluted 10-fold with Mueller-Hinton
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broth to reach a final concentration of 107 cells/ml. A 10 µl
volume was spotted on the plates. After incubation at 37◦C for
20 h, the MIC value was determined. The MIC is defined as
the lowest concentration of an antibiotic preventing the lawn
growth of cells.

Measurement of Bacterial Growth
Stationary phase cells grown in LB medium were serially diluted
from 108 to 104 cells/ml in 10-fold dilutions. Aliquots of 2 µl were
spotted onto LB plates supplemented with 2% SDS, 6% ethanol,
750 mM NaCl, 64 µg/ml vancomycin, or 20 µg/ml chlorophenyl
red-β-D-galactopyranoside (CPRG). To determine the effect of
the C-terminal domain of OmpA on antibiotic sensitivity, cells
were spotted onto LB plates containing 6 µg/ml ampicillin,
2.5 µg/ml cefalotin, 6 µg/ml choramphenicol, 150 µg/ml
clindamycin, or 5 µg/ml rifampicin. After 8–20 h incubation
at 37◦C, photographs of the plates were taken with a digital
camera EOS 100D (Canon Inc., Tokyo, Japan). Isopropyl-β-D-
thiogalactopyranoside of 50 µM was added when experiments
using CPRG were performed.

Determination of Membrane Integrity
Using Fluorescent Chemicals
For fluorescence imaging, stationary phase cells of wild-
type and ompA ompC ompF triple mutants were inoculated
into LB medium. When the A600 reached 2, cells were
stained with FM4-64 [N-(3-triethylammoniumpropyl)-4-
(p-diethylaminophenylhexatrienyl)-pyridinium dibromide],
propidium iodide (red), DAPI (4′,6-diamidino-2-phenylindole)
(blue), and SYTOX green (green), and then spotted on
a 1% agarose pad prepared in phosphate buffered saline
(PBS). Cells were visualized using a Nikon Eclipse Ni
microscope (Nikon, Japan).

RESULTS

The Effect of Porins on Antibiotic
Resistance
To perform a systematic analysis of the effects of porins on
antibiotic resistance in E. coli, we constructed the deletion
mutants for all porin genes of E. coli and measured the
corresponding MIC values of various antibiotics from different
classes (Supplementary Table S3). The ompA mutant exhibited
an increased susceptibility to many antibiotic classes, including
β-lactams, glycopeptides, amphenicols, and licosamides
(Figure 1A). There was no antibiotic with an increased
MIC for the ompA mutant compared to that of wild-type
cells. On the other hand, the ompF mutant was resistant to
many antibiotics belonging to various classes, including β-
lactams, amphenicols, tetracyclines, licosamides, steroides, and
quinolones (Figure 1A). The ompF mutant did not decrease
the MIC value of any antibiotic compared to that for the wild-
type background. These results suggest that many antibiotics
could be transported into the periplasm via OmpF. Notably,
the ompC mutant was sensitive to some antibiotics, such as

imipenem, vancomycin, and furomycin, but it was resistant
to other antibiotics, such as streptomycin, fusidic acid, and
nitrofurantoin (Figure 1A), suggesting that OmpC is involved in
the transport of antibiotics, but has various sensitivity to different
classes of these compounds. Therefore, these results indicate that
non-specific porins (OmpF, OmpA, and OmpC) play a distinct
role in antibiotic resistance.

Most specific porins did not affect the MICs of the tested
antibiotics (Supplementary Table S1), but several specific porins
are associated with the passive transport of some antibiotics
(Figure 1B). The fadL, pgaA, uidC, or lamB mutant was resistant
to rifampicin, streptomycin, D-cycloserine, or vancomycin,
respectively. In particular, the yddB mutant showed an eight-
fold increase in the MIC of novobiocin (Figure 1B). The ectopic
expression of the yddB gene using the pBAD plasmid with an
arabinose-inducible promoter restored the MIC value to the wild-
type level (Figure 2A). Similarly, the MIC of vancomycin for
the lamB mutant was restored to the wild-type level by ectopic
expression of the lamB gene in the lamB mutant (Figure 2B),
suggesting that YddB and LamB are the specific porins that are
involved in the passive transport of novobiocin and vancomycin,
respectively. Therefore, our systematic analyses of the mutants
of all specific porins of E. coli revealed that most specific
porins are not involved in antibiotic resistance. However, several
specific porins were shown to be related to the outer membrane
penetration of several antibiotics. Specifically, the novel specific
porin YddB, playing a major role in the passive transport of
novobiocin, was identified.

The Effect of Porins on the Envelope
Stress Response
To elucidate the mechanism of the ompA mutant conferring
sensitivity to various antibiotics, we examined the effect of
porins on envelope stress responses. Although the specific porin
mutants were not influenced by envelope stresses, including
SDS, ethanol, and salt stresses (Supplementary Figure S1), the
non-specific porins, especially OmpA and OmpC, were strongly
associated with the envelope stress response (Figure 3). The
ompA mutant showed a significantly enhanced sensitivity to salt
stress. Furthermore, the ompC mutant showed slightly increased
sensitivity to salt stress. Under ethanol stress, only the ompC
mutant showed a strong retardation of cell growth (Figure 3A).
Three mutant strains did not show any significant difference in
growth compared to the wild type strain under SDS stress. These
results indicate that OmpA and OmpC play an important role in
the envelope stress response.

To analyze the roles of non-specific porins in the envelope
stress response in more detail, we constructed double and triple
mutants of non-specific porins. Under salt stress, the ompA
ompC double mutant showed a strong growth defect similar
to that of the ompA ompC ompF triple mutant (Figure 3B).
Additionally, the growth inhibition of the ompA or ompC mutant
under salt stress was not enhanced by an additional deletion of
the ompF gene. These results imply that OmpA and OmpC are
of significant importance for the salt stress response. In ethanol
stress, the ethanol-sensitive phenotype of the ompC mutant was
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FIGURE 1 | A systematic examination of the effects of porins on antibiotic resistance. (A) The MICs of various antibiotics were measured in the wild-type or mutant
strain defective for OmpA, OmpC, or OmpF. The relative MIC value in the mutant cells compared to the wild-type cells is shown. (B) The MICs of various antibiotics
were measured in the wild-type or mutant strain defective for the indicated specific porin. The relative MIC value in the mutant cells compared to the wild-type cells
is shown.

FIGURE 2 | Complemetation of the antibiotic-resistant phenotype of the yddB or lamB mutant. (A) The MICs of novobiocin were examined in 0.01%
arabinose-containing agar plates with the agar dilution method according to the Clinical Laboratory Standards Institute guidelines in the wild-type or yddB mutant
with or without a pBAD-YbbB plasmid. After incubation at 37◦C for 20 h, photographs of the plates were taken with a digital camera. (B) The MICs of vancomycin
were examined in 0.01% arabinose-containing agar plates with the agar dilution method in the wild-type or lamB mutant with or without a pBAD-LamB plasmid.

not increased by the additional deletion of the ompA or ompF
gene (Figure 3B), suggesting that only OmpC is associated with
the ethanol stress response. Under SDS stress, the ompC ompF
double mutant showed an enhanced sensitivity to this condition,
although the single deletion mutants of non-specific porins were
not affected by this stress. The growth defect was not increased by
the additional deletion of the ompA gene (Figure 3B). Therefore,
OmpC and OmpF seem to be associated with the SDS stress
response. However, because the ompA ompC double mutant was
slightly more sensitive to SDS stress than the ompC mutant,
OmpA also seems to play a minor effect. In summary, these
results show that all of the non-specific porins are involved in
the envelope stress response, but their roles are different. OmpC

seems to play an important role in all stress responses tested,
whereas OmpA and OmpF seem to be mainly associated with salt
stress and SDS stress responses, respectively. Consistent with the
results on antibiotic resistance, these results show distinct roles
between non-specific porins.

The Effect of Porins on Membrane
Permeability
The importance of non-specific porins on the envelope stress
response imply that non-specific porins may affect the membrane
permeability. To test this assumption, we performed a LacZ
assay using CPRG, a substrate of LacZ that cannot penetrate
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FIGURE 3 | The effect of non-specific porins on envelope stress responses and membrane integrity. (A) The wild-type, ompA, ompC, or ompF mutant cells were
serially diluted from 108 to 104 cells/ml in 10-fold steps and spotted onto a LB plate or LB plates with the addition of 2% SDS, 6% ethanol, 750 mM NaCl, or
20 µg/ml CPRG as indicated. (B) The wild-type, ompA ompC, ompA ompF, ompC ompF, or ompA ompC ompF mutant cells were serially diluted 10-fold from 108

to 104 cells/ml and spotted onto a LB plate or LB plates with the addition of 2% SDS, 6% ethanol, 750 mM NaCl, or 20 µg/ml CPRG as indicated. (C) The wild-type
or ompA ompC ompF triple mutant cells grown in LB medium were stained with FM4-64 (red), DAPI (blue), and SYTOX green (green), and then spotted on a 1%
agarose pad. Cells were visualized using a Nikon Eclipse Ni microscope. Bars, 0.5 µm.

the E. coli envelope (Paradis-Bleau et al., 2014; Choi et al.,
2017). CPRG is able to penetrate the membrane of the cells
with increased membrane permeability, where cytoplasmic LacZ
degrades it to chlorophenyl red. These cells form red colonies
by chlorophenyl red. Expectedly, the membrane permeability
test using CPRG showed that only three mutants defective for
non-specific porins exhibited increased membrane permeability
(Figure 3 and Supplementary Figure S2). The ompC mutant
that is involved in all envelope stress responses tested, showed
the strongest red phenotype. We also experimentally examined
the membrane permeability through experiments using the cell-
impermeable, fluorescent DNA dye SYTOX green (Roth et al.,
1997). The wild-type cells were not stained with the green
fluorescent SYTOX green dye, whereas the ompA ompC ompF
triple mutant showed a large increase in the intracellular SYTOX
green signal (Figure 3C), indicating an increase of membrane
permeability. Interestingly, the SYTOX green-stained cells of
the ompA ompC ompF triple mutant were not stained with the
amphiphilic membrane dye FM4-64. This result implies that the
big change at the OM happens in the triple mutant. We examined
the presence of dead cells for this mutant strain, because the
ompA ompC ompF triple mutant exhibited a growth defect even
in LB medium (Figure 3B). Live–dead staining using the cell
viability stain propidium iodide (Meeske et al., 2016), showed
decreased cell viability in the ompA ompC ompF triple mutant
cells compared to the wild-type cells (Supplementary Figure S3).
Therefore, these results indicate that non-specific porins affect
the membrane permeability and bacterial viability.

The Importance of the C-Terminal
Domain of OmpA in Its Function
OmpA has a flexible C-terminal domain that non-covalently
interacts with peptidoglycan (Samsudin et al., 2016). To
determine whether this domain is important for the effect
of OmpA on antibiotic resistance and the envelope stress
response, we constructed the mutant strain (ompA1C) that is
chromosomally deleted for the C-terminal domain of OmpA.
Notably, all of the phenotypes of the ompA mutant were
phenocopied by the ompA1C mutant (Figure 4). For example,
the ompA1C mutant was sensitive to salt stress to an extent
similar to the ompA mutant and showed a phenotype almost
identical to the ompA mutant in the antibiotic susceptibility
test. These results suggest that the effect of OmpA on
antibiotic resistance and the envelope stress response is entirely
dependent on the C-terminal domain of OmpA. The loss of the
interaction with peptidoglycan might weaken the turgor of the
bacterial envelope, which can induce the increased membrane
permeability and antibiotic penetration.

The Effect of Double and Triple Mutants
of Non-specific Porins on Antibiotic
Resistance
Our results showed that specific porins are only associated with
the passive transport of antibiotics, whereas non-specific porins
are involved in membrane permeability as well as antibiotic
transport, indicating the functional diversity of non-specific
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FIGURE 4 | The importance of the C-terminal region of OmpA on its function. The wild-type, ompA, or ompA1C mutant cells were serially diluted from 108 to 104

cells/ml in 10-fold steps and spotted onto a LB plate or LB plates with the addition of 2% SDS, 6% ethanol, 750 mM NaCl, 20 µg/ml CPRG, 6 µg/ml ampicillin,
2.5 µg/ml cefalotin, 6 µg/ml choramphenicol, 150 µg/ml clindamycin, or 5 µg/ml rifampicin as indicated.

FIGURE 5 | The effects of single-, double-, and triple-mutants of non-specific porins on antibiotic resistance. (A) The MICs of β-lactam antibiotics were measured in
the wild-type strain or single-, double-, and triple-mutants of OmpA, OmpC, and OmpF. The relative MIC value in the mutant cells compared to the wild-type cells
was shown. (B) The MICs of non-β-lactam antibiotics were measured in the wild-type strain or single-, double-, and triple-mutants of OmpA, OmpC, and OmpF. The
relative MIC value in the mutant cells compared to the wild-type cells was shown: WT, MG1655; 1A, 1ompA; 1C, 1ompC; 1F, 1ompF, 1AC, 1ompA ompC;
1AF, 1ompA ompF; 1CF, 1ompC ompF; 1ACF, 1ompA ompC ompF.

porins. To understand the various functions of non-specific
porins in more detail, we analyzed the antibiotic susceptibility
of double and triple mutants of the ompA, ompC, and ompF
genes (Figure 5). Notably, phenotype patterns of these mutants
could be divided into two groups: β-lactams and other antibiotics.
Besides ampicillin and imipenem, the susceptibilities to most β-
lactam antibiotics were strongly affected by OmpF. The MIC of
most β-lactams was the lowest in the ompA ompC double mutant
and the additional deletion of the ompF gene strongly increased
the MIC in the ompA ompC double mutant; consequently, the
MICs in the ompA ompC ompF triple mutant were 2- to 8-fold
higher than those in the wild-type strain (Figure 5A). OmpC also
seems to be important for the transport of β-lactam antibiotics.
The additional deletion of the ompC gene increased the MICs

in the ompF mutant up to four times. Therefore, these results
suggest that the transport of β-lactam antibiotics by OmpF and
OmpC is the most important factor in the bacterial susceptibility
to most β-lactam antibiotics. Ampicillin and imipenem are
exceptional cases. Although OmpF is a porin that plays an
important role in the transport of ampicillin (Delcour, 2009),
the MIC in the ompA ompC ompF triple mutant was 2-fold
lower than that in the wild-type strain (Figure 5A). The MIC of
imipenem was also 4-fold lower in the triple mutant than in the
wild-type strain. These results imply that the effect of non-specific
porins on membrane permeability may be a more important
factor in the bacterial susceptibility to ampicillin and imipenem.

In all non-β-lactam antibiotics tested, the strain with the
lowest MIC value was the ompA ompC ompF triple mutant
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(Figure 5B). Even in the case of antibiotics exhibiting higher
MICs in the ompF ompC double mutant than in the wild-type
strain, the additional deletion of the ompA gene decreased the
MICs up to 32 times. The example of clindamycin demonstrates
this pattern clearly. Although the MIC of clindamycin was 2-
fold higher in the ompF or ompF ompC double mutant than
in the wild-type strain, the MICs in the ompF ompA double
or ompF ompC ompA triple mutant was 16- or 32-fold lower
than those of the wild-type strain (Figure 5B). Therefore, these
results suggest that in non-β-lactam antibiotics, the effect of
non-specific porins, particularly OmpA, on membrane integrity
is more important for antibiotic susceptibility than their roles
in antibiotic transport. In conclusion, analyses of the effects
of double and triple mutants on antibiotic resistance revealed
that two roles of non-specific porins, antibiotic transport and
the maintenance of membrane integrity, differently affect the
antibiotic susceptibility depending on the kind of antibiotic.
The transport of antibiotics via non-specific porins, particularly
OmpF and OmpC, strongly affects the susceptibility to most β-
lactam antibiotics, whereas the maintenance of the membrane
integrity by non-specific porins seems to be more important for
the susceptibility to non-β-lactam antibiotics.

DISCUSSION

In this study, we performed a systematic analysis examining
the roles of all porins of E. coli in antibiotic susceptibility.
Despite the importance of porins for antibiotic resistance, a
systematic study about porins has not been attempted previously.
Our study shows the complexity of porin-mediated antibiotic
resistance. OmpA plays an important role in the maintenance
of membrane integrity, rather than the transport of antibiotics
(Figure 1). The C-terminal domain is essential for these OmpA
functions (Figure 4). Although OmpF is associated with both
antibiotic transport and membrane permeability, the ompF
mutant exhibits antibiotic resistance phenotypes (Figure 1A).
Increased susceptibility to antibiotic was not found. These
results may be due to a minor effect of OmpF on membrane
integrity (Figure 3). OmpF is known to be a major porin
for the OM permeability for β-lactams (Delcour, 2009), which
is also supported by our results. The ompF mutant showed
significantly increased resistance to several β-lactam antibiotics
(Figure 1A). Additionally, in many β-lactam antibiotics, the
ompA ompC mutant had the lowest MICs. However, the MICs
were dramatically increased with the additional deletion of the
ompF gene (Figure 5). These results show the importance of
OmpF in the passive transport of β-lactam antibiotics. OmpC
seems to play an important role in both antibiotic transport
and membrane permeability (Figures 1, 4, 5). Deletion of the
ompC gene increased the MICs of some antibiotics, but it
decreased the MICs of other antibiotics (Figure 1). OmpC
seems to be associated with the transport of many β-lactam
antibiotics (Figure 5), which is consistent with previous results
(Nikaido et al., 1983; Lou et al., 2011; Kojima and Nikaido,
2014). Furthermore, OmpC plays an important role in the
adaptation to various envelope stresses (Figure 3). Therefore,

these results demonstrate the distinct roles of three non-specific
porins. A previous study showed that the expression level
of OmpF was lower than those of OmpA and OmpC (Sato
et al., 2000). Our results show that OmpA and OmpC plays
an important role in the maintenance of membrane integrity,
whereas OmpF is not strongly involved in the maintenance of
membrane integrity. Therefore, there is a possibility that E. coil
differentially expresses three non-specific porins based on their
distinct roles in the maintenance of membrane integrity. All
specific porins do not seem to be involved in the envelope stress
response (Supplementary Figure S1). Therefore, there is no case
with increased antibiotic susceptibility in the mutant defective for
specific porin (Figure 1B and Supplementary Table S3). Several
specific porins seem to be involved in the passive transport of
several antibiotics (Figure 1B). Therefore, E. coli porins can be
classified into three groups according to their roles in antibiotic
transport and membrane integrity: antibiotic transport-related
specific porins (LamB, YddB, etc.), membrane integrity-related
non-specific porin (OmpA), and porins associated with both
antibiotic transport and membrane integrity (OmpC and OmpF).
The functional diversity of porins might indicate why the effects
of porins on antibiotic resistance differ so widely depending on
the kind of porin. The efflux systems strongly affect antibiotic
resistance (Li et al., 2015). Therefore, further studies are required
to analyze of the roles of porins in the absence of efflux
systems and examine the effects of porins on expression of
the efflux systems.

Through our systematic study on E. coli specific porins, we
identified a novel porin YddB which seems to be involved in
the passive transport of novobiocin across the OM. YddB is an
outer membrane protein that is predicted to have a β-barrel
structure, but its function is unknown. The yddB mutant displays
a dramatically decreased susceptibility to novobiocin compared
to the wild type strain (Figure 1). The MIC of novobiocin was
not altered by the deletion of any porin gene (Supplementary
Table S3); therefore, YddB seems to be a major porin that
is responsible for the OM penetration of novobiocin. Besides
particular examples, such as YddB and LamB, the role of specific
porins for antibiotic transport is of minor importance. Most
β-lactam antibiotics are transported with non-specific porins,
especially OmpF and OmpC, and most non-β-lactam antibiotics
seem to penetrate the OM in a porin-independent manner.
However, because a synergistic effect among specific porins
cannot be excluded, further experiments are required to analyze
whether antibiotic resistance is affected by double or triple
deletions of specific porins.

In this study, we find that all non-specific porins, OmpA,
OmpC, and OmpF, are involved in the maintenance of membrane
integrity, despite a large diversity of their roles and influences.
OmpA is known to affect membrane integrity through non-
covalent interaction of its C-terminal periplasmic domain with
peptidoglycan (Samsudin et al., 2016). The role of the C-terminal
domain seems to be critical for the role of OmpA in antibiotic
resistance as well as the maintenance of membrane integrity
(Figure 4). OmpC is known as osmoporin and the expression of
ompC increases under high osmolarity conditions (Pratt et al.,
1996). The ompC mutant was sensitive to various envelope
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stresses (Kaeriyama et al., 2006; Wang et al., 2007; Figure 3),
but the exact reason for this phenotype is unknown. A recent
study showed that OmpC forms a complex with MlaA and
may function in the removal of phospholipids from the OM
(Chong et al., 2015). MlaA is a component of the Mla pathway
mediating the retrograde transport of phospholipids mislocalized
in the outer leaflet of the OM for the maintenance of OM lipid
asymmetry (Choi and Lee, 2019). Because the mislocalization
of phospholipids in the outer leaflet of the OM weakens the
OM integrity (Sutterlin et al., 2016), the role of OmpC in the
retrograde transport of phospholipids can be one of the reasons
for the diverse OmpC-associated phenotypes. Our study showed
that OmpF is also associated with membrane integrity regulation
(Figure 3). Because there is no report showing the relationship
between OmpF and membrane integrity, the mechanism of this
effect remains to be elucidated.

CONCLUSION

In conclusion, our systematic study shows two possible roles of
porins, the transport of antibiotics and the membrane integrity
regulation, which differently affect antibiotic resistance, and the
distinct role of each porin. This provides an important insight
to understand not only the role of each porin as a functionally
important component of the outer membrane, but also its specific
role in the survival of the pathogen under the action of antibiotics.
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