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Many Escherichia coli K-12 strains display an intrinsic resistance to the peptide antibiotic microcin J25. In
this study, we present results showing that the leucine-responsive regulatory protein, Lrp, is involved in this
phenotype by acting as a positive regulator of Yojl, a chromosomally encoded efflux pump which expels
microcin out of cells. Exogenous leucine antagonizes the effect of Lrp, leading to a diminished expression of the
pump and an increased susceptibility to microcin J25.

Microcin J25 (MccJ25) is a plasmid-encoded, 21-amino-acid
antibacterial peptide produced by Escherichia coli (3, 30). It is
active against E. coli, Salmonella, and Shigella strains. MccJ25
intake is mediated by the outer membrane receptor FhuA and
the inner membrane proteins TonB, ExbB, ExbD, and SbmA
(31, 32). E. coli RNA polymerase is the target of antibiotic
action (12, 37). The binding site for MccJ25 is located in the
secondary channel of the enzyme (1, 21), which provides a
route by which the nucleotide substrates reach the catalytic
site. Thus, MccJ25 inhibits transcription by clogging the chan-
nel and blocking the access of substrates to the active center
(1, 21).

Four genes (mcjA4, mcjB, mcjC, and mcjD) are required for
MccJ25 synthesis, export, and immunity (34, 35). The mcj4
gene encodes the primary structure of MccJ25 as a 58-amino-
acid precursor, from which a 37-amino-acid N-terminal leader
is removed. The 21-residue mature peptide has a compact,
extraordinary structure, which consists of an eight-residue lar-
iat ring and a C-terminal tail which folds on itself and passes
through the ring, where it is sterically trapped (2, 29, 36). The
mcjB and mcjC gene products are involved in this assembly
process (14). The mcjD product has a dual role. It works as a
dedicated ATP-binding cassette exporter of MccJ25 and, at the
same time, provides immunity against both the endogenous
MccJ25 synthesized in producer cells and the exogenous mic-
rocin that gains entry (11, 35).

We have observed that in twofold serial dilution assays on
LB medium or M9 minimal medium plates with several E. coli
K-12 strains as indicators (including the widely used strain
MC4100), Mccl25 gives rise to turbid zones of growth inhibi-
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tion. These observations suggested that E. coli strains have an
intrinsic partial resistance to MccJ25. However, the polyauxo-
trophic strain AB1133 gives completely clear halos and is rou-
tinely used in our laboratory as an indicator strain. We rea-
soned that a study of this unusual sensitivity could give us a
clue to understanding the origin of the natural resistance of
other E. coli strains. In the present work, we demonstrate that
the increased sensitivity of AB1133 depends on the leucine
used to supplement the AB1133 auxotrophy for this amino
acid. The leucine effect seems to be mediated by the global
regulator Lrp, which acts as a positive regulator of an endog-
enous chromosome-encoded MccJ25 efflux pump, Yojl. Exog-
enous leucine would antagonize the effect of Lrp, leading to a
diminished expression of the pump and to the accumulation of
microcin in AB1133 cells.

Sensitivity to MccJ25 was tested by a spot-on-lawn assay, as
follows. Twofold serial dilutions of a purified MccJ25 prepa-
ration (1 mg/ml) were spotted (10 pl) onto M9 medium plates
and dried. Aliquots (50 pl) of cultures to be tested for sensi-
tivity in stationary phase were mixed with 3 ml of top agar
(0.7% agar) and overlaid onto the plates. After overnight in-
cubation, the plates were examined for different degrees of
inhibition.

Our first working hypothesis to explain the higher suscepti-
bility of strain AB1133 to MccJ25 was that the partially resis-
tant strains possess a genetic marker which is absent or mu-
tated in the fully susceptible AB1133 strain. To investigate this
possibility, mating experiments were done using the partially
resistant strain AB259 (HfrH, prototrophic) as the donor and
the multiply marked AB1133 [thr-1 leuB6 A(gpt-proA)62 hisG4
argE3] strain as the recipient. This allowed us to map the
resistance marker to the 98- to 5-min region of the E. coli K-12
map. A bacterial cross was then performed between AB259
and AB1133 by using the gradient-of-transmission method of
De Haan et al. (10) and selecting for Thr*. Recombinants
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FIG. 1. Comparison of the susceptibilities of strains AB1133 (A, con-
trol) and AB1133 transduced to leuB™ (B) to MccJ25. Twofold serial
dilutions of MccJ25 (1/2 to 1/1,024) were spotted onto LB medium plates.
After the spots dried, the plates were overlaid with a suspension of
AB1133 (left) or the transductional cells (right). Note the very turbid
(almost invisible) spots given by the transductional strain.

were scored for inheritance of Leu*, ProA™*, and Mcc]25
resistance. This experiment indicated that the locus responsi-
ble for resistance was located at approximately 2 min on the E.
coli K-12 genetic map. Its location was then more precisely
determined by P1 transduction. The bacteriophage P1vir prop-
agated on AB259 was used to transduce AB1133 to Leu™*. One
hundred twenty transductants were tested for MccJ25 resis-
tance by a cross-streaking assay. All of them had become par-
tially resistant to the antibiotic. When some selected transduc-
tants were subjected to a serial dilution test, all of them showed
very turbid halos, in contrast to the parental strain AB1133
(Fig. 1). The same results were obtained when the transduction
experiment was repeated with strain MC4100 as the donor and
ABL1133 as the recipient: resistance to MccJ25 was 100% co-
transduced with leuB. These results indicated that leuB inacti-
vation in AB1133 was related to the increased susceptibility of
this strain to MccJ25.

Susceptibility to MccJ25 is affected by the concentration of
leucine in the culture medium. For growth of AB1133, M9
medium plates were supplemented with the appropriate amino
acids at 50 pg/ml each. We hypothesized that the greater
sensitivity of AB1133 to MccJ25 was not due to the leu muta-
tion per se but to the leucine added to the medium. If so, one
might expect that the addition of leucine should also increase
the sensitivity of intrinsically resistant strains to MccJ25. To
test this possibility, the response of strain AB259 to MccJ25
was examined by a spot-on-lawn assay with M9 minimal me-
dium plates supplemented with 12.5 and 25 pg/ml of leucine.
With the leucine-supplemented medium, the susceptibility to
MccJ25 of this strain was similar to that of AB1133 and varied
with the external abundance of the amino acid, increasing with
increased leucine concentration (Fig. 2).

The leucine effect on MccJ25 susceptibility is mediated by
the leucine-responsive regulatory protein, Lrp. It is well known
that exogenous leucine affects the expression of some genes
regulated by Lrp, a global regulator of metabolism in E. coli (4,
22, 23). This suggested that the effect of leucine on microcin
susceptibility could be exerted through Lrp. Altogether, six
different patterns of regulation by Lrp have been recognized,
depending upon whether Lrp acts negatively or positively and
upon the way in which leucine affects expression. For those
cases in which Lrp acts positively as an activator, leucine some-
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FIG. 2. Comparison of the susceptibilities of strains AB259 (intrin-
sically resistant to microcin) and AB1133 to MccJ25 in the presence of
different leucine concentrations. For the auxotrophic strain AB1133,
7.5 pg/ml was the minimal concentration of the amino acid necessary
for growth. Note that for both strains, the inhibition halos become
clearer and larger with increasing concentrations of leucine.

AB1133 25 pg/ml

times overcomes the effect of Lrp (thus causing reduced ex-
pression), sometimes intensifies the effect of Lrp, and some-
times has no effect on Lrp-mediated activation. Similarly, for
cases in which Lrp acts negatively, there are examples in which
leucine overcomes the effect, is required for the effect, or has
no effect upon Lrp-mediated repression. To test the idea that
the leucine effect on MccJ25 susceptibility could be mediated
by Lrp, we compared the responses of the isogenic strains
MC4100 and RO64 (MC4100 Irp::Tn10) to the antibiotic in M9
minimal medium and in the same medium containing either
12.5 or 25 pg/ml of leucine by using a twofold serial dilution
assay. Two important results were obtained from this experi-
ment (Fig. 3). First, in M9 medium without leucine, the mutant
RO64 was more susceptible to MccJ25 than the parent
MC4100 and showed clear halos, since it was even more sen-
sitive than AB1133. This indicated that Lrp is implicated in the
resistance to MccJ25. Second, in contrast to MC4100, addition
of leucine to the medium did not increase the sensitivity of
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ROG64 0 pg/ml

RO64 12.5pug/ml

MC4100 25 pg/ml RO64 25 pg/ml

FIG. 3. Comparison of the susceptibilities of strains MC4100 (par-
ent) and RO64 (Irp-null mutant derivative) to MccJ25 in the presence
of increasing concentrations of leucine. Note that, in contrast to
MC4100, the addition of leucine to the medium did not increase the
sensitivity of RO64 to the antibiotic.

RO64 to the antibiotic. This is just what is to be expected if Lrp
is a mediator of the leucine effect.

To more precisely assess the effect of leucine on sensitivity to
McclJ25, we determined the MIC of MccJ25 for strains
MC4100 and RO64 in M9 medium and in the same medium
supplemented with 50 pg/ml of leucine (Table 1). This exper-
iment confirmed that strain MC4100 is more resistant than
RO64 to MccJ25, showing in unsupplemented medium a MIC
of MccJ25 that was eightfold higher than that for RO64,
whereas in the presence of leucine, the MIC for MC4100 was
twofold higher. As expected, the MIC for RO64 remained
unchanged when the strain was grown in the presence of the
amino acid.

It should be noted that the effect of leucine was enhanced
when proline and threonine (25 wg/ml each) were also added
to the culture medium (results not shown). This is in keeping
with the finding that the Irp gene is repressed in cells grown in
glucose minimal medium with either the a-ketoglutarate or the
oxalacetate family of amino acids (23). The net result of these
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processes (the leucine-sensitizing effect and Irp repression)
would be a susceptibility level to microcin that is higher than
that observed with leucine alone.

Lrp positively regulates Yojl, an inner-membrane Mcc]J25
efflux pump. The above-described results suggested that Lrp
was somehow involved in intrinsic resistance to MccJ25. Pre-
viously, we determined that E. coli yojI, an open reading frame
of unknown function which encodes a putative membrane pro-
tein belonging to the ATP-binding cassette family of exporters
(25), is capable of using MccJ25 as a substrate (13). In that
study, we constructed the plasmid pCLO7, a pUCIS8 derivative
with a 4.2-kb Smal-PstI chromosomal fragment containing yojl
as the only intact open reading frame. Overexpression of yojl
from pCLO7 renders E. coli strains (such as AB1133 and
MC4100) completely resistant to MccJ25. Therefore, one pos-
sible explanation for the above-described results is that Lrp
could be acting as a positive regulator of yojI transcription,
which would lead to an increase in Yojl levels in the mem-
brane. The enhanced efflux of exogenous microcin that enters
cells would result in an increased resistance to the antibiotic.
To confirm this hypothesis, we first examined the DNA region
upstream of the yojI gene. Sequences resembling those of the
E. coli ¢’ promoter consensus —10 and —35 elements were
found (17), with a spacer region of 15 bp (the optimal is 16 to
18 bp) (Fig. 4). yojI lacks an obvious ribosome-binding site (the
consensus sequence is TAAGGAGG (33). These data suggest
that the yojI gene of E. coli is poorly expressed. We detected
several putative Lrp-binding sites in the yojl upstream region,
which strongly suggests that Lrp functions as a transcriptional
regulator of yojI. One of these sites (Fig. 4, site VI) shows a
perfect fit to the 12-bp Lrp consensus binding sequence (TTT
ATTCtNaAT) proposed by Rex et al. (28). Except for sites V
and VI (Fig. 4), the rest of the potential Lrp binding sites
identified are located far upstream from the putative pro-
moter. The functional importance of the presumptive Lrp
binding sites was assessed by PCR amplification of four regions
containing the putative promoter and progressively greater
amounts of DNA from the region upstream of the promoter,
using pCLO7 plasmid DNA as a template (Fig. 5). Oligonu-
cleotide primers were engineered to contain EcoRI and Sall
restriction sites. PCR products were digested with these en-
zymes and cloned into the EcoRI and Sall sites of plasmid
PAHI125 (16) upstream of the promoterless lacZ reporter gene
carried by this vector, resulting in the plasmids pLrpl to pLrp4
(Fig. 5A). They were then introduced into the pir* host strain
DHS5a Apir to allow replication of the vector, which contains
the conditional origin of replication from the plasmid R6K.
Expression of the promoter fusions was measured using the
method of Miller (20) with cultures grown overnight in LB
medium. As shown in Fig. 5B, the plasmid pLrp4, bearing the
DNA fragment containing the yojl promoter and all the po-

TABLE 1. Influence of leucine on the MIC of MccJ25

MIC (pg/ml) for medium

Strain
M9 plus Leu
M9 (50 pg/ml)
MC4100 0.97 0.24
RO64 0.12 0.12
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ATCTCTATTCGCCCATTGATCCGCAAACAAATAAACCGTGGCCCGCCATGCCACAGagTtTTCaTAAT
TAGAGATAAGCGGGTAACTAGGCGTTTGTTTATTTGGCACCGGGCGGTACGGTGTCTCAAAAGTATTA
I
TTATGTCAACGTGCGGCTACGGCGGCGGGCTATCCAGATTTCCAGCCAGATGCTTGTCTTATCAACCG
AATACAGTTGCACGCCGATGCCGCCGCCCGATAGGTCTAAAGGTCGGTCTACGAACAGAATAGTTGGC

CTACGCTCCTGGCGCGAAACTGTCGCTGCATCAGGATAAAGACGAACCGGATCTGCGCGCGCCAATTG
GATGCGAGGACCGCGCTTTGACAGCGACGLtAGTCCTATTTCTGCTTGGCCTAGACGCGCGCGGTTAAC
II
TTTCTGTTTCTCTGGGCTTACCCGegatTTEtTCAATTTGGCGGCCTGAAACGAAATGATCCGCTCAAA
AAAGACAAAGAGACCCGAATGGGCGCTAAAAAGTTAAACCGCCGGACTTTGCTTTACTAGGCGAGTTT

III
CGTTTgTTgTTggaACATGGCGATGTGGTGGTATGGGGCGGTGAATCGCGGCTGTTTTATCACGGTAT
GCAAACAACAACCTTGTACCGCTACACCACCATACCCCGCCACTTAGCGCCGACAAAATAGTGCCATA

v
TCAACCGTTGAAAGCGGGGTTTCATCCACTCACCATCGACTGCCGCTACAACCTGACATTCCGTCAGG
AGTTGGCAACTTTCGCCCCAAAGTAGGTGAGTGGTAGCTGACGGCGATGTTGGACTGTAAGGCAGTCC

CAGGTAAAAAAGAATAAARAATAAGAATTATTATTGCTGTGCGCGCGAAGATGTTTAAACTGCGGGCTG
GTCCATTttTTCTTATTITTATTCTTAATAATAACGACACGCGCGCTTCTACAAATTTGACGCCCGAC
v /7 vyI -35 -10
TAATTCATTGTCCGGGTTTTCTGCATGGAACTTCTTGTACTTGTCTGGCGGCAGTATCGCTGGC
ATTAAGTAACAGGCCCAAAAGACGTACCTTGAAGAACATGAACAGACCGCCGTCATAGCGACCG

FIG. 4. Nucleotide sequence of the regulatory region of the yojl gene. Coding and noncoding strands are shown. The presumptive —35 and —10
RNA polymerase binding sites have been shaded. The start codon (ATG) for yojI translation is in boldface. Regions corresponding to possible Lrp
recognition sequences, labeled I to VI, are in boldface type and underlined. Lowercase letters represent nucleotides which are different from the
canonical ones (the consensus is TTTATTCtNaAT). Sequences V and VI are in opposite orientations (as indicated by the arrows) and overlap
by one base pair, which has been shaded.

tential Lrp binding sites, showed, as expected, the highest B-ga- IIT is important for full yojl activation. However, we cannot
lactosidase values. Fusions in the plasmids pLrpl (containing exclude from this analysis the possibility that this sequence is
only Lrp site VI) and pLrp2 (which also carried Lrp sites IV necessary but not sufficient for promoter activation and that an

and V) had only 10% of the basal activity of fusion in pLrp4, interaction between Lrps bound at this site and at downstream
suggesting that these sites by themselves may not have a sig- sites might be necessary for promoter expression. This may
nificant role in yojI activation. In contrast, when a DNA frag- require the intervening DNA to be bent by the Lrp protein
ment incorporating Lrp site III (Fig. 4) was used to drive lacZ (24).

in plasmid pLrp3, B-galactosidase activity increased to values Further evidence that Lrp regulates Yojl expression came

that paralleled those seen in pLrp4, indicating that sequence from experiments in which we transformed the strains MC4100
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FIG. 5. Construction and activities of the lacZ transcriptional fusions under the control of the yojI promoter region. (A) The box at the top is
a schematic representation of the yojl upstream sequences shown in Fig. 4. The arrowhead at the right end indicates the direction of transcription.
The presumptive —10 and —35 promoter sequences (open boxes) and the locations of the six putative Lrp binding sites (shaded boxes) are shown.
Solid lines represent yojl upstream regions fused to the lacZ gene in the promoter-probe plasmid pAH125, and the names of the resulting
constructs are given at the left. Oligonucleotide primers used to amplify the different regions are shown by arrows. Predicted sizes of the PCR
fragments subcloned into pLrp1 through pLrp4 are 100, 255, 297, and 498 bp, respectively. The scheme is not drawn to scale. (B) B-Galactosidase
activities for cells carrying corresponding fusion plasmids. Strains were grown overnight in LB medium, and activities of B-galactosidase (expressed
in Miller units) were assayed. Background expression values of the lacZ gene on the vector were subtracted. Values represent the averages of three
independent assays, each performed in duplicate.
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TABLE 2. B-Galactosidase activities of chromosomal versus
plasmid-borne yojl-lacZ fusions

B-Galactosidase activity

Strain + SD (Miller units)*
MCA100 (YOI AACZ)) e 80.24 = 1.9
RO64 (yOII'-aCZ) oo 235323
MCA4100(pCLO7 YOJI-aCZ) .. 116.40 = 1.27
RO64(pCLO7 yojl-lacZ) 16.49 = 0.84

“ Mean values *+ standard deviations (SD) were obtained from five indepen-
dent experiments.

and RO64 (MC4100 Irp::Tnl10) with plasmid pCLO7 to deter-
mine the effect of Lrp depletion on the expression of the
plasmid-borne yojl gene. Transformants were selected on LB
medium-ampicillin (50 wg/ml) and tested for sensitivity to
MccJ25 by a serial dilution assay. As expected,
MC4100(pCLO7) became fully resistant to MccJ25, whereas
no increase in resistance was seen with RO64(pCLO7), which
was as sensitive as the parent strain RO64. At first sight, these
results could be taken to mean that very little if any Yojl is
synthesized from pCLO7 in the Lrp-deficient host. However,
as we shall see below, the expression of a chromosomal yojl-
lacZ fusion was significantly reduced but not eliminated in an
Irp-null background (Table 2). Therefore, it would be reason-
able to assume that in the absence of Lrp, the residual tran-
scription of yojI in pCLO7 should lead to some degree of
microcin resistance. One likely explanation for the apparent
all-or-none effect seen with the plasmid pCLO7 may be pro-
vided by the observation that an /rp-null mutant is significantly
more sensitive to MccJ25 than a Ayojl mutant (results not
shown), suggesting that, besides Yojl, an additional MccJ25
resistance factor is also positively controlled by Lrp. It is there-
fore possible that on Lrp deprivation, the amount of Yojl
synthesized from pCLO?7 is not sufficient to overcome the
MccJ25 sensitivity produced by the reduced level of this puta-
tive factor. Be that as it may, the results described in this
section are clearly consistent with the role of Lrp in the regu-
lation of yojl.

Effect of Lrp on the expression of chromosomal and plas-
mid-borne yojl-lacZ fusions. The above-described findings
strongly suggested that Lrp influences transcription activation
at yojl. To further test this, we measured the expression of yojl
in the presence and in the absence of Lrp by using a chromo-
somal yojl-lacZ transcriptional fusion constructed as follows.
We started with a derivative of strain DH5a in which the yojI
gene had been replaced by a chloramphenicol resistance cas-
sette via a A Red recombinase-mediated gene replacement (9).
The Ayojl mutation from this strain was transduced into
MC4100, and the cassette was subsequently removed by using
the FLP recombinase produced by a conditionally replicating
plasmid (9), thus creating an unmarked yojI deletion. The
single-copy lacZ transcriptional fusion to yojl was generated in
MC4100 AyojI by the procedure developed by Ellermeier et al.
(15). The fusion was then transduced into strain RO64. Both
fusion strains were grown in LB medium to stationary phase,
and B-galactosidase activity was measured using the method
described by Miller (20). As shown in Table 2, expression of
the fusion was almost four times lower in the absence of Lrp.
Similar results were obtained with a yojl-lacZ translational
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fusion contained in plasmid pCLO?7. This fusion was obtained
by insertion of Tn5lacZ (19) into the yojl gene. The fusion
plasmid was introduced into the mutant RO64 and the parent
MC4100, and B-galactosidase activities were measured as de-
scribed above. As seen in Table 2, in the Lrp-deficient back-
ground, there was a sevenfold reduction in B-galactosidase
activity compared with that in the control strain MC4100.
These results confirmed that Lrp upregulates yojI expression.

Ectopic expression of yojI restores MccJ25 resistance in an
E. coli Irp mutant. In the plasmid pCLO7, yojI is under the
control of its native promoter. If yojI is indeed regulated by
Lrp, it is to be expected that cloning of yojI devoid of its
regulatory sequences and under the control of another pro-
moter should lead to Lrp-independent expression of the gene.
To test this prediction, strains MC4100 and RO64 were trans-
formed with the plasmid pTrcHyojl, a pTrco6His derivative
(25). This plasmid contains yojl under the control of the iso-
propyl-B-p-thiogalactopyranoside (IPTG)-inducible #rc pro-
moter and expresses a C-terminal His-tagged Yojl protein.
The His tag does not interfere with the ability of Yojl to confer
microcin resistance (13). Note that the yojI gene in this plasmid
was derived by amplification of just the coding portion of the
wild-type gene and, thus, lacks its regulatory region (25). We
then examined the susceptibility of the transformants to
McclJ25 (IPTG was not added to agar plates, since we have
previously seen that basal expression from the #rc promoter is
enough to confer full resistance). Both the MC4100 and the
RO64 cells carrying pTrcHyojl showed complete resistance to
MccJ25 (no inhibition halos were detected in a spot-on-lawn
test). These results show that ectopic expression of the yojl
gene from plasmid pTrcHyojI made the expression of yojl
independent of Lrp, providing strong evidence that yojI is the
primary point at which the Lrp protein interacts.

In summary, this study demonstrates that the presence of
Lrp is required for expression of Yojl and that addition of
leucine to the culture medium reduces this activation, presum-
ably by antagonizing the effect of Lrp. The attenuation of the
effect of Lrp by exogenous leucine has also been shown for
some operons regulated by Lrp (5, 26). The mechanism by
which Lrp acts is now thought to involve different associations
of Lrp monomers. Lrp self-associates to hexadecamers instead
of the dimer conformation previously suggested (6, 7, 8).
Growth in minimal medium containing leucine leads to a rel-
atively high intracellular concentration of the amino acid, in-
ducing a transition of the hexadecamer into leucine-bound
octamers, which are presumed to have little or no affinity for
binding sites (8).

Finally, we have recently reported that there is a direct corre-
lation between guanosine 3',5’-bispyrophosphate (ppGpp) accu-
mulation in stationary-phase strains and MccJ25 resistance.
Furthermore, our results indicated that the alarmone is re-
quired to induce production of YojI (27). On the other hand,
Landgraf et al. (18) demonstrated that ppGpp functions as an
activator of /rp gene expression. In light of these findings, an
interpretation of the present data is that yojI is induced indi-
rectly by ppGpp via the increase in cellular Lrp levels. Lrp thus
appears as a major determinant of the natural resistance of
many E. coli strains to MccJ25.
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