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Enterobacter cloacae starred different pioneer studies that enabled the development of a

widely accepted model for the peptidoglycan metabolism-linked regulation of intrinsic class C
cephalosporinases, highly conserved in different Gram-negatives. However, some mechanistic

and fitness/virulence-related aspects of E. cloacae choromosomal AmpC-dependent resistance are
not completely understood. The present study including knockout mutants, B-lactamase cloning,
gene expression analysis, characterization of resistance phenotypes, and the Galleria mellonella
infection model fills these gaps demonstrating that: (i) AmpC enzyme does not show any collateral
activity impacting fitness/virulence; (ii) AmpC hyperproduction mediated by ampD inactivation

does not entail any biological cost; (iii) alteration of peptidoglycan recycling alone or combined with
AmpC hyperproduction causes no attenuation of E. cloacae virulence in contrast to other species;

(iv) derepression of E. cloacae AmpC does not follow a stepwise dynamics linked to the sequential
inactivation of AmpD amidase homologues as happens in Pseudomonas aeruginosa; (v) the enigmatic
additional putative AmpC-type B-lactamase generally present in E. cloacae does not contribute

to the classical cephalosporinase hyperproduction-based resistance, having a negligible impact

on phenotypes even when hyperproduced from multicopy vector. This study reveals interesting
particularities in the chromosomal AmpC-related behavior of E. cloacae that complete the knowledge
on this top resistance mechanism.

The growing levels of antimicrobial resistance in bacterial opportunistic pathogens pose one of the greatest threats
for public health in the twenty-first century’. This phenomenon is especially relevant in species that stand out
because of their successful nosocomial dissemination, virulence, and derived high morbidity-mortality rates,
mostly gathered within the ESKAPE group®. Among its Gram-negative members, Pseudomonas aeruginosa and
Enterobacter cloacae predominantly base B-lactam resistance on their intrinsic chromosomal class C induc-
ible cephalosporinase (AmpC), a fearsome weapon that has already displayed the mutation-driven capacity
to counteract the most recent -lactam-B-lactamase inhibitor combinations®. Therefore, AmpC -lactamases
pose one of the top resistance mechanisms that must be considered to develop classic, anti-virulence, and/or
resistance-breaking strategies®”.

Pseudomonas aeruginosa is probably the species in which chromosomal AmpC B-lactamase has been most
thoroughly characterized from all the perspectives®™'¢. The regulatory mechanisms of P. aeruginosa AmpC are
thought to be highly equivalent to those of certain Enterobacteriaceae species, namely E. cloacae and Citrobacter
freundii, used in the pioneer studies characterizing the peptidoglycan metabolism-linked regulation of intrinsic
class C cephalosporinases, proved to be under the control of LysR-type transcriptional regulators (AmpR)'7-22.
Briefly, depending on the fragments of soluble peptidoglycan (muropeptides) released, internalized into cytosol
for recycling, and finally bound to AmpR, this acquires different conformations that either promote the transcrip-
tion of ampC (e.g., during an inducer p-lactam challenge) or keep it repressed at basal levels (when the regulator
binds to certain newly synthesized peptidoglycan precursors). AmpR performs this role by interacting with
the intergenic region present between its own encoding gene and ampC, which are divergently transcribed'*?.
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AmpR causes bending/relaxation of this intergenic DNA, conditioning interactions with RNA polymerases,
which accounts for the repressed/promoted transcription of the p-lactamase'>?. This mechanism has been
interpreted as a sentinel strategy to sense increased peptidoglycan damage and respond with a transiently boosted
production of the p-lactamase to neutralize p-lactam aggression'?2. The abovementioned pioneer studies in
Enterobacteriaceae revealed some mutational pathways leading to a constitutive AmpC hyperproduction and
increased resistance, thus not only affecting hydrolysable inducer p-lactams®"??. These classical mutations were
those disabling the function of the indirect AmpC repressor AmpD amidase, or specific amino acid changes
providing a constitutive activator conformation of AmpR itself'7~2224-28,

Although the AmpR-AmpC systems of Enterobacteriaceae and P. aeruginosa are considered highly
homologous”!!, some differences and knowledge gaps still exist regarding the former. For instance, in P. aerugi-
nosa some additional targets leading to AmpC hyper-production through inactivating mutations in genes such
as mpl have been described®*, but their potential impact on Enterobacteriaceae has been barely approached.
Moreover, the mutational inactivation of dacB (encoding the Penicillin Binding Protein 4, PBP4) is probably
the most common cause of AmpC hyperproduction in P. aeruginosa'®, whereas in Enterobacteriaceae its impact
seems more limited and variable depending on the species®*2. Meanwhile, in P. aeruginosa an interesting stepwise
model to obtain increasing levels of AmpC production and resistance parallel to the sequential inactivation of
the amidase homologues AmpD, AmpDh2, and AmpDh3 was described®. However, the potential existence of
a similar model in AmpC-harboring Enterobacteriaceae (which would have only two steps since they harbor
a unique AmpD additional homologue), has not been investigated. In fact, different AmpC hyperproduction
phenotypes have been described in Enterobacteriaceae linked to different mutations in ampD, but an unequivo-
cal cause-effect relatedness has not been established. In other words, in some cases the ampD mutation caused
a total derepression of AmpC, whereas in others, it caused a partially de-repressed phenotype (further induc-
ible)*3%7. Therefore, the never explored potential influence of the additional AmpD homologue cannot be ruled
out. Besides, although a putative additional class C p-lactamase gene has been almost uniformly found in the
genomes of E. cloacae and which seemingly does not take part in the basal resistance phenotype®!, its potential
contribution to increase the resistance output in a context of mutation-driven classical AmpC hyperproduction
has not been investigated. Moreover, the potential impact of hyperproducing the mentioned putative f-lactamase
per se on the phenotype has not been approached as yet.

Finally, in contrast with other species'>'*!¢, the interplay between chromosomal AmpC-dependent resist-
ance, its peptidoglycan metabolism-related regulation, and the potentially associated fitness/virulence costs is
an almost unexplored field in Enterobacteriaceae. Only some specific amino acid variants in AmpR have been
characterized in this regard, suggesting insignificant associated costs*®. Conversely, it is still unknown whether
AmpC B-lactamase hyper-production per se, and/or achieved through typical mutational pathways could dampen
virulence, and/or whether the alteration of peptidoglycan recycling itself could enhance this outcome, as hap-
pens in P, aeruginosa'*'%%.

Attempting to fill these AmpC regulatory/virulence-related knowledge gaps in E. cloacae was our general
objective. Our results help to understand the particular nature of this mechanism in this species and will hope-
fully be useful for the development of strategies intended to disable it.

Results and discussion

Basic regulatory features and connections with peptidoglycan recycling and virulence of E.
cloacae AmpC

As previously demonstrated!””!, inactivation of E. cloacae AmpG permease abolished the AmpC inducibility
and dramatically impaired the level of resistance to hydrolysable inducer p-lactams such as cefoxitin (Fig. 1A,
Table 1). Whereas cefoxitin at 50 and 0.25 mg/1 caused an increase in the ampC mRNA of ca. 25 and threefold
respectively in the wildtype strain compared to basal situation, the levels of ampC expression in ATCC 13047AAG
and the same mutant induced with cefoxitin 0.25 mg/l (1/4-1/8 of MIC, concentrations previously shown to
be effective for induction**!) were very similar to those of ATCC 13047 in non-inducing conditions (Fig. 1A).
These results are explained by the role that AmpG permease plays for the cytosolic internalization of soluble
muropeptides enabling peptidoglycan recycling on one hand, and AmpR activator conformation promoting
ampC hyperexpression on the other'%%

The balance between resistance and virulence is a topic increasingly approached as a potential source of tar-
gets useful for anti-virulence and/or resistance-breaking strategies*>=*. In this context, it has been shown that
the production of certain B-lactamases (e.g. some OXA-2-derived variants) per se entails dramatic virulence
attenuations in P. aeruginosa, presumably through residual activities of the produced enzyme on peptidoglycan
biology'®?****~%_Similar data had been published before for other Gram-negative species and intrinsic/acquired
B-lactamases'#**>*, Thus, in this study, we wanted to decipher whether the hyperproduction of AmpC per se,
regardless of its underlying mechanisms, could impair E. cloacae pathogenic power in a homologous way, likely
through enzymatic collateral impacts on peptidoglycan biology. To avoid parallel effects linked to mutation-
driven mechanisms, we obtained AmpC hyperproduction through the multicopy plasmid pUCPACg (ampC
mRNA relative amount ca. 140-fold compared to wildtype basal, Fig. 1A), whose expression had no negative
effects on either ATCC 13047 or ATCC 13047AAG capacities for Galleria mellonella killing (log rank test p
values > 0.05, Fig. 1B). Consequently, neither AmpC hypeproduction itself [ATCC 13047 (pUCPACg)], nor
peptidoglycan recycling impairment through ampG inactivation (ATCC 13047AAG), nor the combination of
both facts had any effects on E. cloacae virulence (Fig. 1B). These results are in accordance with previous data
showing that the cloned AmpC of E. cloacae, when expressed in E. coli and P. aeruginosa, did not alter their
motility or biofilm formation capacity in contrast with other class A/D enzymes®'. Conversely, our results would
not be in line with some recent data in P. aeruginosa showing that the alteration of peptidoglycan recycling itself
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Figure 1. (A) Relative quantification of the ampC (ECL_00553) mRNA in the indicated strains, considering
the wildtype ATCC 13047 strain basal level as 1 and using the rpoB gene for normalization. Horizontal columns
represent the mean values from experimental replicates, whereas the error bars correspond to the standard
deviations (SD) (linear scale). White columns correspond to mRNA extracted in basal situation, whereas black
ones correspond to induction conditions with cefoxitin (FOX) at the indicated concentrations (mg/1). (B)
Virulence behavior of the indicated strains in the G. mellonella infection model. The proportion of surviving
larvae after infection with 5E° CFU/worm at the controlled time points (24, 48, 72, 96 h) is shown. Statistical
analysis (Kaplan-Meier curves and log-rank test) was performed for pairwise comparisons between all strains.
The two controls used were P. aeruginosa PA14 (high virulence) and K. pneumoniae 52K0 (low virulence). ***p
value <0.001; *p value < 0.05; n.s. not significant, i.e. p value>0.05.

MIC (mg/1)
Strain AMP AMX/CLA FOX CTX CAZ FEP PIP/TAZ | ATM TOL/TAZ CAZ/AVI
E. cloacae ATCC 13047 >256 >256 >256 0.38 038 0032 |15 05 0.38 0.19
E. cloacae ATCC 13047AAG 2 3 15 0.032 0.094 <0016 | 0.125 0.047 0.19 0.064
E. cloacae ATCC 13047 (pUCPACy) >256 >256 >256 8 8 0064 |8 4 15 025
E. cloacae ATCC 13047AAG (pUCPACyc) >256 >256 >256 4 3 0047 |4 3 05 0.094
E. cloacae ATCC 13047 (pUCP24) >256 >256 >256 0.38 0.38 0032 |15 0.38 0.38 0.19
E. cloacae ATCC 13047AAG (pUCP24) 15 3 15 0.032 0.064 <0016 |0.125 0.047 0.19 0.064
E. coli XL1 Blue 8 3 16 0.064 0.125 0064 |1 0.125 0.25 0.125
gxféléé%ﬁ _301;1;5 4 8 3 16 0.125 0.19 0094 |1 0.125 0.25 0.19
EA'TCéogcl‘geO " >256 >256 >256 0.38 05 0032 |15 05 0.38 0.19
E. cloacae
ATCC 13047 >256 >256 >256 05 0.75 0032 |15 05 05 0.25
pUCPECL,_03254

Table 1. Minimum inhibitory concentrations (MICs) of selected B-lactam drugs against the specified E.
cloacae/E. coli strains. AMP ampicillin, AMX/CLA amoxicillin/clavulanate, FOX cefoxitin, CTX cefotaxime,
CAZ ceftazidime, FEP cefepime, PIP/TAZ piperacillin-tazobactam, ATM aztreonam, TOL/TAZ ceftolozane-
tazobactam, CAZ/AVI ceftazidime-avibactam.
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caused a significant virulence attenuation in G. mellonella and murine models'>'®*. In fact, also in P. aeruginosa,
the combination of peptidoglycan recycling blockade with the production of specific p-lactamases (including
intrinsic AmpC, but also other acquired ones) significantly accentuated the biological cost associated with each
feature separately, representing a clear difference from the present results regarding the intrinsic cephalosporinase
of E. cloacae'®*. This supports the previous idea of significant peptidoglycan metabolism particularities depend-
ing on the species, which could therefore entail different impacts for virulence associated to recycling-altered
scenarios®. Hence, our results suggest that E. cloacae displays little susceptibility to peptidoglycan metabolism
alterations as a cause of virulence attenuation, which would disable the blockade of cell wall recycling as a valid
anti-virulence strategy against E. cloacae, in contrast to P. aeruginosa®. This feature would be common to another
Enterobacteriaceae species, Salmonella enterica, in which AmpG disruption was proved to have no negative
impact for fitness/virulence either*. Conversely, as demonstrated by the lack of induction in the AmpG-defective
strain (Table 1, Fig. 1A), blockade of peptidoglycan recycling continues to be a valid idea to disable the AmpC-
dependent resistance in E. cloacae*>.

In conclusion it can be deduced that, although p-lactamases obviously share the capacity for B-lactam ring
hydrolysis, their potential effects on the polymeric and/or soluble peptidoglycan may not be uniform!"!¢2%3%45,
This could explain why B-lactamase production displays a wide range of different impacts on virulence depending
on the enzyme. These effects would also depend on the species and on the respective peptidoglycan metabolism
particularities''%*%%5_ Therefore, in order to find therapeutic targets in the virulence-resistance interplay and
in the specific field of B-lactamases, all these variables should be considered.

Mutation-driven AmpC hyperproduction in E. cloacae: resistance and virulence implications of
the archetypical mechanism

Through seeding different dilutions of E. cloacae ATCC 13047 overnight liquid cultures on cefotaxime-supple-
mented LB plates, plenty of spontaneous resistant colonies were obtained with an estimated frequency between
5E° and 5E7%, a range in accordance with previous results*”*%. The expected resistance mechanism was intrinsic
AmpC hyperproduction, since cefotaxime has been widely used to select this type of mutants®s. We randomly
picked five resistant colonies, and in line with previous evidence®"*, the basis for their phenotype was the inac-
tivation of AmpD amidase through different mutations (Table 2), as determined by sequencing. In this regard,
although some specific amino acid changes providing a constitutive activator conformation of AmpR have also
been described as a cause of AmpC hyperproduction?**-2, this mechanism appears less frequently than ampD
inactivation because of probabilistic reasons: specific amino acid changes in few AmpR positions vs any mecha-
nism of inactivation, such as frameshift mutations, stop codons, or specific amino acid changes in AmpD?"2*%,
In accordance with our selected mutants, ampD inactivation has been considered by pioneer and more recent
studies with wide collections of clinical isolates as the archetypical cause of AmpC hyperproduction in E. cloacae
and closely related species?!-*>27:28:3132,

Since all five ampD-defective mutants showed virtually the same resistance phenotype (Table 2), which
affected the hydrolizable B-lactams including ceftolozane/tazobactam as previously reported®, we selected just
one strain for further characterization (denominated ATCC 13047AAD for simplification). The phenotype of
this mutant was confirmed through real time RT-PCR, showing a value of ampC mRNA of ca. 120-fold compared
to wildtype strain (Fig. 2A). The ATCC 13047AAD hyper-production level, although comparable to that of the
cloned B-lactamase in the pUCP24 multicopy vector (ca. 140-fold with regard to wildtype ampC expression,
Figs. 1A, 2A), provided higher MICs of ceftazidime, cefotaxime, aztreonam, and piperacillin/tazobactam for
instance (Tables 1, 2). The explanation could be the reported induction effect exerted by cefotaxime (and pre-
sumably other B-lactams) at high concentrations on the expression of the chromosomal ampC?!, already hyper-
expressed owing to ampD inactivation, a circumstance that would obviously not be affecting the cloned gene.
Regardless, the basis for ampD inactivation-mediated AmpC hyperproduction has been thoroughly studied in
different species, including E. cloacae®'. In regular conditions, AmpD amidase performs a key step for the deg-
radation of cytosolic soluble muropeptides, i.e., cleavage of bonds between the 1,6-anhydro-N-acetyl-muramic

MICs (mg/1)
Strain CTX CAZ FEP PIP/TAZ ATM TOL/TAZ CAZ/AVI ampD mutation
ATCC 13047 0.38 0.38 0.032 1.5 0.5 0.38 0.19 NA
ATCC 13047AAD 32 48 0.5 48 12 6 0.25 Deletion of nt 432
ATCC 13047AAD-b 32 64 0.5 48 12 6 0.25 Deletion of 4 nts (183-186)
ATCC 13047AAD-c 32 48 0.5 48 12 6 0.25 Deletion of nt 279
ATCC 13047AAD-d 32 48 0.5 96 12 4 0.25 Deletion of 2 nts (276-277)
ATCC 13047AAD-e 48 48 0.5 48 24 4 0.25 C— T change (nt 385): stop codon
ATCC 13047 A02804 0.38 0.38 0.032 1 0.25 0.5 0.19 NA
ATCC 13047AAD A02804 32 64 0.5 48 12 6 0.25 Deletion of nt 432

Table 2. MICs of different -lactams against the indicated E. cloacae wildtype strain, spontaneous AmpD-
defective mutants and ECL_02804 KO mutants constructed in the laboratory. CTX cefotaxime, CAZ
ceftazidime, FEP cefepime, PIP/TAZ piperacillin-tazobactam, ATM aztreonam, TOL/TAZ ceftolozane-

tazobactam, CAZ/AVI ceftazidime-avibactam, NA not applicable, nt nucleotide.
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Figure 2. (A) Relative quantification of ampC (ECL_00553) mRNA in the indicated strains, considering the
wildtype ATCC 13047 strain basal level as 1 and using the rpoB gene for normalization. Horizontal columns
represent the mean values from experimental replicates, whereas the error bars correspond to the SD (linear
scale). White columns correspond to mRNA extracted in the basal situation whereas black ones correspond

to induction conditions with cefoxitin (FOX) at the indicated concentrations (mg/1). (B) Virulence behavior

of the indicated strains in the G. mellonella infection model. The proportion of surviving larvae after infection
with 5E® CFU/worm at the controlled time points (24, 48, 72, 96 h) is shown. Statistical analysis (Kaplan-Meier
curves and log-rank test) was performed for pairwise comparisons between all strains. The two controls used
in A were P. aeruginosa PA14 (high virulence) and K. pneumoniae 52K0 (low virulence). ***p value <0.001; **p
value <0.01; *p value <0.05; n.s. not significant, i.e., p value>0.05.

acid and the L-alanine of the stem peptides, needed for the subsequent synthesis of new peptidoglycan precur-
sors incuding UDP-N-acetyl-muramic acid-pentapeptides'"'>?2, These latter molecules promote the repressor
conformation of AmpR keeping ampC expression to a minimum. Conversely, when AmpD function is lost (or
saturated), the 1,6-anhydro-N-acetyl-muramic acid-peptides displace the UDP-N-acetyl-muramic acid-penta-
peptides from AmpR binding, enabling its activator conformation and AmpC hyper-production'>!>?2,
Although AmpC hyperproduction-based p-lactam resistance has been deeply studied in E. cloacae from
almost all perspectives? 2253158396163 ljtg potentially associated biological cost has never been quantified, which
constrasts with awide array of B-lactamases, properly characterized in this sense!****. Cloning AmpC in a
multicopy plasmid (previous section) enabled us to measure the direct impact of hyperproducing an instrinsic
B-lactamase in a similar way as that for acquired enzymes, which usually show constitutive high expression
thanks to strong promoters®*%. As mentioned above, our results ruled out any virulence attenuation associated
with AmpC hyperproduction itself (Fig. 1B). However, this way of obtaining an AmpC hyperproducer strain is
obviously artificial, and therefore, we sought to ascertain whether hyperproduction together with its archetypi-
cal mutation-driven mechanism (ampD disruption)**>?7253! could impact virulence. To answer this question,
we performed G. mellonella infections with ATCC 13047AAD in parallel to the wildtype strain, and as can be
seen in Fig. 2B, the dynamics of larvae killing were virtually equal (log rank test p value > 0.05 in the pairwise
comparison). This result was somehow expectable, since AmpC hyperproduction is probably the most important
resistance mechanism by far in clinical strains of E. cloacae and other species*>?”?%4>62 and thus, it would not
be selected that frequently if it caused a high biological cost. Moreover, the AmpD-defective background com-
bines AmpC hyperproduction with a partially impaired peptidoglycan recycling, since this amidase performs a
key step to enable an efficient cytosolic anabolism of new peptidoglycan precursors'"*>. However, not even this
combination of features had any impact on E. cloacae virulence, as happens for the P. aeruginosa AmpD-defective
AmpC hyperproducers'. This observation supports our abovementioned results in which a virtually complete
blockade of peptidoglycan recycling (ampG inactivation or even ampG inactivation + pUCPACg) did not affect
G. mellonella killing either (Fig. 1B). Therefore, E. cloacae seems very resistant in terms of its virulence being
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not affected by cell-wall metabolism disturbance and B-lactamase hyperproduction, at least in comparison with
P. aeruginosa for instance!®®.

AmpC shows a single step derepression dynamics linked to AmpD inactivation in E. cloacae

A very important body of information is available concerning the chromosomal AmpC of E. cloacae*'7-*1%3, How-
ever, there are still some knowledge gaps on the topic that we wanted to fill, given the relevance of this ESKAPE
pathogen and this resistance mechanism>*. As mentioned above, some classic works reported different types
of AmpD alterations causing AmpC hyperproduction in E. cloacae and closely related species?***’. However,
because of the use of different species, strains, methodologies/models, and spontaneous mutants, a clear cause-
effect relatedness between the type of ampD mutation (amino acid changes, frameshifts, stop codons) and the
final phenotype of AmpC production (total derepression, partial derepression, hyper-inducibility) cannot be
deduced?**-¥". Thus, we hypothesized that at least in some of the cases, a double inactivation of ampD plus its
additional homologue could have gone unnoticed as cause of total AmpC derepression. This idea was deduced
from the model described in P. aeruginosa and later shown to be conserved in Yersinia enterocolitica®'>%, in
which the three-step sequential inactivation of ampD and its two additional homologues (ampDh2 and ampDh3)
causes increasing levels of AmpC production, inducibility and resistance, reaching total derepression with the
triple mutant. Moreover, it was demonstrated that this multiplicity of AmpD homologues provides the advan-
tage of enabling greater levels of B-lactam resistance without losing fitness/virulence, attenuation only hap-
pening when the three homologues were disrupted!*!“. Thus, a similar model could exist in E. cloacae, in this
case with a unique additional ampD homologue (ECL_02804 in the strain ATCC 13047). In accordance with
previous evidence'*®, this amidase was considered the homologue of the periplasmic AmpDh?2 of P. aeruginosa
and AmiD of Escherichia coli'*®, and potentially key to enable AmpC overproduction in two steps: whereas
disruption of AmpD would cause a partial derepression, double ampD-ECL_02804 inactivation would entail a
maximum production of AmpC (not further inducible). To ascertain whether or not this hypothesis was true,
we constructed a simple mutant in the ECL_02804 gene, and the double KO mutant in ECL_02804 and ampD
using the spontaneous ATCC 13047AAD as a scaffold. However, as can be seen in Table 2 and Fig. 2A, neither
the inactivation of ECL_02804 in the wildtype strain, nor in the ampD-defective background had any significant
effect on the expression of ampC and resistance profile compared to the respective originative strains. Moreo-
ver, ATCC 13047A02804 displayed a wildtype inducibility profile, whereas both ATCC 13047AAD and ATCC
13047AADA02804 showed no significant changes in their behavior after cefoxitin challenge either (Fig. 2A).
In other words, the level of ampC mRNA was similar in basal vs cefoxitin induction conditions in these two
AmpD-defective strains, suggesting that inactivation of ampD per se is enough to cause a virtually complete
AmpC derepression . Therefore, the amidase encoded by ECL_02804 seems to lack any regulator role over E.
cloacae intrinsic cephalosporinase. This observation would be somehow in accordance with the fact that in P
aeruginosa the repressor power of AmpDh2 over AmpC production was shown to be significantly less important
than those of AmpDh3 and mostly of AmpD°.

Therefore, no stepwise derepression seems to exist for E. cloacae AmpC according to our results, although
whether or not this could true for other related species harboring intrinsic cephalosporinases (C. freundii, M.
morganii, and so on) remains to be investigated. Thus, we believe that the intermediate phenotypes of AmpC
hyperproduction found in the abovementioned classical works**3-*” could be related to ampD mutations leading
to an incomplete inactivation of the protein, and/or other neglected mutations/features in the strains/species
used. Meanwhile, the inactivation of ECL_02804 alone or in an ampD-defective background had no impact on
E. cloacae virulence either, as can be seen in Fig. 2B. Since ECL_02804 is allegedly performing the same role as
P aeruginosa AmpDh2, i.e., cleavage and turnover of stem lateral peptides from the murein sacculus!#>6%7 the
double amidase mutant should have a drastically altered peptidoglycan metabolism. Yet not even this situation,
added to the derived AmpC derepression, affected the G. mellonella killing behavior of E. cloacae. These data
are in line with the aforementioned idea of the high resistance of this species against peptidoglycan metabolism
alterations, which contrasts with other more susceptible microorganisms'®3%3,

Analyzing the enigmatic role of the supranumerary putative AmpC homologue in E. cloacae
The final knowledge gap we wanted to fill dealt with the enigmatic additional class C B-lactamase that is generally
encoded together with its own AmpR-type regulator in the genomes of E. cloacae®'. This p-lactamase, encoded
by the ECL_03254 gene in the ATCC 13047 strain, has previously been shown to be not inducible through
cefoxitin challenge®'. Moreover, its deletion caused no effects for the wildtype B-lactam susceptibility profile
of E. cloacae either®'. Therefore, we hypothesized that this supernumerary AmpC could be contributing to the
resistance phenotype not in basal conditions, but in a situation in which the primary AmpC (ECL_00553 gene in
the ATCC 13047 strain) is already overproduced through mutational pathways such as AmpD disruption. Thus,
the AmpR-activating muropeptides accumulated in this scenario, which could differ from those predominating
during cefoxitin challenge as recently proposed'?, would not only promote the expression of the primary ampC
but also of the secondary gene through binding to its own AmpR regulator (ECL_03253 in the ATCC 13047
strain). To check this possibility we analyzed the expression of ECL_03254 in the wildtype strain, and in the
mutants ATCC 13047AAD and ATCC 13047AADA02804, but its relative mRNA did not significantly change
in any case (Fig. 3). These facts indicated that this enigmatic B-lactamase does not contribute to resistance of
E. cloacae even in a situation of accumulation of AmpR activator muropeptides leading to the regular AmpC
(ECL_00553 gene) hyperproduction. Moreover, these data confirmed the lack of any regulatory role of the ami-
dase homologue ECL_02804 over any E. cloacae p-lactamase.

On the other hand, we hypothesized that ECL_03254 could perhaps have alternative unknown hyperproduc-
tion mechanisms, which would contribute to an increased resistance in E. cloacae in specific conditions. In this
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Relative EC_ 03254 expression

Figure 3. Relative quantification of the ECL_03254 gene mRNA in the indicated strains, considering the
wildtype ATCC 13047 strain basal level as 1 and using the rpoB gene for normalization. Horizontal columns
represent the mean values from experimental replicates, whereas the error bars correspond to the SD (linear
scale). White columns correspond to mRNA extracted in basal situation, whereas black ones correspond to
induction conditions with cefoxitin (FOX) at the indicated concentrations (mg/1).

sense, we cloned the ECL_03254 gene in the pUCP24 multicopy vector obtaining the plasmid pUCPECL_03254
to check whether, once hyper-expressed, this putative cephalosporinase could provide a boosted resistance
level. Once transformed in E. coli XL1 Blue and in the E. cloacae wildtype strain, only very minor increases
in cephalosporins MICs were seen (Table 1), although the level of ECL_03254 expression was above 500-fold
compared to reference (Fig. 3). Therefore, these results indicate that, although highly conserved in E. cloacae,
this putative AmpC-type B-lactamase apparently has no relevant effects on phenotype even in a situation of
extreme overproduction.

Thus, the enigma as to which role the E. cloacae secondary AmpC enzyme and its AmpR-type regulator could
play, and why they are so conserved in natural strains remains to be deciphered. This resembles other enzymes
widely distributed among natural strains, but apparently not contributing to the resistance of the producing spe-
cies, such as the carbapenemase PoxB in P. aeruginosa®®. Given the proposed evolutionary origin of p-lactamases
from PBPs—enzymes with roles essential for the correct peptidoglycan construction*”***—it could be argued
that this type of enigmatic -lactamases may have some constitutive activities related to murein sacculus metabo-
lism (e.g., contributing to its remodeling, turnover, fine-tuning of crosslinking, length of sugar chains, etc.), like
many other enzymes in the periplasm®7°. A potential activity of this type of f-lactamases not over the entire
peptidoglycan but in metabolizing soluble fragments to enable cytosolic recycling reactions or even participating
in regulatory networks cannot be ruled out either??. In conclusion, investigating the real activity of enzymes like
ECL_03254 even beyond {-lactam resistance is a topic worth delving into so as to understand bacterial biology
and find weak points potentially useful to design therapeutic weapons.

Concluding remarks

Here we provide novel data regarding AmpC-dependent resistance in E. cloacae, which matches the knowledge
level to that of other pathogens, revealing interesting particularities. Our results point to E. cloacae as a pathogen
with high resistance to the costs usually associated with p-lactamase hyper-production and/or peptidoglycan
alterations in other species. These observations may be carefully considered for the future development of strate-
gies to defeat one of the greatest healthcare challenges of the twenty-first century, as is multi-drug resistant E.
cloacae.

Methods

Bacterial strains, plasmids, and antibiotic susceptibility testing

A general list and description of the laboratory strains and plasmids used in this work are shown in Table S1.
In the indicated strains, susceptibility testing to determine the minimum inhibitory concentration (MIC) of
representative p-lactams was performed using MIC test strips (Liofilchem) or E-test strips (bioMérieux) fol-
lowing the manufacturer’s instructions. When necessary, Miiller-Hinton broth microdilution was performed
following standard procedures.

Cloning of Enterobacter cloacae AmpC B-lactamases

To clone the E. cloacae ATCC 13047 strain chromosomal AmpC B-lactamase gene (ECL_00553) into the pUCP24
multi-copy vector, the primers shown in Table S2 (AmpCgc-F-Sacl and AmpCgc-R-BamHI) were used with
the ATCC 13047 strain’s DNA as a template. The PCR products obtained were purified, digested, and ligated
into the linearized vector. The resulting plasmid (pUCPACg.) was transformed into E. coli XL1 Blue through
the CaCl, heat-shock method. After extraction of plasmids through commercial kits, they were electroporated
into the E. cloacae strains indicated following standard protocols, and constructs were checked for the absence
of mutations through Sanger sequencing (Macrogen) with the abovementioned primers. To clone the putative
supranumerary AmpC-type B-lactamase of E. cloacae (gene ECL_03254 of ATCC 13047 strain), the same proce-
dures were followed. The primers shown in Table S2 were used, finally obtaining the plasmid pUCPECL_03254
that was transformed into E. coli XL1 Blue and E. cloacae ATCC 13047 to analyze the phenotypes obtained (MIC
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determination and RT-PCR of ECL_03254 gene). Absence of mutations in pUCPECL_03254 was also checked
as mentioned above.

Analysis of gene expression

The mRNA of the indicated genes in the corresponding strains was quantified through real-time reverse tran-
scription PCR (RT-PCR) and specific primers (Table S3), according to previously described protocols'*. Briefly,
total RNA proceeding from exponential phase cultures was extracted with the RNeasy minikit (Qiagen) and
treated with 2 U of Turbo DNase (Ambion) for 60 min at 37 °C to remove contaminating DNA. Then 50 ng of
purified RNA were used for real-time RT-PCR using the QuantiTect SYBR Green RT-PCR Kit (Qiagen) in a CFX
Connect device (Bio-Rad). Previously described primers for the rpoB housekeeping gene were used to normalize
mRNA levels”! (Table S3), and the results for the genes of interest were referred to the indicated control strain
in each case, being expressed as relative values. All real time RT-PCRs were performed in duplicate, and mean
values of expression from three independent RNA extractions were considered. For induction experiments, the
corresponding cultures were exposed to cefoxitin for 2.5 h prior to RNA extraction. Concentration of cefoxitin
depended on the strain (see “Results and discussion” section), but a general rule of using concentrations between
1/4 and 1/8 of the MIC of the corresponding strain was applied, following previous works in which these and
even lower concentrations were shown to significantly induce the different p-lactamases**4!.

Construction/obtaining of mutants

To inactivate the different genes indicated, the protocol of Huang and coworkers was followed”>. Briefly, the FRT
(flippase recognition targets)-flanked apramycin resistance cassette (aac(3)IV) was amplified using the plasmid
pMDIAI (Table S1) as a template and the corresponding specifically-designed primers, i.e., containing fragments
of ca. 60-80 nucleotides homologous to the target gene as tails preceding the nucleotides complementary to the
FRT sites (Table S2). The obtained amplicons were electroporated into the E. cloacae ATCC 13047 strain that had
been previously transformed with the pACBSR-Hyg plasmid. This vector contains an arabinose-inducible recom-
binase enabling homologous recombination between the chromosomal gene and the electroporated amplicon.
After curation of the latter plasmid, the obtained colonies were checked by PCR and sequencing to confirm the
substitution of the wildtype gene by the apramycin resistance gene flanked by FRT sites and the abovementioned
60-80 nucleotide tails. Finally, when needed to eliminate the apramycin resistance cassette, the mutants were
transformed with the plasmid pFLP-hyg that contains the flipase mediating the excision of the aac(3)IV gene
after overnight incubation at 43 °C. After curation of the latter plasmid, the candidate colonies were checked
by PCR and Sanger sequencing (Macrogen). All the plasmids and primers used to carry out this protocol are
displayed in Tables S1 and S2.

Spontaneous chromosomal AmpC B-lactamase hyperproducer mutants were obtained by plating different
dilutions of ATCC 13047 strain overnight cultures in LB agar plates supplemented with cefotaxime 8 mg/l.
Selected cefotaxime-resistant colonies were characterized through -lactam MIC determination and real time
RT-PCR of ampC. The mutational inactivation of ampD gene has been described as the archetypical mechanism
enabling hyperproduction of E. cloacae AmpC?>?7*%31:35 and therefore, selected candidate colonies were checked
through PCR/Sanger sequencing (Macrogen) with specific primers for this gene (Table S2).

Invertebrate infection model

The wax moth G. mellonella was used as the infection model following previously described protocols with
minor modifications'*”*. Exponentially growing cultures of the corresponding strains were pelleted, washed,
and resuspended in Dulbecco’s phosphate buffered saline without calcium/magnesium (PBS, Biowest). Different
serial dilutions (1E° colony forming units, CFU/ml to 1E® CFU/ml) were made in PBS and injected using Ham-
ilton syringes (10-pl aliquots) into individual G. mellonella larvae (approx. 2-2.5 cm long caterpillars weighing
200-300 mg) via the hindmost left proleg. Ten larvae were injected for each dilution and strain and scored as
live or dead after 24, 48, 72, and 96 h at 37 °C. These preliminary assays were carried out to choose the appropri-
ate dose of 5E° CFU/larva that was used to analyze survival through Kaplan-Meier curves and log-rank tests
(considering a p value <0.05 as significant in the pairwise comparisons), compiling the data obtained from at
least three independent replicates. The 5E® CFU/larva inoculum was chosen because it was the one showing
the greatest differences in larvae killing capacity between strains, with step-wise dynamics at the different time
points in the assay.

Statistical analysis

With the exception of Kaplan Meier curves/log rank test (SPSS software, version 25.0) and Probit model (R soft-
ware, version 3.2.2), GraphPad Prism 7 was used for statistical analysis and graphical representation. Quantitative
variables were analyzed through one-way ANOVA (with Tukey’s post-hoc multiple comparison test) by pairing
data obtained from the experimental replicates (i.e. matched observations), and/or Student’s t test (two-tailed,
paired), as appropriate. A p value <0.05 was considered statistically significant.

Data availability
The data generated for this study are available upon request to the corresponding authors.

Received: 17 November 2023; Accepted: 22 December 2023
Published online: 02 January 2024

Scientific Reports |

(2024) 14:189 | https://doi.org/10.1038/s41598-023-50685-1 nature portfolio



www.nature.com/scientificreports/

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Barriere, S. L. Clinical, economic and societal impact of antibiotic resistance. Expert Opin. Pharmacother. 16, 151-153. https://
doi.org/10.1517/14656566.2015.983077 (2015).

De Oliveira, D. M. P. et al. Antimicrobial resistance in ESKAPE pathogens. Clin. Microbiol. Rev. 33, €00181-e00219. https://doi.
org/10.1128/CMR.00181-19 (2020).

. Papp-Wallace, K. M., Mack, A. R., Taracila, M. A. & Bonomo, R. A. Resistance to novel p-lactam-B-lactamase inhibitor combina-

tions: The “price of progress”. Infect. Dis. Clin. N. Am. 34, 773-819. https://doi.org/10.1016/j.idc.2020.05.001 (2020).

. Tamma, P. D. et al. A primer on AmpC p-lactamases: Necessary knowledge for an increasingly multidrug-resistant world. Clin.

Infect. Dis. 69, 1446-1455. https://doi.org/10.1093/cid/ciz173 (2019).

. Langendonk, R. E, Neill, D. R. & Fothergill, J. L. The building blocks of antimicrobial resistance in Pseudomonas aeruginosa:

Implications for current resistance-breaking therapies. Front. Cell Infect. Microbiol. 11, 665759. https://doi.org/10.3389/fcimb.
2021.665759 (2021).

. Lodge, J., Busby, S. & Piddock, L. Investigation of the Pseudomonas aeruginosa ampR gene and its role at the chromosomal ampC

beta-lactamase promoter. FEMS Microbiol. Lett. 111, 315-320. https://doi.org/10.1111/j.1574-6968.1993.tb06404.x (1993).

. Langaee, T. Y., Gagnon, L. & Huletsky, A. Inactivation of the ampD gene in Pseudomonas aeruginosa leads to moderate-basal-level

and hyperinducible AmpC beta-lactamase expression. Antimicrob. Agents Chemother. 44, 583-589. https://doi.org/10.1128/AAC.
44.3.583-589.2000 (2000).

. Juan, C. et al. Molecular mechanisms of beta-lactam resistance mediated by AmpC hyperproduction in Pseudomonas aeruginosa

clinical strains. Antimicrob. Agents Chemother. 49, 4733-4738. https://doi.org/10.1128/AAC.49.11.4733-4738.2005 (2005).

. Juan, C., Moy4, B., Pérez, J. L. & Oliver, A. Stepwise upregulation of the Pseudomonas aeruginosa chromosomal cephalosporinase

conferring high-level beta-lactam resistance involves three AmpD homologues. Antimicrob. Agents Chemother. 50, 1780-1787.
https://doi.org/10.1128/AAC.50.5.1780-1787.2006 (2006).

Moya, B. et al. Beta-lactam resistance response triggered by inactivation of a nonessential penicillin-binding protein. PLoS Pathog.
5,e1000353. https://doi.org/10.1371/journal.ppat.1000353 (2009).

Juan, C., Torrens, G., Gonzélez-Nicolau, M. & Oliver, A. Diversity and regulation of intrinsic -lactamases from non-fermenting
and other Gram-negative opportunistic pathogens. FEMS Microbiol. Rev. 41, 781-815. https://doi.org/10.1093/femsre/fux043
(2017).

Torrens, G. et al. Regulation of AmpC-driven B-lactam resistance in Pseudomonas aeruginosa: Different pathways, different signal-
ing. mSystems 4, €00524. https://doi.org/10.1128/mSystems.00524-19 (2019).

Moya, B., Juan, C., Alberti, S., Pérez, J. L. & Oliver, A. Benefit of having multiple ampD genes for acquiring beta-lactam resistance
without losing fitness and virulence in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 52, 3694-3700. https://doi.org/
10.1128/AAC.00172-08 (2008).

Pérez-Gallego, M. et al. Impact of AmpC derepression on fitness and virulence: The mechanism or the pathway? mBio 7, €01783.
https://doi.org/10.1128/mBio.01783-16 (2016).

Torrens, G. et al. In vivo validation of peptidoglycan recycling as a target to disable AmpC-mediated resistance and reduce virulence
enhancing the cell-wall-targeting immunity. J. Infect. Dis. 220, 1729-1737. https://doi.org/10.1093/infdis/jiz377 (2019).

Barceld, 1. M. et al. Role of enzymatic activity in the biological cost associated with the production of AmpC B-lactamases in
Pseudomonas aeruginosa. Microbiol. Spectr. 10, €0270022. https://doi.org/10.1128/spectrum.02700-22 (2022).

Korfmann, G. & Wiedemann, B. Genetic control of beta-lactamase production in Enterobacter cloacae. Rev. Infect. Dis. 10, 793-799.
https://doi.org/10.1093/clinids/10.4.793 (1988).

Peter, K., Korfmann, G. & Wiedemann, B. Impact of the ampD gene and its product on beta-lactamase production in Enterobacter
cloacae. Rev. Infect. Dis. 10, 800-805. https://doi.org/10.1093/clinids/10.4.800 (1988).

Normark, S. Beta-Lactamase induction in gram-negative bacteria is intimately linked to peptidoglycan recycling. Microb. Drug.
Resist. 1, 111-114. https://doi.org/10.1089/mdr.1995.1.111 (1995).

Jacobs, C., Frére, J. M. & Normark, S. Cytosolic intermediates for cell wall biosynthesis and degradation control inducible beta-
lactam resistance in gram-negative bacteria. Cell 88, 823-832. https://doi.org/10.1016/5s0092-8674(00)81928-5 (1997).

Hanson, N. D. & Sanders, C. C. Regulation of inducible AmpC beta-lactamase expression among Enterobacteriaceae. Curr. Pharm.
Des. 5, 881-894 (1999).

Fisher, J. E. & Mobashery, S. The sentinel role of peptidoglycan recycling in the B-lactam resistance of the Gram-negative Entero-
bacteriaceae and Pseudomonas aeruginosa. Bioorg. Chem. 56, 41-48. https://doi.org/10.1016/j.bioorg.2014.05.011 (2014). Erratum
in: Bioorg. Chem. 55,78 (2014).

Escobar-Salom, M. et al. Bacterial virulence regulation through soluble peptidoglycan fragments sensing and response: Knowledge
gaps and therapeutic potential. FEMS Microbiol. Rev. 47, 010. https://doi.org/10.1093/femsre/fuad010 (2023).

Kuga, A., Okamoto, R. & Inoue, M. ampR gene mutations that greatly increase class C B-lactamase activity in Enterobacter cloacae.
Antimicrob. Agents Chemother. 44, 561-567. https://doi.org/10.1128/AAC.44.3.561-567.2000 (2000).

Kaneko, K., Okamoto, R., Nakano, R., Kawakami, S. & Inoue, M. Gene mutations responsible for overexpression of AmpC beta-
lactamase in some clinical isolates of Enterobacter cloacae. J. Clin. Microbiol. 43, 2955-2958. https://doi.org/10.1128/JCM.43.6.
2955-2958.2005 (2005).

Cabot, G. et al. Genetic markers of widespread extensively drug-resistant Pseudomonas aeruginosa high-risk clones. Antimicrob.
Agents Chemother. 56, 6349-6357. https://doi.org/10.1128/ AAC.01388-12 (2012).

Babouee Flury, B. et al. Association of novel nonsynonymous single nucleotide polymorphisms in ampD with cephalosporin
resistance and phylogenetic variations in ampC, ampR, ompF, and ompC in Enterobacter cloacae isolates that are highly resistant
to carbapenems. Antimicrob. Agents Chemother. 60, 2383-2390. https://doi.org/10.1128/AAC.02835-15 (2016).

Babouee Flury, B. et al. The differential importance of mutations within AmpD in cephalosporin resistance of Enterobacter aerogenes
and Enterobacter cloacae. Int. J. Antimicrob. Agents 48, 555-558. https://doi.org/10.1016/j.ijantimicag.2016.07.021 (2016).
Tsutsumi, Y., Tomita, H. & Tanimoto, K. Identification of novel genes responsible for overexpression of ampC in Pseudomonas
aeruginosa PAOL. Antimicrob. Agents Chemother. 57, 5987-5993. https://doi.org/10.1128/AAC.01291-13 (2013).
Alvarez-Ortega, C., Wiegand, I, Olivares, J., Hancock, R. E. & Martinez, J. L. Genetic determinants involved in the susceptibility
of Pseudomonas aeruginosa to beta-lactam antibiotics. Antimicrob. Agents Chemother. 54, 4159-4167. https://doi.org/10.1128/
AAC.00257-10 (2010).

Guérin, F, Isnard, C., Cattoir, V. & Giard, J. C. Complex regulation pathways of AmpC-mediated -lactam resistance in Enterobacter
cloacae complex. Antimicrob. Agents Chemother. 59, 7753-7761. https://doi.org/10.1128/ AAC.01729-15 (2015).

Xie, L., Xu, R., Zhu, D. & Sun, J. Emerging resistance to ceftriaxone treatment owing to different ampD mutations in Enterobacter
roggenkampii. Infect. Genet. Evol. 102, 105301. https://doi.org/10.1016/j.meegid.2022.105301 (2022).

Lindberg, F. & Normark, S. Common mechanism of ampC beta-lactamase induction in enterobacteria: Regulation of the cloned
Enterobacter cloacae P99 beta-lactamase gene. J. Bacteriol. 169, 758-763. https://doi.org/10.1128/jb.169.2.758-763.1987 (1987).
Honoré, N., Nicolas, M. H. & Cole, S. T. Regulation of enterobacterial cephalosporinase production: The role of a membrane-bound
sensory transducer. Mol. Microbiol. 3, 1121-1130. https://doi.org/10.1111/j.1365-2958.1989.tb00262.x (1989).

Kopp, U., Wiedemann, B., Lindquist, S. & Normark, S. Sequences of wild-type and mutant ampD genes of Citrobacter freundii and
Enterobacter cloacae. Antimicrob. Agents Chemother. 37, 224-228. https://doi.org/10.1128/AAC.37.2.224 (1993).

Scientific Reports |

(2024) 14:189 | https://doi.org/10.1038/s41598-023-50685-1 nature portfolio


https://doi.org/10.1517/14656566.2015.983077
https://doi.org/10.1517/14656566.2015.983077
https://doi.org/10.1128/CMR.00181-19
https://doi.org/10.1128/CMR.00181-19
https://doi.org/10.1016/j.idc.2020.05.001
https://doi.org/10.1093/cid/ciz173
https://doi.org/10.3389/fcimb.2021.665759
https://doi.org/10.3389/fcimb.2021.665759
https://doi.org/10.1111/j.1574-6968.1993.tb06404.x
https://doi.org/10.1128/AAC.44.3.583-589.2000
https://doi.org/10.1128/AAC.44.3.583-589.2000
https://doi.org/10.1128/AAC.49.11.4733-4738.2005
https://doi.org/10.1128/AAC.50.5.1780-1787.2006
https://doi.org/10.1371/journal.ppat.1000353
https://doi.org/10.1093/femsre/fux043
https://doi.org/10.1128/mSystems.00524-19
https://doi.org/10.1128/AAC.00172-08
https://doi.org/10.1128/AAC.00172-08
https://doi.org/10.1128/mBio.01783-16
https://doi.org/10.1093/infdis/jiz377
https://doi.org/10.1128/spectrum.02700-22
https://doi.org/10.1093/clinids/10.4.793
https://doi.org/10.1093/clinids/10.4.800
https://doi.org/10.1089/mdr.1995.1.111
https://doi.org/10.1016/s0092-8674(00)81928-5
https://doi.org/10.1016/j.bioorg.2014.05.011
https://doi.org/10.1093/femsre/fuad010
https://doi.org/10.1128/AAC.44.3.561-567.2000
https://doi.org/10.1128/JCM.43.6.2955-2958.2005
https://doi.org/10.1128/JCM.43.6.2955-2958.2005
https://doi.org/10.1128/AAC.01388-12
https://doi.org/10.1128/AAC.02835-15
https://doi.org/10.1016/j.ijantimicag.2016.07.021
https://doi.org/10.1128/AAC.01291-13
https://doi.org/10.1128/AAC.00257-10
https://doi.org/10.1128/AAC.00257-10
https://doi.org/10.1128/AAC.01729-15
https://doi.org/10.1016/j.meegid.2022.105301
https://doi.org/10.1128/jb.169.2.758-763.1987
https://doi.org/10.1111/j.1365-2958.1989.tb00262.x
https://doi.org/10.1128/AAC.37.2.224

www.nature.com/scientificreports/

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

. Stapleton, P, Shannon, K. & Phillips, I. DNA sequence differences of ampD mutants of Citrobacter freundii. Antimicrob. Agents
Chemother. 39, 2494-2498. https://doi.org/10.1128/AAC.39.11.2494 (1995).

Ehrhardt, A. E, Sanders, C. C., Romero, J. R. & Leser, ]. S. Sequencing and analysis of four new Enterobacter ampD Alleles. Anti-
microb. Agents Chemother. 40, 1953-1956. https://doi.org/10.1128/AAC.40.8.1953 (1996).

Manktelow, C. J., Penkova, E., Scott, L., Matthews, A. C. & Raymond, B. Strong environment-genotype interactions determine the
fitness costs of antibiotic resistance in vitro and in an insect model of infection. Antimicrob. Agents Chemother. 64, €01033. https://
doi.org/10.1128/AAC.01033-20 (2020).

Barcelo, I. M. et al. Impact of peptidoglycan recycling blockade and expression of horizontally acquired B-lactamases on Pseu-
domonas aeruginosa virulence. Microbiol. Spectr. 10, €0201921. https://doi.org/10.1128/spectrum.02019-21 (2022).

Barnaud, G. et al. Salmonella enteritidis: AmpC plasmid-mediated inducible beta-lactamase (DHA-1) with an ampR gene from
Morganella morganii. Antimicrob. Agents Chemother. 42,2352-2358. https://doi.org/10.1128/ AAC.42.9.2352 (1998).

Miossec, C., Claudon, M., Levasseur, P. & Black, M. T. The B-lactamase inhibitor avibactam (NXL104) does not induce ampC
B-lactamase in Enterobacter cloacae. Infect. Drug Resist. 6, 235-240. https://doi.org/10.2147/IDR.S53874 (2013).

Mark, B. L., Vocadlo, D. J. & Oliver, A. Providing -lactams a helping hand: Targeting the AmpC f-lactamase induction pathway.
Future Microbiol. 6, 1415-1427. https://doi.org/10.2217/fmb.11.128 (2012). Erratum in: Future Microbiol. 7, 306 (2012).

Beceiro, A., Tomas, M. & Bou, G. Antimicrobial resistance and virulence: A successful or deleterious association in the bacterial
world? Clin. Microbiol. Rev. 26, 185-230. https://doi.org/10.1128/CMR.00059-12 (2013).

Vogwill, T. & MacLean, R. C. The genetic basis of the fitness costs of antimicrobial resistance: A meta-analysis approach. Evol.
Appl. 8, 284-295. https://doi.org/10.1111/eva.12202 (2015).

Juan, C., Torrens, G., Barcelo, I. M. & Oliver, A. Interplay between peptidoglycan biology and virulence in gram-negative pathogens.
Microbiol. Mol. Biol. Rev. 82, €00033. https://doi.org/10.1128/MMBR.00033-18 (2018).

Dehbanipour, R. & Ghalavand, Z. Anti-virulence therapeutic strategies against bacterial infections: Recent advances. Germs 12,
262-275. https://doi.org/10.18683/germs.2022.1328 (2022).

Bishop, R. E. & Weiner, J. H. Coordinate regulation of murein peptidase activity and AmpC beta-lactamase synthesis in Escherichia
coli. FEBS Lett. 304, 103-108. https://doi.org/10.1016/0014-5793(92)80598-b (1992).

Rhazi, N., Galleni, M., Page, M. I. & Frére, ]. M. Peptidase activity of beta-lactamases. Biochem. J. 341, 409-413. https://doi.org/
10.1042/bj3410409 (1999).

Jordana-Lluch, E. et al. The balance between antibiotic resistance and fitness/virulence in Pseudomonas aeruginosa: An update on
basic knowledge and fundamental research. Front. Microbiol. 14, 1270999. https://doi.org/10.3389/fmicb.2023.1270999 (2023).
Morosini, M. I, Ayala, J. A., Baquero, F.,, Martinez, J. L. & Bldzquez, ]. Biological cost of AmpC production for Salmonella enterica
serotype Typhimurium. Antimicrob. Agents Chemother. 44, 3137-3143. https://doi.org/10.1128/AAC.44.11.3137-3143.2000 (2000).
Gallant, C. V. et al. Common beta-lactamases inhibit bacterial biofilm formation. Mol. Microbiol. 58, 1012-1024. https://doi.org/
10.1111/§.1365-2958.2005.04892.x (2005).

Marciano, D. C., Karkouti, O. Y. & Palzkill, T. A fitness cost associated with the antibiotic resistance enzyme SME-1 beta-lactamase.
Genetics 176, 2381-2392. https://doi.org/10.1534/genetics.106.069443 (2007).

Fernandez, A. et al. Expression of OXA-type and SFO-1 B-lactamases induces changes in peptidoglycan composition and affects
bacterial fitness. Antimicrob. Agents Chemother. 56, 1877-1884. https://doi.org/10.1128/ AAC.05402-11 (2012).

Cordeiro, N. E, Chabalgoity, J. A., Yim, L. & Vignoli, R. Synthesis of metallo-B-lactamase VIM-2 is associated with a fitness reduc-
tion in Salmonella enterica Serovar Typhimurium. Antimicrob. Agents Chemother. 58, 6528-6535. https://doi.org/10.1128/AAC.
02847-14 (2014).

Torrens, G. et al. Comparative analysis of peptidoglycans from Pseudomonas aeruginosa isolates recovered from chronic and acute
infections. Front. Microbiol. 10, 1868. https://doi.org/10.3389/fmicb.2019.01868 (2019).

Folkesson, A., Eriksson, S., Andersson, M., Park, J. T. & Normark, S. Components of the peptidoglycan-recycling pathway modulate
invasion and intracellular survival of Salmonella enterica serovar Typhimurium. Cell Microbiol. 7, 147-155. https://doi.org/10.
1111/j.1462-5822.2004.00443.x (2005).

Lampe, M. E, Allan, B. J., Minshew, B. H. & Sherris, J. C. Mutational enzymatic resistance of Enterobacter species to beta-lactam
antibiotics. Antimicrob. Agents Chemother. 21, 655-660. https://doi.org/10.1128/ AAC.21.4.655 (1982).

Kohlmann, R., Béhr, T. & Gatermann, S. G. Species-specific mutation rates for ampC derepression in Enterobacterales with chro-
mosomally encoded inducible AmpC B-lactamase. J. Antimicrob. Chemother. 73, 1530-1536. https://doi.org/10.1093/jac/dky084
(2018).

Livermore, D. M. p-Lactamases in laboratory and clinical resistance. Clin. Microbiol. Rev. 8, 557-584. https://doi.org/10.1128/
CMR.8.4.557 (1995).

Robin, F. et al. In vitro activity of ceftolozane-tazobactam against Enterobacter cloacae complex clinical isolates with different
B-lactam resistance phenotypes. Antimicrob. Agents Chemother. 62, €00675-¢00718. https://doi.org/10.1128/ AAC.00675-18 (2018).
Viala, B. et al. Assessment of the in vitro activities of ceftolozane/tazobactam and ceftazidime/avibactam in a collection of beta-
lactam-resistant Enterobacteriaceae and Pseudomonas aeruginosa clinical isolates at Montpellier University Hospital, France.
Microb. Drug Resist. 25, 1325-1329. https://doi.org/10.1089/mdr.2018.0439 (2019).

Liu, S. et al. Molecular mechanisms and epidemiology of carbapenem-resistant Enterobacter cloacae complex isolated from Chinese
patients during 2004-2018. Infect. Drug Resist. 14, 3647-3658. https://doi.org/10.2147/IDR.S327595 (2021).

Yang, X. et al. Cefazolin and imipenem enhance AmpC expression and resistance in NagZ-dependent manner in Enterobacter
cloacae complex. BMC Microbiol. 22, 284. https://doi.org/10.1186/s12866-022-02707-7 (2022).

Reisbig, M. D., Hossain, A. & Hanson, N. D. Factors influencing gene expression and resistance for Gram-negative organisms
expressing plasmid-encoded ampC genes of Enterobacter origin. J. Antimicrob. Chemother. 51, 1141-1151. https://doi.org/10.1093/
jac/dkg204 (2003).

Liu, C. et al. Three Yersinia enterocolitica AmpD homologs participate in the multi-step regulation of chromosomal cephalospori-
nase. AmpC. Front. Microbiol. 7, 1282. https://doi.org/10.3389/fmicb.2016.01282 (2016).

Zhang, W. et al. Reactions of the three AmpD enzymes of Pseudomonas aeruginosa. . Am. Chem. Soc. 135, 4950-4953. https://
doi.org/10.1021/ja400970n (2013).

Dhar, S., Kumari, H., Balasubramanian, D. & Mathee, K. Cell-wall recycling and synthesis in Escherichia coli and Pseudomonas
aeruginosa—Their role in the development of resistance. J. Med. Microbiol. 67, 1-21. https://doi.org/10.1099/jmm.0.000636 (2018).
Zincke, D., Balasubramanian, D., Silver, L. L. & Mathee, K. Characterization of a carbapenem-hydrolyzing enzyme, PoxB, in
Pseudomonas aeruginosa PAO1. Antimicrob. Agents Chemother. 60, 936-945. https://doi.org/10.1128/AAC.01807-15 (2015).
Shaku, M., Ealand, C., Matlhabe, O., Lala, R. & Kana, B. D. Peptidoglycan biosynthesis and remodeling revisited. Adv. Appl.
Microbiol. 112, 67-103. https://doi.org/10.1016/bs.aambs.2020.04.001 (2020).

Brogan, A. P. & Rudner, D. Z. Regulation of peptidoglycan hydrolases: Localization, abundance, and activity. Curr. Opin. Microbiol.
72, 102279. https://doi.org/10.1016/j.mib.2023.102279 (2023).

He, G. X. et al. SugE, a new member of the SMR family of transporters, contributes to antimicrobial resistance in Enterobacter
cloacae. Antimicrob. Agents Chemother. 55, 3954-3957. https://doi.org/10.1128/ AAC.00094-11 (2011).

Huang, T. W. et al. Capsule deletion via a \-Red knockout system perturbs biofilm formation and fimbriae expression in Klebsiella
pneumoniae MGH 78578. BMC Res. Notes 7, 13. https://doi.org/10.1186/1756-0500-7-13 (2014).

Scientific Reports |

(2024) 14:189 | https://doi.org/10.1038/s41598-023-50685-1 nature portfolio


https://doi.org/10.1128/AAC.39.11.2494
https://doi.org/10.1128/AAC.40.8.1953
https://doi.org/10.1128/AAC.01033-20
https://doi.org/10.1128/AAC.01033-20
https://doi.org/10.1128/spectrum.02019-21
https://doi.org/10.1128/AAC.42.9.2352
https://doi.org/10.2147/IDR.S53874
https://doi.org/10.2217/fmb.11.128
https://doi.org/10.1128/CMR.00059-12
https://doi.org/10.1111/eva.12202
https://doi.org/10.1128/MMBR.00033-18
https://doi.org/10.18683/germs.2022.1328
https://doi.org/10.1016/0014-5793(92)80598-b
https://doi.org/10.1042/bj3410409
https://doi.org/10.1042/bj3410409
https://doi.org/10.3389/fmicb.2023.1270999
https://doi.org/10.1128/AAC.44.11.3137-3143.2000
https://doi.org/10.1111/j.1365-2958.2005.04892.x
https://doi.org/10.1111/j.1365-2958.2005.04892.x
https://doi.org/10.1534/genetics.106.069443
https://doi.org/10.1128/AAC.05402-11
https://doi.org/10.1128/AAC.02847-14
https://doi.org/10.1128/AAC.02847-14
https://doi.org/10.3389/fmicb.2019.01868
https://doi.org/10.1111/j.1462-5822.2004.00443.x
https://doi.org/10.1111/j.1462-5822.2004.00443.x
https://doi.org/10.1128/AAC.21.4.655
https://doi.org/10.1093/jac/dky084
https://doi.org/10.1128/CMR.8.4.557
https://doi.org/10.1128/CMR.8.4.557
https://doi.org/10.1128/AAC.00675-18
https://doi.org/10.1089/mdr.2018.0439
https://doi.org/10.2147/IDR.S327595
https://doi.org/10.1186/s12866-022-02707-7
https://doi.org/10.1093/jac/dkg204
https://doi.org/10.1093/jac/dkg204
https://doi.org/10.3389/fmicb.2016.01282
https://doi.org/10.1021/ja400970n
https://doi.org/10.1021/ja400970n
https://doi.org/10.1099/jmm.0.000636
https://doi.org/10.1128/AAC.01807-15
https://doi.org/10.1016/bs.aambs.2020.04.001
https://doi.org/10.1016/j.mib.2023.102279
https://doi.org/10.1128/AAC.00094-11
https://doi.org/10.1186/1756-0500-7-13

www.nature.com/scientificreports/

73. Girlich, D. et al. Uncovering the novel Enterobacter cloacae complex species responsible for septic shock deaths in newborns: A
cohort study. Lancet Microbe 2, e536-e544. https://doi.org/10.1016/52666-5247(21)00098-7 (2021).

Acknowledgements

This work was financed by the Balearic Islands Government Grants FP1/2206/2019 and FOLIUM17/04, the Span-
ish Network for Research in Infectious Diseases (REIPI, RD16/0016/0004), and Grants Number CPII17/00017,
PI18/00076, P118/00681, F119/00004, IJC2019-038836-1, P121/00017, P121/00753, and CB21/13/00099 from the
Instituto de Salud Carlos III (Ministerio de Ciencia e Innovacién, Spain) co-financed by the European Regional
Development Fund “A way to achieve Europe”.

Author contributions

A.O. and C.J. designed the study and the experiments; I.M.B., M.E.-S., G.T. and E.J.-L. conducted the experi-
ments; A.O. and C.J. analysed the results and wrote the initial draft of the manuscript. All authors reviewed the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-50685-1.

Correspondence and requests for materials should be addressed to C.J.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:189 | https://doi.org/10.1038/s41598-023-50685-1 nature portfolio


https://doi.org/10.1016/S2666-5247(21)00098-7
https://doi.org/10.1038/s41598-023-50685-1
https://doi.org/10.1038/s41598-023-50685-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Filling knowledge gaps related to AmpC-dependent β-lactam resistance in Enterobacter cloacae
	Results and discussion
	Basic regulatory features and connections with peptidoglycan recycling and virulence of E. cloacae AmpC
	Mutation-driven AmpC hyperproduction in E. cloacae: resistance and virulence implications of the archetypical mechanism
	AmpC shows a single step derepression dynamics linked to AmpD inactivation in E. cloacae
	Analyzing the enigmatic role of the supranumerary putative AmpC homologue in E. cloacae
	Concluding remarks

	Methods
	Bacterial strains, plasmids, and antibiotic susceptibility testing
	Cloning of Enterobacter cloacae AmpC β-lactamases
	Analysis of gene expression
	Constructionobtaining of mutants
	Invertebrate infection model
	Statistical analysis

	References
	Acknowledgements


