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Abstract
Background: Enterobacter cloacae (EC) is a commonly occurring opportunistic pathogen and is responsible for causing
various infections in humans. Owing to its inducible chromosomal AmpC β-lactamase (AmpC), EC is inherently resistant
to the 1st- and 2nd- generation cephalosporins. However, whether β-lactams antibiotics enhance EC resistance remains
unclear.

Results: In this study, we found that subinhibitory concentrations (SICs) of cefazolin (CFZ) and imipenem (IMP) are able
to advance the expression of AmpC and improve its resistance towards β - lactams through NagZ in EC clinical isolate.
Our work indicate that AmpC manifested a substantial upregulation in EC in response to SICs of CFZ and IMP. In nagZ
knockout EC (ΔnagZ), we found that the resistance to β - lactam antibiotics was rather weakened and the effect of CFZ
and IMP on induction of AmpC was completely abrogated. Ectopic expression of NagZ can rescue the induction effect of
CFZ and IMP on AmpC and enhance resistance in ΔnagZ. More importantly, CFZ and IMP have the potential to bring
about the target genes expressions of AmpR in a NagZ-dependent manner.

Conclusions: Our �ndings show that NagZ is a critical determinant for CFZ and IMP to promote AmpC expression and
improve resistance and that CFZ and IMP should be used with caution since they may aggravate EC resistance. At the
same time, this study further improves our understanding of resistance mechanisms in EC.

Background
Enterobacter cloacae (EC), Enterobacter ludwigii, Enterobacter holmarchei, Enterobacter nimiparum, Enterobacter asperiae,
and Enterobacter kobei combinedly referred to as Enterobacter cloacae complex [1]. They are grouped within
Enterobacteriaceae and have a wide-ranging prevalence [2]. Among Enterobacter cloacae complex, EC is isolated very
frequently from clinical specimens obtained from humans as well as medical devices and takes on clinical signi�cance to
intensive care patients in the past decade, particularly to the patients put on mechanical ventilation [2]. The antibiotic-
resistance characteristics of microorganisms, for instance, EC has been a point of focus of quite a large number of
publications [3–5]. EC is inherently resistant to amoxicillin, ampicillin, 1st- and 2nd-generation of cephalosporin, and
cefoxitin on account of the generation of inducible chromosomes AmpC β-lactamase (AmpC) [6].

NagZ, also known as the β-N‐ acetylglucosaminidase, is a crucial enzyme that takes part in peptidoglycan recycling,
which has the potential to cleave GlcNAc‐1,6‐anhydroMurNAc‐peptides into N-acetyl-β-d-glucosamine and 1,6‐
anhydroMurNAc‐peptides (anhMurNAc) [7, 8]. NagZ inactivation has been demonstrated to reduce resistance to β-lactam
antibiotics in Pseudomonas aeruginosa [9–11], Stenotrophomonas maltophilia [12], and Yersinia enterocolitica [13].
Moreover, within Neisseria gonorrhoeae, NagZ can also regulate the accumulation of bio�lm [14], In Pseudomonas
aeruginosa, anhMurNAc functions to improve AmpC expression by activating AmpR (a global transcriptional factor
responsible for regulating hundreds of genes including ampC) [15, 16]. Despite these promising �ndings, the precise
regulatory mechanism in Enterobacter cloacae is still rather unclear.

ampC genes are frequently found on the chromosomes of non-fermenting bacteria (such as Pseudomonas aeruginosa)
and several family members of Enterobacteriaceae (for instance Enterobacteriaceae) [17, 18]. ampC overexpression
renders these pathogens resistant to penicillin, the �rst and second-generation cephalosporins, and β-lactam/β-lactamase
inhibitors [19], as well as carbapenems, especially with porin loss [20, 21]. The overproduction of AmpC is the major cause
of EC's cephalosporin resistance [22]. It is reported that cefoxitin and cefotaxime can induce AmpC expression [1], which
consequently fails antibiotics treatment, but the potential inducible mechanism is not unclear.

The precise objective of the current investigation is to screen whether other β-lactam antibiotics (except cefoxitin and
cefotaxime) could induce AmpC expression and explore the induction mechanism. As discovered in this study, NagZ is a
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key intermediate regulator in the process of AmpC induction expression by CFZ and IMP in EC. Our �ndings also suggest
that CFZ and IMP should be used with caution, as they have the potential to exacerbate EC resistance and make therapy
more challenging.

Results
SICs of CFZ and IMP Improve the Expression of Ampc and Improve Resistance to β-Lactam in EC Clinical Isolate

It was reported that cefoxitin and low concentration cefotaxime could improve AmpC expression [1]. To investigate
whether other antibiotics can elicit the expression of AmpC, �rstly, various antibiotics (including quinolones, β lactams
and aminoglycosides) were tested for their minimum inhibitory concentration (MIC) against EC clinical isolate following
the guideline outlined by the Clinical Laboratory Standard Institute (CLSI) [23]. The results are shown in Table S1. Later
western blot assay was employed for determining whether or not the subinhibitory concentration (SIC, ≤1/4 MIC) of
antibiotics induce AmpC expression. The �ndings (Fig. S1) demonstrate that CFZ, IMP, and cefoxitin have a strong
induction impact on AmpC, whereas ceftriaxone, cefotaxime, ceftazidime, and cefepime have a modest induction effect.
Other antibiotics, such as aminoglycosides and quinolones, showed no discernible effect on AmpC. Next, we explored the
effect of induction of different concentrations CFZ and IMP on AmpC expression at mRNA level by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) and protein level by western blot, respectively. CFZ and IMP have a
dosage impact on AmpC induction, according to our �ndings (Fig. 1A-C). Finally, the AmpC generated by CFZ and IMP
was tested using a nitroce�n hydrolysis assay to see if it had good β-lactamase activity. The results show that CFZ and
IMP increase AmpC β-lactamase activity in a dose-dependent manner when compared to the control group. (Fig. 1D).

To investigate the role of CFZ and IMP in resistance, the inhibition zone and MICs of aztreonam (ATM), ceftriaxone (CRO),
ceftazidime (CAZ), piperacillin (PIP), piperacillin-tazobactam (TZP), and cefoperazone-sulbactam (SCF) against EC
clinical isolate treated with or without SICs of CFZ and IMP were estimated by employing broth microdilution method and
disk diffusion technique (Kirby-Bauer method) in accordance with the CLSI guideline [23], as indicated in Table 1 and Fig.
S2A, inhibition zones of those antibiotics against EC treated with SICs of CFZ and IMP are decreased obviously compared
with control and the MICs of TZP, PIP, CRO, SCF, CAZ, and ATM manifest a substantial increase by SICs of CFZ and IMP.

Table 1
MICs for the EC clinical isolate treated with CFZ and IMP

Antibiotics MIC(µg/ml)

control CFZ(64µg/ml) CFZ(256µg/ml) IMP(0.0625µg/ml) IMP(0.125µg/ml)

PIP 64 128 512 512 1024

TZP 32 128 256 512 1024

ATM 32 64 256 256 512

CRO 16 32 64 256 512

CAZ 16 64 128 128 256

SCF 4 8 32 32 128

Abbreviations. MIC: minimum inhibitory concentration; CFZ: cefazolin; IMP: and imipenem.

The Effects of Induction of CFZ and IMP on AmpC Expression and Resistance Were Abrogated in ΔnagZ

NagZ, existing in Gram-negative bacteria and involved in the peptidoglycan recycling pathway, is identi�ed as an exo-N-
acetyl-β-glucosaminidase. In some Gram-negative bacteria, NagZ inactivation has been reported to arrest and reverse the
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resistance to β-lactam antibiotics [24, 25]. As shown in Fig. S2A and Table 1, our data indicates the SICs of CFZ and IMP
have the potential to improve the resistance of EC, so we speculated that NagZ may have an indispensable part in
promoting resistance of EC. In an attempt to con�rm the hypothesis, the knockout model of gene nagZ (ΔnagZ) was
constructed by employing homologous recombination technology in EC clinical isolate (WT). As shown by RT-qPCR
(Fig. 2A) and western blot (Fig. 2B), the nagZ gene was effectively knocked out. Next, we determined the effects of SICs of
CFZ and IMP on the expression and activity of AmpC in ΔnagZ. The results, as shown in Fig. 2C-F, depict that the
expression of AmpC was signi�cantly downregulated, and the induction of AmpC by SICs of CFZ and IMP was completely
abolished in ΔnagZ (Fig. 2C-E). At the same time, knocking down nagZ reduced AmpC's rising β-lactamase activity
produced by CFZ and IMP SICs (Fig. 2F). Furthermore, antibiotic susceptibility tests revealed that EC resistance had been
considerably reduced, while induction of CFZ and IMP had little impact on resistance in ΔnagZ (Table2 and Fig. S2B).

Table 2
The effect of nagZ on MICs for six anbiotics

Antibiotics MIC(µg/ml)

WT ΔnagZ ΔnagZ+CFZ

(4 µg/ml)

ΔnagZ+IMP

(0.0625µg/ml)

ΔnagZ+NagZ ΔnagZ+NagZ+

CFZ(256µg/ml)

ΔnagZ+NagZ+

IMP(0.125µg/ml)

PIP 64 2 2 1 32 256 512

TZP 32 2 1 0.5 32 128 512

ATM 32 1 1 0.5 16 256 512

CRO 16 0.5 0.5 0.25 32 64 1024

CAZ 16 0.5 0.5 0.25 16 64 128

SCF 4 0.25 0.125 0.0625 4 64 64

Abbreviations. ΔnagZ: nagZ-knockout Enterobacter cloacae; ΔnagZ+CFZ: ΔnagZ treated with CFZ; ΔnagZ+IMP:
ΔnagZ treated with IMP; ΔnagZ+NagZ+CFZ: ΔnagZ+NagZ treated with CFZ; ΔnagZ+NagZ+IMP: ΔnagZ+NagZ treated
with IMP.

Ectopic Expression of Nagz Rescues Induction Effect of CFZ and IMP on AmpC Expression and Resistance In Δ nagz

To investigate whether NagZ complementation rescues the expression of ampC and enhances resistance in ΔnagZ
treated with or without SICs of CFZ and IMP, nagZ coding sequence (CDS) was cloned into the vector of pBAD33cm-rp4
(pBAD33-nagZ, nagZ overexpression vector). Later, the pBAD33-nagZ and the vector of pBAD33cm-rp4 (pBAD33, as
control vector) were transformed into ΔnagZ by electroporator. RT-qPCR and western blot analyses were employed for
detecting the availability of the pBAD33-nagZ vector (Fig. 3A, B). Next, the ampC expression was ascertained using
western blot and RT-qPCR, the outcome showed that ampC levels of mRNA (Fig. 3C) and protein (Fig. 3D-E) were rescued
by NagZ complementation in ΔnagZ in response to SICs of CFZ and IMP. Furthermore, NagZ was investigated in terms of
its in�uence on the AmpC β-lactamase activity, and the result indicates that reduced activity of β- lactamase resulting
from the elimination of nagZ was reversed by NagZ complementing in ΔnagZ (Fig. 3F). Additional con�rmation of the
signi�cance of NagZ in resistance of ΔnagZ was acquired by measuring the inhibition zones and MICs of TZP, PIP, CRO,
ATM, CAZ, and SCF. The �ndings demonstrate that NagZ overexpression may greatly reduce the inhibition zone and that
SICs of CFZ or IMP can further reduce the inhibition zone (Fig. S2C). Consistent with the inhibition zone, NagZ
complementation and SICs of CFZ or IMP can increase the MICs obviously (Table 2). To put it brie�y, ampC expression
and its β-lactamase activity are promoted by NagZ, which thereby enhances resistance in ΔnagZ.
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CFZ and IMP Promote AmpC Expression Through the NagZ-AmpR-
AmpC Pathway
Peptides from peptidoglycan degradation are transported by AmpG permease into the cytoplasm. In the cytoplasm,
GlcNAc-1,6‐anhydroMurNAc‐peptides detach GlcNAc moiety with the aid of NagZ and forms 1,6‐anhydroMurNAc‐peptides
(anhMurNAc) [24, 26]. Under normal physiological growth, AmpD cleaves anhMurNAc to generate free peptides and then
synthesizes UDP-pentapeptides, which suppresses AmpR activity and represses AmpC transcription [27–29]. However, in
the presence of inducers (such as β-lactams), AmpD cannot cleave the high amounts of anhMurNAc effectively. The
accumulating anhMurNAc activates AmpR and increases AmpC transcription, which is also the main mechanistic step
responsible for developing resistance to most β -lactams in Pseudomonas aeruginosa [30, 31]. Besides, several studies
have shown that AmpR regulates the expression of a multitude of genes and is thus a global transcription factor (the
genes regulated by AmpR include oxyR, rsmA, rpoS, phoP, and grpE) in Pseudomonas aeruginosa [30, 32]. Therefore, we
hypothesize that, like Pseudomonas aeruginosa, there is a pathway in Enterobacter cloacae and that the induction of
AmpC by SICs of CFZ and IMP is dependent on AmpR. To con�rm our hypothesis, Pseudomonas aeruginosa and
Enterobacter cloacae were both analyzed for their NagZ and AmpR protein sequence conservations. The AmpR sequences
of the two species were identi�ed (Fig. 4A) and the conservation of the NagZ sequence was as high as 67% (Fig. 4B). In
addition, a high homology is additionally observed in the -35bp-0bp region (generally considered as transcriptional
parameter zone of binding) for ampC among Pseudomonas aeruginosa and Enterobacter cloacae (Fig. 4C).

In an attempt to con�rm if the induction of CFZ and IMP to AmpC is dependent on NagZ-mediated AmpR activation, we
detected the effect of CFZ and IMP upon the expression of AmpR target genes in wild type EC and ΔnagZ. The outcome
implies that CFZ and IMP are able to promote the AmpR target genes expression (for instance oxyR, rsmA, grpE, rpoS, and
phoP) in wild type EC (Fig. 5A), while in the ΔnagZ strain, CFZ and IMP did not affect the expressions of AmpR target
genes (Fig. 5B). In conclusion, these �ndings demonstrate that CFZ and IMP increase AmpC expression and resistance in
Enterobacter cloacae in a NagZ-dependent manner.

Discussion
The development of new antibiotics is an imminent need as the number of multidrug-resistant bacteria grows, and
medical institutions have recommended several priority antimicrobial pathogens, which include certain Gram-negative
bacteria [23, 33]. A major area of concern is the growing resistance to β-lactam antibiotics, which currently are the most
commonly utilized antibiotics for treating Gram-negative bacterial infections [34]. β -lactamase is an enzyme that cleaves
the cyclic amide component of a β-lactam to render it inactive [35]. The inducible chromosomal AmpC β-lactamase
(AmpC), which has broad-spectrum activity against β-lactam medicines, is one kind of lactamase that causes severe
therapeutic di�culties [36]. Here, we found that CFZ and IMP could induce the expression of AmpC (the expression level
was positively correlated with the dose of CFZ and IMP) and enhance resistance in clinical isolates of EC. This perhaps is
the pioneer investigation, as per our knowledge, indicating that CFZ and IMP can induce AmpC β-lactamase expression in
clinical EC isolate.

CFZ and IMP are β-lactam antibiotics, which have a broad spectrum of activity against bacteria, including aerobes and
anaerobes [37, 38]. Furthermore, CFZ is a commonly used antibiotic for empiric therapy and postoperative infection
prevention. Our �ndings imply that CFZ and IMP should be used with caution since they may exacerbate EC resistance.

Some studies indicate that metabolism and recycling of peptidoglycan take part in the expression of AmpC [39, 40], one
of the key enzymes in peptidoglycan recycling is NagZ and its main function is to form anhMurNAc from GlcNAc-1,6-
anhydroMurNAc-peptides by cleaving non reducing GlcNAc residues.43 In the process of peptidoglycan metabolism,
anhMurNAc promote the expression of AmpC by binding to the transcription factor AmpR. According to genetic research,
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NagZ is required for the induction of AmpC β-lactamases in Pseudomonas aeruginosa [7]. In this study, our �ndings
indicate NagZ is implicated in the regulation of CFZ and IMP to induce the AmpC expression and resistance in clinical EC
isolates. In nagZ knockout EC, resistance to β- lactams and the expression of AmpC were reduced, and the inductive
effects of CFZ and IMP on AmpC and resistance were totally abolished. While complementation of NagZ has the potential
to rescue β-lactams resistance and the inducible effects of CFZ and IMP to AmpC in nagZ knockout model. Therefore, the
data indicate that CFZ and IMP enhance AmpC expression and resistance in a NagZ-dependent manner in EC clinical
isolate.

To further study how NagZ is involved in the regulation of CFZ and IMP to AmpC and resistance in Enterobacter cloacae,
�rstly, analysis of the homology of AmpR and NagZ between Pseudomonas aeruginosa and Enterobacter cloacae was
carried out. The AmpR sequence of Enterobacter cloacae was determined to be similar to that of Pseudomonas
aeruginosa, while the NagZ sequence had a 67 % homology with that of Pseudomonas aeruginosa. Then the upstream
35bp (transcription binding region) sequence of the ampC gene been aligned between Pseudomonas aeruginosa and
Enterobacter cloacae and we found the sequences to be highly similar. Therefore, we hypothesized that the regulation of
CFZ and IMP to AmpC and resistance is dependent on the NagZ hydrolysate (anhMurNAc). We tested the effects of CFZ
and IMP on AmpR target gene expression in wild-type and NagZ de�cient Enterobacter cloacae to con�rm our hypothesis.
The �ndings showed that CFZ and IMP have the potential to bring about the expression of target genes of AmpR in wild-
type Enterobacter cloacae, while in nagZ knockout Enterobacter cloacae, the expression of AmpR target genes expression
was downregulated, and CFZ and IMP had no obvious effect on the AmpR target gene expression. Here, CFZ and IMP
have been con�rmed to promote AmpC through NagZ-AmpR pathway. However, how NagZ affects the transcriptional
activity of AmpR has not been known (for example, whether NagZ or its hydrolysate anhMurNAc can cause the
conformational change of AmpR, as we known, the conformational change will activate the transcriptional activity of
AmpR), so in the next research, we will work with scientists in the �eld of protein structure to study the effect of NagZ and
its hydrolysate anhMurNAc on the structure of AmpR.

Conclusions
In conclusion, our study con�rmed that NagZ is the key factor for CFZ and IMP to induce AmpC expression and enhance
resistance in Enterobacter cloacae and that CFZ and IMP must be used carefully because they might aggravate the
resistance of Enterobacter cloacae,which provides a new prospect for the treatment of multidrug-resistant Enterobacter
cloacae. These prospects might include the use of NagZ inhibitors and β - lactam antibiotics to treat the infectious
diseases caused by Enterobacter cloacae.

Methods

Bacterial Strains, Plasmids, Primers, and Antibiotics
The comprehensive data pertaining to the types of bacterial strains, primers, and plasmids involved in the investigation
are presented in Table S2, S3, and S4 of supplementary materials.

Antibiotic Susceptibility Test
According to the CLSI guidelines [23], antibiotic susceptibility testing was conducted using broth microdilution and disc
diffusion. Enterobacter cloacae ATCC 13047 and Escherichia coli ATCC 25922 (Bio-kont Co. Ltd, Wenzhou, China) were
employed as quality control organisms. The company of Wenzhou Kangtai (Bio-kont Co. Ltd, Wenzhou, China) procured
all reagents used in antibiotic susceptibility tests. For CFZ and IMP treatment assays, the reagents were used at the initial
stage.

Preparation of Anti-NagZ Antibody
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As previously reported [41], anti-NagZ antibodies was prepared by immunizing rabbits. Brie�y, molecular cloning was used
to clone the EC nagZ coding sequence (CDS) into the pET28a vector (to form the pET28a-nagZ vector). The pET28a-nagZ
was then converted into E. coli B21, which was capable of producing the NagZ recombinant protein. The recombinant
protein was isolated using Ni-NAT and identi�ed using electrophoresis before being used to immunize New Zealand
rabbits (Dashuo. Co. Ltd, Chengdu, China). Finally, the antiserum was puri�ed by the Ni-NAT column coupled with NagZ
protein. Western blotting con�rmed that this antibody has an excellent speci�city. Shenggong Biotechnology Co., Ltd
(Shanghai Sanguang Biotechnology Co., Ltd., China) provided the reagents as well as materials employed in the
production of anti-NagZ antibodies. Table S4 shows the primers for ampli�cation of nagZ CDS.

Assay of AmpC β-lactamase Activity
The activity of AmpC β-lactamase was ascertained using the nitroce�n hydrolysis technique. As reported earlier [1, 42], LB
medium was utilized to culture the EC isolates for overnight at 37°C/250rpm. Sub-culturing of the overnight cultured
bacterial suspension was carried out in a fresh LB milieu at a concentration of 1:100. When OD600 absorbance reaches
0.8, the organisms were collected, and 1ml protein lysate (Shanghai Sangguang Biotechnology Co., Ltd., China) was used
to suspend the bacterial pellet. The samples were subjected to lysis through sonication using a microprobe three times on
ice. The material was sonicated, then centrifuged at 10,000g for 10 minutes to obtain the supernatant. The protein
quanti�cation kit (Beyotime, Biotechnology, Shanghai, China) was employed for ascertaining the concentration of protein.
For CFZ and IMP treatment assays, the reagents were utilized at the sub-culture stage. The assay of nitroce�n hydrolysis
was carried out in 250µl buffer of phosphate (pH 7.0) with 50µg/ml nitroce�n (Sigma-Aldrich; Merck-KGaA, St. Louis,
Missouri, USA) and 5µg total protein. The rate of nitroce�n hydrolysis was measured at 486nm every 5 minutes at
ambient temperature. The nitroce�n extinction coe�cient 20,500 M-1 cm-1 was employed for determining the activity of
AmpC- β-lactamase.

RNA Extraction
EC isolate was cultured as described “AmpC β-lactamase activity assay”. The kit of the extraction of RNA (Sangon Biotech
Co. Ltd, Shanghai, China) is utilized for extracting bacterial total RNA following the protocol outlined by the manufacturer.
To describe in brief, the bacteria were gathered via centrifugation at 12000g for 2 minutes. TE buffer (100µl) containing
400µg/ml lysozyme (Sangon Biotech Co. Ltd, Shanghai, China) was employed for re-suspension of the bacterial pellet.
After 5 minutes of incubation at room temperature, 900µl lysate was added and combined. The mixture was placed at
ambient temperature for 3 minutes and 200µl chloroform (China Shanghai Sangon Biotechnology Co., Ltd.) was added.
Then the mixture was subjected to vortex and centrifugation at 12000g/4℃ for 5 minutes. After that, 600µl of aqueous
supernatant were collected and mixed with 200µl of 100% ethanol, which was then kept at ambient temperature for 3
minutes before being subjected to centrifugation at 12000g for 5 minutes at 4°C. The supernatant was thrown away,
followed by washing the precipitate twice in 70% ethanol before drying naturally. Lastly, the precipitate was solubilized in
an appropriate amount of ddH2O. For CFZ and IMP treatment assays, the reagents were employed at the sub-culture
stage. NanoDropTM8000 spectrophotometer (Thermo Fisher Scienti�c, Waltham, Mass, USA) was employed for
estimating the total RNA concentration. The total RNA was stored at -70 ℃ for determining genes expression levels.

RT- qPCR Assays
Using a FastKing gDNA Dispelling RT SuperMix kit (Tiangen Biotech Co., Ltd. Beijing, China), cDNA was synthesized from
500ng of total RNA. SuperReal PreMix Color (SYBR Green) kit (Tiangen Biotech Co., Ltd. Beijing, China) was employed for
Real-time �uorescence quantitative PCR (qPCR) assay in the light of the protocol outlined by the manufacturer. In qPCR
assays, 16S was utilized as an internal control. The concentration of all primers was 0.25µM (the �nal concentration in
each reaction) and the ampli�cation e�ciency of all primers ranged from 91% to 96 % (Table S4).

The Analysis of Protein Extraction and Western Blot
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Bacterial culture and total protein preparation as described “AmpC β-lactamase activity assay” and 30 µg total protein
was taken for carrying out western blot assay. For CFZ and IMP treatment assays, the reagents were employed at the sub-
culture stage. Western blot analysis was carried out using the standard methodology as elaborated earlier [43]. The
detailed attributes of antibodies employed in western blot assay are as follows: rabbit anti-NagZ (preparation by
ourselves), mouse anti-DnaK (Abcam, Cambridge, MA, USA), rabbit anti-AmpC (Abnova Taipei, Taiwan, China), goat anti-
mouse IgG-HRP and goat anti-rabbit IgG-HRP (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). SPOT-CCD camera
was used to take images. In western blot assay quantitative analysis, image J was employed for the quanti�cation of the
intensity of protein bands, and the internal control employed was DnaK.

Construction of nagZ-knockout EC Model
Using a homologous recombination method and a suicide vector, the nagZ-knockout EC model was built using a
previously described methodology [44]. Brie�y, PCR was used to amplify two homologous arms DNA fragments of the
nagZ gene. The fusion DNA fragment containing two homologous arms was procured through the fusion PCR. The fusion
DNA fragment was cloned into the suicide plasmid pLP12 and identi�ed through sequencing and PCR. And then
recombinant plasmid with fusion DNA fragment was transformed into Escherichia coli β2163. nagZ-knockout EC
organism was �nally screened through co-culturing Escherichia coli β2163 with recombinant plasmid and wild-type
Enterobacter cloacae. All the reagents and strains used in nagZ-knockout EC preparation were bought from Nuojing
Biological Company (Knogen Biotech Co., Ltd, Guangzhou, China).

Preparation of EC Models of NagZ Complementation
nagZ CDS was cloned into a pBAD33cm-rp4 plasmid (Knogen Biotech Co., Ltd, Guangzhou, China), and authenticated by
PCR and sequencing. An electroporator was then used to transform the recombinant plasmid containing nagZ gene
(pBAD33-nagZ) into competent Escherichia coli β2163 (Knogen Biotech Co., Ltd, Guangzhou, China). Ultimately, a
conjugation assay was used to transform the recombinant plasmid pBAD33-nagZ into Enterobacter cloacae. nagZ
expression of pBAD33-nagZ was induced by 0.05% L-Arabinose (Sangon Biotech Co. Ltd, Shanghai, China). For antibiotic
susceptibility test, L-Arabinose was initially used. While for extraction of RNA, β-lactamase activity of AmpC, and western
blot asaays, L-Arabinose was applied at the stage of sub-culture.

Statistical Analysis
All data were presented as mean ± standard deviation. Statistical difference analysis among two groups was performed
by GraphPad Prism5 using a Two-tailed t-test. P<0.01(**) was used as statistically highly signi�cant. Each experiment
was performed at least 3 times.

Abbreviations
EC: Enterobacter cloacae; MIC: minimum inhibitory concentration; SIC: subinhibitory concentrations; PIP: piperacillin; TZP:
piperacillin-tazobactam; ATM: aztreonam; CRO: ceftriaxone; CAZ: ceftazidime; SCF: cefoperazone-sulbactam; CFZ:
cefazolin; IMP: imipenem; ΔnagZ; nagZ-knockout Enterobacter cloacae; ΔnagZ+CFZ: ΔnagZ treated
with CFZ; ΔnagZ+IMP: ΔnagZ treated with IMP; ΔnagZ+NagZ+CFZ: ΔnagZ+NagZ treated with
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Figures

Figure 1

Effects of SICs of CFZ and IMP on AmpC expression and activity in EC clinical isolate. (A) Analysis of the ampC mRNA
expression levels was made using RT-qPCR in EC clinical isolate treated with SICs of CFZ (64μg/ml and 256μg/ml) and
IMP (0.0625μg/ml and 0.125μg/ml). (B) Western blot analysis of ampC protein expression in EC clinical isolate treated
with SICs of CFZ and IMP. (C) Quantitative analysis of the �ndings of western blot (B) with image J software, DnaK was
employed as an internal control. (D) Determination of the effects of SICs of CFZ and IMP on AmpC activity by nitroce�n
hydrolysis assay. ** P<0.01 suggests high statistical signi�cance
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Figure 2

The role of NagZ in ampC expression and resistance in EC. RT-qPCR (A) and Western Blot (B) veri�ed that nagZ-knockout
EC clinical isolate (ΔnagZ) was successfully constructed. (C-D) RT-qPCR and Western Blot were employed for the
determination of the role of NagZ in the expression of AmpC induced by subinhibitory concentration CFZ (256μg/ml) and
IMP (0.125μg/ml) in EC clinical isolate (WT), ΔnagZ, ΔnagZ treated with CFZ (ΔnagZ+CFZ) and ΔnagZ treated with IMP
(ΔnagZ+IMP). (E) Western blot Quantitative analysis (D), The internal control employed was DnaK. (F) Nitroce�n
hydrolysis assay in WT, ΔnagZ, ΔnagZ+CFZ, and ΔnagZ+IMP was employed to examine the role of NagZ in AmpC β-
lactamase activity. ** P<0.01 indicates high statistical signi�cance.
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Figure 3

NagZ complementation can rescue induction of AmpC and resistance by subinhibitory concentration CFZ (256μg/ml) and
IMP (0.125μg/ml) in ΔnagZ. RT-qPCR (A) and western blot (B) veri�ed that the NagZ complementation model was
successfully generated. (C) mRNA expressions of ampC were identi�ed using RT-qPCR in ΔnagZ, ΔnagZ complemented
with NagZ (ΔnagZ+NagZ), ΔnagZ+NagZ treated with CFZ (ΔnagZ+NagZ+CFZ) and ΔnagZ+NagZ treated with IMP
(ΔnagZ+NagZ+IMP). (D) Western blot was employed for the determination of ampC protein expressions in ΔnagZ,
ΔnagZ+NagZ, ΔnagZ+NagZ+CFZ, and ΔnagZ+NagZ+IMP strains. (E) Western blot Quantitative analysis (D), and the
internal control employed was DnaK. (F) nitroce�n hydrolysis assay in nagZ, ΔnagZ+NagZ, ΔnagZ+NagZ+CFZ and
ΔnagZ+NagZ+IMP was used for the analysis of AmpC β-lactamase activity. ** P<0.01 indicates high statistical
signi�cance.
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Figure 4

NagZ and AmpR sequence conservative analysis among Enterobacter cloacae and Pseudomonas aeruginosa. NagZ (A)
and AmpR (B) amino acid sequence alignment among Pseudomonas aeruginosa and Enterobacter cloacae, the identical
sequences are indicated using hot-pink, those marked by dark blue means the same class of amino acids with respect to
their structure or function and marked by white means different types of amino acids. C: The transcription binding region
nucleotide sequence alignment of AmpC (about -35bp) among Pseudomonas aeruginosa and Enterobacter cloacae, the
conservative sequences are marked by hot-pink, the nucleotide sequences with differences between Enterobacter cloacae
and Pseudomonas aeruginosa marked in white.
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Figure 5

In�uence of NagZ upon AmpR target genes expression, including rsmA, oxyR, grpE, rpoS, and phoP. mRNA expression of
rsmA, rpoS, oxyR, grpE, and phoP was determined by RT-qPCR in EC (A) and ΔnagZ (B) treated with or without CFZ and
IMP. ** P<0.01 indicates high statistical signi�cance.
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