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A B S T R A C T   

Citrobacter freundii is characterized by AmpC β-lactamases that develop resistance to β-lactam 
antibiotics. The production of extended-spectrum β-lactamase (ESBL) is substantially high in 
Escherichia coli, C. freundii, Enterobacter cloacae, and Serratia marcescens, but infrequently explored 
in C. freundii. The present investigation characterized the ESBL C. freundii and delineated the 
genes involved in decrease in antibiotics resistance. We used the VITEK-2 system and Analytical 
Profile Index (API) kit to characterize and identify the Citrobacter isolates. The mRNA level of 
AmpC and AmpR was determined by RT-qPCR, and gel-shift assay was performed to evaluate 
protein-DNA binding. Here, a total of 26 Citrobacter strains were isolated from COVID-19 patients 
that showed varying degrees of antibiotic resistance. We examined and characterized the 
multidrug resistant C. freundii that showed ESBL production. The RT-qPCR analysis revealed that 
the AmpC mRNA expression is significantly high followed by a high level of AmpR. We sequenced 
the AmpC and AmpR genes that revealed the AmpR has four novel mutations in comparison to the 
reference genome namely; Thr64Ile, Arg86Ser, Asp135Val, and Ile183Leu while AmpC remained 
intact. The ΔAmpR mutant analysis revealed that the AmpR positively regulates oxidative stress 
response and decreases β-lactam and aminoglycosides resistance. The AmpC and AmpR high 
expression was associated with resistance to tazobactam, ampicillin, gentamicin, nitrofurantoin, 
and cephalosporins whereas AmpR deletion reduced β-lactam and aminoglycosides resistance. We 
conclude that AmpR is a positive regulator of AmpC that stimulates β-lactamases which inactivate 
multiple antibiotics.   
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1. Introduction 

The emergence of multidrug resistant bacteria in healthcare sectors presents a serious challenge to public health and clinicians [1]. 
The β-lactam antibiotics are widely used in hospitalized patients and resistance develops among microbes because of the β-lactamase 
enzyme production [2]. Various clinical isolates have become a global health concern because of β-lactam resistant strains including 
C. freundii, Escherichia coli, Pseudomonas aeruginosa, Enterobacter cloacae, Klebsiella pneumonia, and Serratia marcescens which are 
equipped with β-lactamases [3,4]. The genus Citrobacter belongs to the family of Enterobacteriaceae and members are found in soil, 
water, and sewage. Citrobacter can colonize human and animal gastrointestinal tracts and is widely associated with nosocomial in
fections [5]. C. freundii develops resistance to antibiotics by several mechanisms including the production of β-lactamases that hy
drolyze the β-lactam ring of antibiotics. The β-lactamases have been classified by Ambler and Bush-Jacobi-Medeiros based on their 
molecular structure and functional similarities. Ambler classified β-lactamases into four classes; A, C, and D classes which use a serine 
whereas class B uses the metal zinc as an enzyme active center [6]. In the updated Bush-Jacobi-Medeiros classification, β-lactamases 
are classified into three groups based on the functional similarities between substrate and inhibitor profiles [7]. Group 1 commonly 
known as cephalosporinases consist of Ambler class C β-lactamases (AmpC enzymes). This group involves chromosomal and plasmid 
encoded genes that code for ESBL enzymes. The enzymes are induced by β-lactam antibiotics and the bacteria showed resistance to 
penicillin, cephamycin, tazobactam, and cephalosporins but were sensitive to cefepime and carbapenems. The well-known example of 
group 1 β-lactamases genes include AmpC of E. coli , CMY-2 of E. cloacae , and blaCMY of C. freundii that reduce the effectiveness of 
β-lactam antibiotics by conferring resistance to the narrow and broad-spectrum antibiotics. Group 2 commonly known as serine 
β-lactamases, has serine in the active center and includes Amber classes A and D. Group 3 comprises metallo-β-lactamases that include 
class B of Amber classification [7,8]. Within the genome of C. freundii, the β-lactamase blaCMY (AmpC) genes are present that produce 
β-lactamases [9]. The AmpC β-lactamase is regulated by the AmpR which is located upstream of the AmpC [10,11]. The AmpR mutant 
showed low expression of AmpC whereas constitutive expression of AmpR resulted in high production of AmpC [12]. The inducible 
vector encoded AmpC β-lactamases with AmpR have been studied in E. cloacae, Morganella morganii, and C. freundii. For instance, 
ACT-1, DHA-1, and CMY-13 are plasmid-encoded β-lactamases and their inducible expression gave resistance to cephalosporins in 
E. cloacae [13], M. morganii [14], and C. freundii [15] respectively. Previous reports have shown that most of the Gram negative bacilli 
such as E. coli reconstitute and recycled their cell wall from cell wall degraded products such as anhydromuropeptides [16]. In 
C. freundii, the presence of β-lactam antibiotic increased the cytoplasmic anhydromuropeptides which bind to AmpR and activated 
AmpC while the absence of activating ligand like peptidoglycan recycled product repressed AmpC expression [17,18]. For example in 
E. coli, unhydrolyzed anhydromuropeptide accumulation in the cytoplasm activated AmpR which induced AmpC expression [19]. 
Previously, Ryuichi and coworkers determined the AmpC β-lactamase expression level with or without AmpR and their results sug
gested that the resistance of CFE-1 (plasmid-encoded AmpC β-lactamase) to cephalosporins is due to the substitution of Asp135Ala in 
AmpR of C. freundii [20]. Among the 13 Citrobacter species, C. freundii is considered an opportunistic pathogen that colonizes the 
respiratory and urinary tract of hospitalized patients [21]. To date, there is no comprehensive report of Citrobacter infection in 
COVID-19 patients, and the present report delineated an ESBL C. freundii that showed multidrug resistance profile from hospitalized 
patients. We hypothesized the involvement of AmpC and AmpR genes in the development of β-lactam resistance and speculated new 
mechanism of resistance. Initially, the strains were identified by the VITEK-2 system and characterized by an API test kit. We analyzed 
the relative expression levels of AmpC and AmpR and examined the effects of AmpR on the expression of AmpC. We aim to elucidate the 
mechanism by which C. freundii acquired β-lactam and aminoglycosides resistance and corroborated the role of AmpR in the pro
duction of ESBL. 

2. Materials and methods 

2.1. Samples processing and identification 

We collected bacterial samples from COVID-19 patients between the years 2020 and 2021 and screened 3492 samples and detected 
bacterial coinfection and superinfection in hospitalized patients [22–24]. The sources of specimens were nasopharyngeal and endo
tracheal swabs. The bacterial isolates from COVID-19 patients that were resistant to antibiotics were refreshed from − 20 ◦C and 
cultured on tryptic soy agar (TSA) and Luria Bertani (LB) agar. The VITEK-2 system and 16 S rRNA sequencing were used for the 
characterization and identification of the isolates. Briefly, the isolates were subcultured on TSA plates, and the bacterial culture 
turbidity was adjusted with a densitometer to the McFarland 0.5 standard in normal saline. The VITEK-2 identification Gram-negative 
bacterial cards were loaded into the VITEK-2 system and the test cards were automatically filled with a bacterial suspension and 
incubated for 3 h. The cards were read by kinetic fluorescence measurement every 15 min and the data was analyzed by the VITEK-2 
system software and the results were generated automatically [25]. Afterward, the reference identification and characterization were 
done with the API 20E system (bioMérieux, Inc., France). Next, the MICs of C. freundii to tazobactam, ampicillin, gentamicin, cip
rofloxacin, cefotaxime, and azithromycin were determined by broth microdilution method according to Clinical and Laboratory 
Standards Institute guidelines as previously described [26,27]. 

2.2. Growth conditions and culture media 

C. freundii can grow on tryptic soy broth, LB broth, and Muller-Hinton (MH) agar (Sigma-Aldrich, Darmstadt, Germany). The 
antibiotics were purchased from the local market and stock solutions of antibiotics were preserved at − 20 ◦C. The MIC was performed 
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on cation-adjusted MH broth and the antibiotic disc assay was performed on TSA as previously described [27,28]. For the API 20E test 
kit, C. freundii 24 h culture suspension was made in normal saline and inoculated to each test tube in the kit strip. The strips were 
incubated at 37 ◦C for 24 h and seven digits code was generated according to the manufacturer’s instructions. 

2.3. API 20E test kit protocol 

The API 20E test strip consists of twenty tests reaction that are widely used for the identification of Enterobacteriaceae. The 
C. freundii colonies were suspended in normal saline and inoculated into an API 20E test strip. The test tubes ADH, URE, ODC, H2S, and 
LDC tubes were overlaid with mineral oil to concede the anaerobic reactions whereas the CIT, GEL, and VP were filled with saline 
suspension. The strip was incubated at 37 ◦C for 24 h and the test reagent such as ferric chloride was added to TDA, Kovacs reagent to 
IND, and one drop of VP reagent 1(40% KOH) and VP Reagent 2 (α-naphthol) to VP were added. The color change was observed and 
the seven digits code was generated from the reactions and evaluated by the API catalog. 

2.4. ESBL production assay 

ESBL production was tested by double disc assay comprising cephalosporin (cefotaxime 30 μg ) alone and cephalosporin plus 
clavulanic acid (30 μg). The zone of inhibition was compared between the single antibiotic disk (cefotaxime) and combination disks 
(cefotaxime plus clavulanic acid) and the zone ≥ 5 mm for the combination disks relative to the single antibiotic disk was treated as 
ESBL positive [29]. The gentamicin (CN10μg), tobramycin (TOB10μg), tazobactam (TZP110μg), ampicillin (AMP30μg), nitrofurantoin 
(F110μg), ciprofloxacin (CIP2μg), cefotaxime (CTX30μg), and cefotaxime plus clavulanic acid (CTX-CVA30μg) discs were used to 
check the resistance pattern of C. freundii. 

2.5. Genome extraction, PCR, and gene sequencing 

C. freundii strain was cultured in LB broth at 37 ◦C and the genomic DNA was extracted from overnight culture by Thermo Scientific 
DNA Purification Kit. The genomic regions of AmpR and AmpC were amplified from the genomic DNA of C. freundii using the primers 
listed in Table 1. Primers were constructed from the available genome sequence of C. freundii (NCBI accession number 
NZ_CP033744.1). The PCR program consists of the following steps; step1-initial denaturation at 95 ◦C for 5 min; step2-denaturation at 
95 ◦C for 30 s, primer annealing at 55 ◦C for 1 min or 50 s, extension at 72 ◦C for 1 min, 35 cycles; step3-final extension at 72 ◦C for 5 
min. 

2.6. RNA extraction and RT-qPCR 

C. freundii overnight culture was harvested, washed with ddH2O, and dissolved in 1 ml of RNAiso Plus. The cell lysis was performed 
by 0.1-mm silica beads and the lysates were centrifuged at 12,000 rpm for 30 min. Further, the extract was treated with DNase I 
enzyme for residual DNA removal and the purity of RNA was determined from the ratio of absorbance at 260/280 nm. Reverse 
transcription and qPCR were performed by PrimeScript 1st strand cDNA synthesis kit and SYBR Premix Ex-Taq reagent kit respectively. 
The RT-qPCR analysis was performed by StepOne real-time PCR system (Applied Biosystems, USA). The gene signal was normalized 

Table 1 
All the primers and plasmids used in this study are listed in table.  

Strain Relevant genotype Source 

C. freundii ESBL Clinical isolate Hospital 
ΔAmpR C. freundii AmpR mutant This study 
E. coli DH5α Transformation TransGen 
E. coli BL21 Protein expression TransGen 
Plasmids 
pKD4 Template for FLP recognition target site, Kanr, Ampr [26] 
pKD46 Temperature-sensitive, λ Red recombinase plasmid, Kanr, Ampr [26] 
pCP20 Temperature-sensitive, FLP recombinase plasmid, Ampr, Cmr [26] 
pET28a (+) Recombinant protein expression in E. coli BL21, Kanr Novagen 

Primer name Oligonucleotide (5′-3′) Application 

AmpR- forward-1 AGGCTTAATGATGACGCGTAGCTATATCCCTCTGTAGGCTGGAGCTGCTTC AmpR mutant 
AmpR-reversed-2 GTTAATTATCAGGCCCGCCATTGGCGGGCCTTTTCATATGAATATCCTCCTTAG AmpR mutant 
AmpR-forward-3 ATGACGCGTAGCTATATCCCTCTTAAC PCR 
AmpR-reversed-4 GTGCAGCACCCCGGTCAACCAACGGGA PCR 
AmpR-forward-rt1 GTGACGCATTCTGCCATCAGCCAGC RT-qPCR 
AmpR-reversed-rt2 TTCCTGGGTCTGTTTAGTGGCAA RT-qPCR 
AmpC-forward-7 TGATTTCATGATGAAAAAATCGATATGC PCR 
AmpC-reversed-8 CAGTTATTGCAGTTTTTCAAGAATGCGC PCR 
AmpC-forward-rt3 GAGCAGGCTATTCCGGGCATGGCCG RT-qPCR 
AmpC-reversed-rt4 ATAGCGTCGCCGCCCAACACGCCGT RT-qPCR  
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with rpoD gene cDNA abundance. All primers are listed in Table 1. 

2.7. Electrophoretic mobility shift assay (EMSA) 

EMSA was performed to detect AmpR and AmpC proteins binding to the promoter region. Initially, AmpR and AmpC proteins were 
expressed in pET28a (+) vector in E. coli BL21, and purified through Ni+2-NTA histidine affinity column. The biotin-labeled probe 
(60bp) was incubated with AmpR and AmpC protein separately for 1 h at 37 ◦C. The 12 μl reaction mixture contains probe (3 fmol), 
protein (8 pmol), and lysis buffer. The reaction was stopped by heating at 95 ◦C for 5 min. The sample was run on 4% native poly
acrylamide gel in 0.5 × Tris-borate-EDTA buffer at 400 mA for 30 min. A nylon membrane was used to transfer the DNA band and 
detected by a chemiluminescent detection kit (Thermo Fisher). Image Quant LAS 4000 mini was used to observe the membrane. 

2.8. Construction of AmpR mutant 

The AmpR mutant was constructed by the method of Datsenko and Wanner [30]. Following the protocols, primers pair 
AmpR-forward-1 and AmpR-reverse-2 were designed containing homologous flanking sites of AmpR and kanamycin resistance gene 
(Table 1). The AmpR-forward-1 and AmpR-reverse-2 primers were used to amplify the kanamycin resistance gene flanked by FLP 
recognition sites from plasmid pKD4. The fragment was cloned into temperature-sensitive (above 30 ◦C) lambda red recombinase 
vector pKD46 and transferred to C. ferundii competent cells. Kanamycin resistant C. ferundii was cured of pKD46 at 37 ◦C and the 
kanamycin resistance gene was removed by temperature-sensitive FLP recombinase plasmid pCP20 at 43 ◦C. The in-frame deletion of 
AmpR was confirmed by DNA sequencing. 

2.9. Hydrogen peroxide sensitivity assay 

Hydrogen peroxide (H2O2) sensitivity was determined by disc diffusion assay in 5 mM H2O2. Briefly, the C. freundii wild type, and 
its ΔAmpR overnight culture were 100 times diluted and grown for 2.5 h in a TSB medium. The culture OD600 was measured (OD600 =

2) and a 200 μl culture was spread on TSA plates (2 × 109 CFU/ml). A blank disc was impregnated in 5 mM H2O2 and placed onto the 
culture plates and zones of inhibition were measured after 24 h. 

2.10. Statistical analysis 

All reference genes and protein sequences were downloaded from the NCBI database and analyzed by ESPript 3.0 software. Stu
dent’s t-test (unpaired) was performed by Graph pad prism 8. The significance level was considered P < 0.05. 

3. Results 

3.1. Prevalence of Citrobacter species 

During the pandemic, a total of 3492 COVID-19 hospitalized patients were screened for bacterial coinfection and 26 isolates were 
identified as Citrobacter species by the VITEK-2 system. Among the 26 Citrobacter spp., 17 were from males and 9 from females. 
C. freundii was the most abundant species (10 isolates), followed by C. braakii (8 isolates), C. koseri (5 isolates), and C. amalonaticus (3 
isolates). The majority of samples were isolated from the lower respiratory tract, upper respiratory tract, and urinary tract infections 
(Fig. 1). Out of the 26 strains, 11 were MDR of which one was ESBL producer. All 26 cases have comorbidities, with the most common 
type being pneumonia and urinary tract infection. Among the antibiotics, tazobactam, ampicillin, cefotaxime, gentamicin, tobramycin, 

Fig. 1. The prevalence of Citrobacter species in COVID-19 patients. The UTI (urinary tract infection), LRT (lower respiratory tract), and LRT (upper 
respiratory tract) sites were colonized by Citrobacter spp., and 26 species were isolated. The bars indicated the number of C. freundii, C. braakii, 
C. koseri, and C. amalonaticus isolated from LRT, URT, and UTI. 
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and nitrofurantoin were not effective against ESBL strain while sensitive to imipenem and amikacin. 

3.2. Characterization of C. freundii ESBL 

Initially, the clinical isolates were identified by the VITEK-2 system and followed by API. By API 20E test kit, positive results with 
≥89% probability were confirmed as C. freundii. The results of C. freundii twenty test reactions are provided in Table 2. Further, the 
genome was extracted and 16 S rRNA sequencing was performed that validated the Citrobacter identification by VITEK-2 and API test 
kit. The C. freundii strain displayed resistance to antibiotics such as tazobactam (110 μg), cefotaxime (30 μg), ampicillin (30 μg), 
gentamicin (10 μg), and nitrofurantoin (110 μg) (Fig. 2A). We performed an ESBL phenotypic assay which revealed that the C. freundii 
strain displayed an 8 mm zone of inhibition on the combination disc (cefotaxime and clavulanic acid) relative to cefotaxime alone that 
confirmed the production of ESBL by C. freundii (Fig. 2B). In the ESBL assay, cefotaxime alone did not kill C. freundii while the addition 
of clavulanic acid inhibited β-lactamases and efficiently kill C. freundii. Furthermore, we determined the MIC of the ESBL strain by two- 
fold broth microdilution method in cation-adjusted MH broth that showed high MICs to tazobactam (256 μg/ml), ampicillin (128 μg/ 
ml), cefotaxime (128 μg/ml), gentamicin (16 μg/ml), tobramycin (16 μg/ml), and ciprofloxacin (≤4 μg/ml). These findings conclude 
that C. freundii produced β-lactamases that inactivated β-lactam antibiotics. 

3.3. Identification of mutations in AmpR sequence in C. freundii ESBL strain 

Six strains of Citrobacter were studied by DNA amplification using primers listed in Table 1, and AmpC and AmpR genes were 
detected in C. freundii strains. The AmpC sequence analysis of the C. freundii ESBL strain revealed that the AmpC gene was identical to 
the previously reported chromosome-encoded class C cephalosporinase of the C. freundii whereas the AmpR gene showed 99% simi
larity. The ESBL C. freundii AmpR gene sequence analysis revealed four point mutations compared to the C. freundii reference genome 
(NCBI accession number NZ_CP033744.1). From the translation of AmpR DNA sequences of the ESBL strain, we detected four mu
tations in the AmpR amino acids sequence namely; Thr64Ile, Arg86Ser, Asp135Val, and Ile183Leu (Fig. 3). Further, we determined the 
mRNA level of the ESBL strain by RT-qPCR which revealed that the AmpR mRNA level was high (P < 0.05) relative to the control strain 
(β-lactam sensitive). We hypothesized that a change in AmpR mRNA level might alter the AmpC transcript, so we compared the AmpC 
mRNA expression level of the ESBL strain versus the control strain. The results showed that the AmpC mRNA level was approximately 
three fold higher than the control strain and was highly significant (P < 0.01) (Fig. 4). We proposed that mutations in AmpR increased 
the expression level of its mRNA that ectopically regulated AmpC expression which resulted in the overproduction of AmpC β-lacta
mase that inactivated the antibiotics. Furthermore, we also analyzed the AmpD DNA sequence because previously the AmpD mutations 
were associated with the overproduction of AmpC in E. cloacae [31]. From the genomic sequence of ESBL strain, we did not detect any 
change in the DNA sequence of AmpD that further confirmed the AmpC β-lactamase high production by AmpR mutations. Thus, we 
conclude that the genetic changes in the transcriptional regulator AmpR affected AmpC expression that increased the production of 
AmpC which caused a reduction in the potency of β-lactam antibiotics. Collectively, we reported chromosomal AmpR mutations that 
increased AmpC expression and resulted in an escalation in β-lactam antibiotics resistance in the clinical isolate of C. freundii. 

3.4. AmpR protein binds to the AmpC promoter 

The AmpR is a transcriptional regulator of the LysR family and contains a helix-turn-helix domain. The promoter site of AmpC was 

Table 2 
The API 20E test results of ESBL C. freundii strain.  

S. No. Test (Enzyme/Substrate) Negative reaction Positive reaction C. freundii results 

1. O-nitrophenyl-beta-D-galactopyranoside (ONPG) Colorless Yellow +

2. Arginine dihydrolase (ADH) Yellow Red or orange +

3. Lysine decarboxylase (LDC) Yellow Red or orange – 
4. Ornithine decarboxylase (ODC) Yellow Red or orange – 
5. Citrate utilization (CIT) Pale to green Blue green +

6. Hydrogen sulfide (H2S) Colorless Black deposits +

7. Urease (URE) Yellow Red or orange – 
8. Tryptophan deaminase (TDA) Pale yellow or brownish Brown red _ 
9. Indole (IND) Pale yellow or colorless Red (within 2-mints) _ 
10. Voges–Proskauer (VP) Pale yellow or colorless Red or pink (within 10-mints) _ 
11. Gelatinase (GEL) No black diffusion Black diffusion – 
12. Glucose (GLU) Blue or blue-green Red or yellow +

13. Mannitol (MAN) Blue or blue-green Red or yellow +

14. Inositol (INO) Blue Yellow – 
15. Sorbitol (SOR) Blue green Yellow +

16. Rhamnose (RHA) Blue Yellow +

17. Sucrose fermentation (SAC) Blue Yellow +

18. Melibiose (MEL) Blue green Yellow +

19. Amygdalin (AMY) Blue Yellow – 
20. Arabinose (ARA) Blue Yellow +
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Fig. 2. (A) Antibiotic disc diffusion assay revealed that C. freundii is resistant to gentamicin (CN10), nitrofurantoin (F110), and tazobactam 
(TZP110) while sensitive to amikacin (AMK10) with a zone of inhibition size of 2 mm (B) The ESBL phenotypic assay showed ESBL production and 
C. freundii was resistant to cefotaxime (CFX30) while sensitive to cefotaxime plus clavulanic acid (CTX and CVA30) with a zone of inhibition size of 
8 mm. C. freundii was sensitive to imipenem (IMP10) with a zone of inhibition size of 5 mm. 

Fig. 3. The AmpR amino acid sequence of C. freundii ESBL strain was aligned with C. freundii, C. braakii, C. werkmanii, and C. europaeus from the 
NCBI database and mutations of isoleucine, serine, valine, and leucine were detected in comparison with C. freundii reference genome (NCBI 
accession number NZ_CP033744.1). 
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predicted by Softberry BPROM that lay in the intergenic region between AmpR and AmpC. The intergenic region of AmpR and AmpC 
consists of 134 bp, and a 60bp DNA probe containing − 10 and − 35 regions was selected and protein-DNA docking was performed. The 
protein-DNA probe docking revealed that AmpR has a high docking score (− 419.60) than AmpC (− 191.13) which indicated a strong 
binding ability. By analyzing AmpR and AmpC sequence, a helix-turn-helix domain was detected in AmpR which showed binding 
affinity with the probe (Fig. 5). To validate the docking analysis, the 60bp probe was biotin labeled and protein binding affinity was 
tested by EMSA. The AmpR protein specifically binds to the 60 bp probe (lane 2) while the AmpC protein (lane 1) cannot bind to the 
probe which confirmed the docking results (Fig. 6, for uncropped image see Supplementary Fig. S1). The FrdD gene lies close to AmpR 
and was used as a control in EMSA which did not bind to the probe as well (lane 3). From these findings, we conclude that the AmpR 
binds to the AmpC promoter and regulates AmpC expression in C. freundii. 

3.5. AmpR regulates C. freundii oxidative stress response 

To discern the AmpR role in oxidative stress, we performed the H2O2 sensitivity assay between wild type and ΔAmpR. The 
C. freundii ΔAmpR was sensitive to H2O2 and showed a zone of 11.5 mm (Fig. 7A) whereas the wild type showed a zone of 10 mm 
(Fig. 7B). The ΔAmpR cell growth was more inhibited than the wild type by H2O2 which indicated reduced resistance to H2O2. These 
finding supported the fact that AmpR positively regulated oxidative stress response in C. freundii and protect the cells during a hostile 
environment. 

Fig. 4. The RT-qPCR analysis showed high expression of AmpC and AmpR mRNA levels in the ESBL C. freundii strain relative to the control 
C. freundii strain (β-lactam sensitive). The asterisks represent the significance level of mRNA. ✱ P < 0.05, ✱✱ P < 0.01. 

Fig. 5. Docking of protein and DNA probe. The AmpR and AmpC proteins and probe (60bp) were evaluated for possible superimposition via HDOCK 
(http://hdock.phys.hust.edu.cn/). The AmpR helix-turn-helix domain showed a strong binding affinity with the probe while the AmpC protein did 
not show any specific binding to promoter. 
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3.6. AmpR mutant decreased antibiotics resistance 

AmpR is required for β-lactam resistance through AmpC expression. The mutations in AmpR resulted in high expression of AmpC 
that governed β-lactams resistance. We constructed AmpR mutant strain that revealed a reduction in β-lactam resistance. The wild type 
C. freundii was resistant to tazobactam (110 μg), cefotaxime (30 μg), ampicillin (30 μg), penicillin (110 μg), gentamicin (10 μg), 
tobramycin (10 μg), and nitrofurantoin (110 μg) whereas AmpR mutant showed a decrease in resistance to tazobactam, gentamicin, 
tobramycin, nitrofurantoin, and cefotaxime (Fig. 8A and B). The AmpR mutant was highly sensitive to cefotaxime, nitrofurantoin, 
gentamicin, tobramycin, ampicillin, and tazobactam and showed a zone of inhibition size of 11.5 mm, 10 mm, 9 mm, 9 mm, 9.5 mm, 
and 8 mm respectively whilst no zone was observed in ciprofloxacin (Fig. 8A and B). 

4. Discussion 

Citrobacter species are typically found in the intestinal and respiratory tracts of humans. Citrobacter infections may occur as sporadic 
or nosocomial outbreaks and are transmitted vertically as well as horizontally [32]. Nosocomial and community acquired Citrobacter 
infections are widely reported [33] and approximately 3–6% of all Enterobacteriaceae causing nosocomial infections accounted for 
Citrobacter [34,35]. Citrobacter has caused infections worldwide and various reports have concluded urinary and respiratory tracts as 
predominant sites of infections [36]. Our data reported Citrobacter coinfections during the COVID-19 pandemic and found the 

Fig. 6. EMSA results. The shift was observed in lane 2 between the AmpR protein and biotin labeled probe (60bp). Lane 1 represents AmpC protein 
plus probe; lane 2 AmpR protein plus probe; lane 3 FrdD protein plus probe; and lane 4 probe and lysis buffer. The uncropped and extended figure is 
provided as a Supplementary Material Fig. S1. 

Fig. 7. Hydrogen peroxide sensitivity assay. (A) The H2O2 assay revealed that the AmpR mutant has a greater zone of inhibition than the wild type 
(B). The ΔAmpR showed 11.5 mm whereas the wild type showed a 10 mm zone of inhibition. 
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respiratory tract as the largely colonized site by Citrobacter species. So far, Citrobacter species have been isolated from surgical wounds, 
burns, skin pustules, sputum, urinary tract, lower respiratory tract, and perirectal abscesses [34,36,37]. In the present report, we 
detected C. freundii, C. braakii, C. koseri, and C. amalonaticus in the respiratory tract and urinary tracts, and found predominance in 
debilitated and elderly patients that suffered from COVID-19. In India, nosocomial, urinary tract, and neonatal septicemia were 
correlated with Citrobacter infections [38] which supported our results of Citrobacter coinfections in hospitalized patients. Earlier, 
Citrobacter bacteremia was detected in patients with malignancy, diabetes mellitus, hepatobiliary stones, and heart disease [39] and 
some studies reported C. koseri as the most prevalent species that caused gastrointestinal and urinary tract infections [36,39]. How
ever, our data suggested C. freundii as the predominant species which caused infection in COVID-19 patients. Previously, C. freundii 
displayed resistance to tazobactam, gentamicin, cefazolin, ampicillin, norfloxacin, and other antibiotics in hospitalized patients [21, 
40], and our data also reported the prevalence of MDR in C. freundii. The reason might be the widespread misuse of antibiotics that 
resulted in the emergence of MDR strains. In countries such as China and India, MDR C. freundii was isolated that was sensitive to 
imipenem, amikacin, and third-generation cephalosporins [41,42]. These results are in accordance with our findings where C. freundii 
showed susceptibility to imipenem and amikacin. Importantly, we detected MDR C. freundii which was an ESBL producer that had 
mutations in the AmpR gene which resulted in AmpC high expression. Previously, AmpR mutations (Arg86Ser) increased the AmpC 
expression in E. cloacae [43] and plasmid-encoded AmpC (blaCFE-1) also showed AmpR-dependent constitutive expression of AmpC 
[44]. In addition, AmpC derepression was associated with defects in the AmpD gene in C. freundii [45], and decreased AmpD expression 
led to AmpC overproduction as well as increased β-lactam MICs in clinical isolates of E. coli, C. freundii, and P. aeruginosa [46]. 
Collectively, their results demonstrated that AmpD and AmpR modulated the expression of AmpC in several bacteria and conferred 
β-lactam resistance. Our findings conclude that the mutations in AmpR modulated the mRNA level of AmpC that leads to the production 
of β-lactamases and inactivation of β-lactam antibiotics. To date, neither C. freundii nor other bacteria have been reported with these 
AmpR mutations which are linked with high expression of AmpC, resistance to β-lactam, and aminoglycosides. Largely, the β-lactam 
resistance locus AmpR-AmpC is studied in P. aeruginosa and C. ferundii that consists of AmpR and AmpC genes that are divergently 
transcribed from promoters located in the intergenic region [47]. Generally, AmpC expression is controlled by AmpR in the presence or 
absence of inducers and is widely known as the transcriptional regulator of AmpC [17]. The AmpR-AmpC locus is highly conserved in 
Enterobacteriaceae, for instance, in E. coli and Shigella sonnei, β-lactams resistance is mediated by tandem duplications of the AmpC gene 
and promoter mutations located within the upstream of fumarate reductase operon [48,49] while in C. freundii, E. cloacae, and 
S. marcescens, AmpC expression is induced by β-lactam antibiotics that produce β-lactamases which inactivate β-lactam antibiotics [50, 
51]. Currently, we have shown that AmpR protein regulates AmpC expression by specifically binding to a 60bp fragment of AmpC 
promoter whilst AmpC could not bind. These results are in accordance with the previous findings where the AmpR helix turn helix 
motif was involved in DNA binding and autoregulation [18]. Similar results were also reported in P. aeruginosa, where in silico study 
revealed an AT-rich intergenic region of AmpR-AmpC as a putative AmpR binding site [52]. Besides, the AmpR deletion resulted in low 
expression of AmpC and a major decrease in β-lactam and aminoglycosides resistance in C. ferundii whereas similar results were only 
reported in P. aeruginosa [10,47]. In addition, the AmpR mutant showed increased sensitivity to H2O2 which confirmed AmpR role in 
protection against oxidative stress response. To date, there is no such report that delineated the involvement of AmpR in oxidative 
stress responses. Altogether, our results showed the isolation of ESBL C. freundii from the hospitalized patient and revealed AmpR 

Fig. 8. Antibiotic disc diffusion assay. (A and B) The ΔAmpR mutant was sensitive to gentamicin (CN10), tazobactam (TZP110), ampicillin 
(AMP30), nitrofurantoin (F110), cefotaxime (CTX10), and tobramycin (TOB10) whereas resistant to ciprofloxacin (CIP2). 
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mediated AmpC high expression and ΔAmpR changes in C. ferundii that are associated with a decrease in β-lactam and aminoglycosides 
resistance. The present study has several limitations. First, it did not characterize all Citrobacter species isolated and only focus on ESBL 
C. freundii. Secondly, all the Citrobacter species were isolated from COVID-19 patients and the rest of the hospitalized patients were not 
included. The current study highlighted the prevalence of Citrobacter coinfection in hospitalized patients but did not report the clinical 
data of patients. Lastly, it remains possible that certain Citrobacter strains were re-isolated via regular patient transfers or through the 
readmission of previously discharged patients during the study period. 

5. Conclusion and future prospective 

In summary, we have detected mutations in AmpR (Thr64Ile, Arg86Ser, Asp135Val, and Ile183Leu) that conferred resistance to 
β-lactam antibiotics in C. freundii. The ΔAmpR decreased β-lactam and aminoglycosides resistance and suppressed AmpC expression. 
The tetra mutant strain was an ESBL producer that reflected a changing pattern of drug resistance in C. freundii which altered the local 
susceptibility profile of the Citrobacter species in Pakistan. The data presented in this report illustrated the spectrum of Citrobacter 
infection in COVID-19 patients during the pandemic and revealed C. freundii is one of the commonest causes of coinfection in hos
pitalized patients. Knowingly, β-lactamase inhibitors have made a great impact in hospitals as adjunct therapies, however, the 
emergence of ESBL made clinical outcomes more complicated and the emergence of MDR strains. Antibiotic resistance breakers such as 
ESBL inhibitors represent a promising avenue of research for ESBL-producing Citrobacter species. Researchers need to explore the 
genetic determinants that bacteria adopt during resistance development, such as mutation and acquiring resistance genes. Besides, the 
control of antibiotic resistance is associated with proper antibiotic prescription, physician vigilance, and more proactive strategies to 
maximize the lifespans of current antibiotics through antimicrobial stewardship and public awareness. 
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