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ABSTRACT
Background:

Diabetic foot ulcers (DFUs) are a common complication in people with
diabetes, often leading to severe infections caused by microorganisms,
including Escherichia coli and Klebsiella pneumoniae.

Objectives:

This study is to conduct a comparative examination of the phenotypic and
genotypic characteristics of these two bacterial pathogens isolated from
DFUs. The collected samples were from diabetic patients with foot ulcers for
analysisand identified the bacterial isolates through standard microbiological
techniques, including culture, Gram staining, and biochemical tests.
Subsequently, molecular methods, such as polymerase chain reaction (PCR)
and sequencing, were employed to analyze specific genetic markers
connected to virulence and antibiotic resistance.

Results:

Our results demonstrated distinct phenotypic traits between E. coli and K.
pneumoniae, with varying biochemical profiles and antibiotic sensitivity
patterns. Genotypically, we identified key virulence factors in both species,
including extended-spectrum beta-lactamase (ESBL) genes and other
resistance determinants. The comparative analysis demonstrated significant
variations in the prevalence of these genetic traits, which correlate with the
clinical outcomes observed in patients with DFUSs.

Conclusion:

Understanding the phenotypic and genotypic distinctions between E. coli and
K. pneumoniae in the context of DFUs supplies critical insights into their
pathogenicity and resistance mechanisms. This understanding can influence
the design of targeted therapeutic strategies and improve management
protocols for diabetic patients, ultimately enhancing patient outcomes and
reducing the impact of diabetic foot infections.
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INTRODUCTION:

Diabetes has the most of pressing global health challenges of the 21% century, ranking as the
ninth leading cause of death worldwide, with 1.6 million lives lost in 2019 alone. (Pradeepa
and Mohan, 2021; Reed et al., 2021; Sun et al., 2022; Tinajero and Malik, 2021). Diabetes
syndrome leads to several harmful metabolic effects, which can trigger pathophysiological
complications such as foot ulcers, neuropathy, atherosclerosis, etc. (Grunfeld, 1992).
Approximately 12-25% of diabetic patients are at a higher risk of developing foot ulcers due
to poor circulation, nerve damage, and delayed healing processes. (Boyko et al., 1996; Singh,
2005). Diabetic foot ulcers (DFUs) are a complex condition, often accompanied by cellulitis
or osteomyelitis, driven by the immune system and infecting bacteria (Williams et al., 2004),
and can lead to severe consequences for on health, economy, and psychology. When DFUs
become infected with bacteria, the condition worsens, and patients are typically advised to
seek hospitalization. It is estimated that between 44-68% of patients who develop
osteomyelitis while hospitalized may eventually require amputation of the affected area due
to the intensity of the infection (Pecoraro et al., 1990; Van Asten et al., 2016). To prevent
additional complications, treatments such as antibiotics, neuropathic medications, growth
factors, and inflammatory modulators have been proposed (Boulton et al., 2005; Karri et al.,
2016). One of the key challenges in treating DFUs is the bacterial colonization and the
progress of antibiotic resistance.

MATERIAL AND METHODS:

This study wasobservational-analytical studyconducted in theMicrobiology Department,
Molecular Biology and Genetics, Krishna Hospital & Medical Research Center, Krishna
Vishwa Vidyapeeth (Deemed to be Univesrsity) over a 3 years period from May 2021- June
2024.

Inclusion criteria:

The age of patients between 40-82 years diagnosed with diabetes and DFU.

The patients includedin this study who had been suffering from DFUs for at least six months.
Patients with DFUs of grade XXX were involved in the study.

Exclusion criteria:

E. coli and K. pneumoniaeisolates from other clinical samples were excluded.
Participants who chose not to consent to the study were excluded.

Sample collection:

In total, 252 diabetic patients were detected for bacterial infections in DFUs. The data on age,
sex, socio-economic status of the patients was recorded. Diabetic history and physiological
conditions of each patient were recorded. Blood tests including sugar (glucose) level and
HbA1C were performed before bacterial sampling. In addition, urea, creatinine, potassium,
and sodium levels were measured in compliance with established standard.

Microbiological procedure:

Bacterial infections were detected in the pus samples collected from the ulcers. The pus
samples were taken from the ulcer with two sterile cotton swabs.One swab was applied for
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Gram staining, while the second was cultured on both Blood agar and MacConkey agar.The
inoculated plates were kept at 37°C for incubation. The following day, the plates were
checked for colony morphology, and Gram staining along with biochemical characterization
was performed.Total of 91 E. coli isolates and 161 K. pneumoniaeisolates were identified.

Data presentation analysis:

The data from the present study were analyzed and presented in graphical and tabular formats
using Microsoft Excel. Heat maps were created using the SR plot online tool.Principal
Component Analysis (PCA) was applied to evaluate the differences in antibiotic resistance
and the prevalence of genes linked to ESBL and MBL production between E. coli and K.
pneumoniae, utilizing the PAST version 4.10 software.(Hammer and Harper, 2001).

Antibiotic susceptibility testing:

Antibiotic sensitivity of allEscherichia coli and Klebsiella pneumoniaeisolates to Ampicillin,
Amoxicillin, Piperacillin, Cefuroxime, Ceftriaxone, Cefoperazone, Cefepime, Imipenem,
Meropenem, Amikacin, Gentamicin, and Ciprofloxacin was studied by Kirby-Bauer disc
diffusion following guidelines established by CLSI 2021 M45-A.

Genetic characterization of beta lactamase production:

The genomic and plasmid DNA from 252 Escherichia coli andKlebsiella pneumoniaeisolates
were extractedby using the HipurA bacterial genomic DNA purification Kit and HipurA
Plasmid DNA miniprep purification kit (HiMedia).Beta-lactamase producing genes
(TEMEseL, SHVEseL, CTX-MEgsgL,NDM-1pja, KPChia, OXA-48pia, and VIMpia) were amplified
through Polymerase Chain Reaction (PCR) using designated primers.PCR amplification was
conducted using in 20uL reaction mixture containing 1X PCR assay buffer (10 mM Tris HCI
(pH 8.3), 1.5 mM MgCl2, 50 mM of KCIl, 200 uM each dNTP, and 1U of Taqg DNA
polymerase; Merk Millipore), 0.2 nmole of each primer, and 200 ng of purified DNA
template of each sample.The PCR amplification was conducted using a Master Cycler
gradient PCR machine(Eppendorf). The amplified products were subjected to 2.0% agarose
gel electrophoresis in 1X TAE buffer, stained with ethidium bromide (10 mg/ml), and
visualized under a UV transilluminator before being photographed using a gel documentation
system. (Bio- Rad Laboratories).

Klebsiella pneumoniae ATCC 700603 was used as positive control strain for TEMesgt,
SHVEsgL, and CTX-MesgL. Klebsiella pneumoniae ATCC BAA-2146 and K.pneumoniae
ATCC BAA-1705 strains werepositive controls for NDM-1p1a and KPCypja, respectively. The
PCR product of OXA-48pia positive isolate (307 bp size) was confirmed by DNA sequencing
and further used as positive control. Control for VIMpiato be added.

OBSERVATION AND RESULTS:

COMBINATION OF ESBL AND MBL GENES IN Escherichia ColiAND Klebsiella
Pneumoniael SOLATES

Combination of ESBL genes inEscherichia coli (91) and Klebsiella pneumoniae(161)
isolates
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The ESBL gene combinations in E. coli and K. pneumoniae isolates indicated that all three
genes (TEM-ESBL, SHV-ESBL, and CTX-M-ESBL) were present in 20.49% of K.
pneumoniae isolates and 9.89% of E. coli isolates (Table 1). The combinations of any two
ESBL genes studied in the present research were more prevalent in Klebsiella pneumoniae
isolates compared to E. coli isolates.

Table 1 Combination of ESBL genes in Escherichia coliand inKlebsiella pneumoniae
isolates.

ESBL genes E. coli K. pneumoniae
TEM+ SHV+CTXM 9 (9.89) 33 (20.49)
SHV+CTXM 14 (15.38) 41 (25.46)
TEM+ CTXM 20 (21.97) 62 (38.50)
TEM+ SHV 15 (16.48) 54 (33.54)

The analysis of MBL genes revealed no significant difference in their prevalence
between the isolates (Table 2). The combination of all four genes included in the present
study were present in single isolate of E. coli andK. pneumoniae. The combination of NDM-
1nia and KPCpia Was most prevalent in both E. coli (35.16 %) and K. pneumoniae (18.63 %)
followed by NDM-1pja +OXA-48pia and KPCpia +OXA-48pia.

The analysis of the combination of ESBL and MBL genes in the study revealed that all the
genes were present in a single E. coli isolate (Table 3). The combination of TEMesgL,
CTXMeseL, NDM-1pja, and KPCyia Was prevalent in 5.49 % E. coli isolates and 8.69 % K.
pneumoniae isolates. Thecombination of various ESBL and MBL genes in E. coli and K.
pneumoniae isolates is summarized in Table 3.

A comparison of antibiotic resistance and the prevalence of fB-lactam genes was
conducted between E. coli and K. pneumoniae isolates.

The comparison of the antibiotic resistance between E. coli andK. pneumoniaerevealed that
K. pneumoniaeisolates were more resistant to Amoxicillin, Ceferoxime, Ceftriaxone,
Cefoperazone, Meropenem, Amikacin, and Gentamicin than E. coli isolates. Principal
component analysis showed no significant difference in antibiotic resistance between
Escherichia coli and Klebsiella pneumoniae(Table 4).

The comparison of the proportion of the B-lactam producing genes between E. coli
and K. pneumoniae revealed that TEM and SHV were more prevalent in E. coli isolates while
NDM-1 and KPC were more prevalent inKlebsiella pneumoniaeisolates.

Principal component analysis showed no difference in the prevalence of ESBL and MBL
genes between E. coli and Klebsiella pneumoniae isolates (Table 5).

Table 2. Combination of MBL genes in E. coli and K. pneumoniaeisolates.

MBL genes E. coli K. pneumoniae
NDM-1+ KPC+OXA-48+VIM 1(1.09) 1(0.62)
NDM-1+ KPC+OXA-48 7 (7.69) 7 (4.34)
NDM-1+ KPC 32 (35.16) 30 (18.63)
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NDM-1+ OXA-48 8 (8.79) 13 (8.07)
KPC+OXA-48+VIM 1 (1.09) 3 (1.86)
KPC+OXA-48 8 (8.79) 13 (8.07)
OXA-48+VIM 1 (1.09) 5 (3.10)
NDM-1+ KPC+VIM 7 (7.69) 3 (1.86)
KPC+VIM 10 (10.98) 8 (4.96)
NDM-1+ OXA-48+VIM 1 (1.09) 2 (1.24)
NDM-1+VIM 7 (7.69) 11 (6.83)
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Table 3. Combination of the ESBL and MBL genes in E. coli and K. pneumoniae isolates.

ESBL genes MBL genes E. coli K. pneumoniae
TEM+ SHV+CTXM NDM1+ KPC+OXA48+VIM 1(1.09) 0
SHV+CTXM NDM1+ KPC+OXA48+VIM 0 0
TEM+ CTXM NDM1+ KPC+OXA48+VIM 0 0
TEM+ SHV NDM1+ KPC+OXA48+VIM 1(1.09) 1(0.62)
TEM+ SHV+CTXM NDM1+ KPC+OXA48 1(1.09) 1(0.62)
SHV+CTXM NDM1+ KPC+OXA48 2 (2.19) 1(0.62)
TEM+ CTXM NDM1+ KPC+OXA48 2 (2.19) 4 (2.48)
TEM+ SHV NDM1+ KPC+OXA48 1 (1.09) 4 (2.48)
TEM+ SHV+CTXM NDM1+ KPC+VIM 1 (1.09) 3(1.86)
SHV+CTXM NDM1+ KPC+VIM 1(1.09) 2 (1.24)
TEM+ CTXM NDM1+ KPC+VIM 2 (2.19) 2 (1.24)
TEM+ SHV NDM1+ KPC+VIM 1(1.09) 2 (1.24)
TEM+ SHV+CTXM NDM1+ OXA48+VIM 1(1.09) 0
SHV+CTXM NDM1+ OXA48+VIM 1(1.09) 0
TEM+ CTXM NDM1+ OXA48+VIM 1(1.09) 0
TEM+ SHV NDM1+ OXA48+VIM 1(1.09) 1(0.62)
TEM+ SHV+CTXM KPC+OXA48+VIM 1 (1.09) 2 (1.24)
SHV+CTXM KPC+OXA48+VIM 1 (1.09) 2 (1.24)
TEM+ CTXM KPC+OXA48+VIM 1 (1.09) 2 (1.24)
TEM+ SHV KPC+OXA48+VIM 1(1.09) 3(1.86)
TEM+ SHV+CTXM NDM1+ KPC 1 (1.09) 6 (3.72)
SHV+CTXM NDM1+ KPC 3(3.29) 6 (3.72)
TEM+ CTXM NDM1+ KPC 5 (5.49) 14 (8.69)
TEM+ SHV NDM1+ KPC 2 (2.19) 9 (5.59)
TEM+ SHV+CTXM KPC+VIM 2 (2.19) 3(1.86)
SHV+CTXM KPC+VIM 2 (2.19) 3(1.86)
TEM+ CTXM KPC+VIM 4 (4.39) 3(1.86)
TEM+ SHV KPC+VIM 3(3.29) 7 (4.34)
TEM+ SHV+CTXM OXA48+VIM 2 (2.19) 4 (2.48)
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SHV+CTXM OXA48+VIM
TEM+ CTXM OXA48+VIM
TEM+ SHV OXA48+VIM

1 (1.09) 2 (1.24)
1(1.09) 2 (1.24)
1 (1.09) 2 (1.24)

Table 4.The principal component analysis of antibiotic resistance in E.

coli and K. pneumoniae isolates.

%variance

Eigenvalue
PC1 1.06
PC2 0.28
PC3 0.21
PC4 0.16
PC5 0.14
PC6 0.11
PC7 0.09
PC8 0.09
PC9 0.07
PC10 0.06
PC11 0.04
PC12 0.04

45.13
11.84
9.12
6.85
5.76
4.65
4.01
3.70
3.09
2.47
1.77
1.62
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Table 5.The principal component analysis of the prevalence of genes in E. coli and K. pneumoniae isolates.

Eigenvalue % variance

PC1 0.39 27.23
PC2 0.30 21.04
PC3 0.20 14.15
PC4 0.18 12.50
PC5 0.15 10.72
PC6 0.12 8.04

PC7 0.09 6.32

Fig 1. The E. coli and K. pneumoniae isolates focused on antibiotic resistance and the prevalence of B-lactam genes.
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Fig 2.Principal component of antibiotic resistance in E. coli and
K. pneumoniae isolates
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DISCUSSION:

To develop effective strategies to control the infections in DFUs, the antibiotic resistance in
inhabitant bacteria and their genetic basis need to be evaluated (Blair et al., 2015; Martinez,
2014). The evaluation of the antibiotic resistance mechanism in bacteria is the preliminary
step toward understanding the genetic basis of antibiotic resistance. In this thesis, | first
reviewed India studies related to the etiology and microbiology of DFUs and provide
comprehensive results on the ESBL and MBL production in two common pathogens, E. coli
and Klebsiella pneumoniae,in relation to their genetic composition

Comparison of E. coli and Klebsiella pneumoniae isolates regarding antibiotic resistance
and the prevalence of genes.

The study found no significant difference in the proportion of ESBL and MBL-producing E.
coli and Klebsiella pneumoniae isolates from DFUs. The proportion of ESBL and MBL
positive E. coli and K. species isolates was comparable. No marked difference in the
antibiotic resistance of E. coli and Klebsiella species isolates to the antibiotics tested in the
present study. Moreover, there was no variation in the prevalence of genes associated with
ESBL and MBL production between E. coli and Klebsiella species isolates. The comparison
between E. coli and Klebsiella species isolates suggests that antibiotic resistance, along with
the genes responsible for ESBL and MBL production, is widespread in these isolates from
Maharashtra, regardless of the species.

Additionally, a significant proportion of Indian population is diabetic and composed
of diverse ethnic groups. Proportion of diabetic patients and associated complications also
vary in different geographic zones (Kale et al., 2023; Pradeepa and Mohan, 2021). Recently,
Shukla et al. (2023) studied the state-wise distribution of the genes involved in ESBL and
Carbapenem resistance in the genomes of the K. pneumoniae isolates from India and revealed
that CTX-MEesgL is the most prevalent gene followed by TEMEgsgL, OXAbia, and NDMpja. The
present study demonstrated that the TEMesgLare most of prevalent gene in K. pneumoniae
isolates followed by CTX-MesgL and NDM in the western Indian state Maharashtra. These
results suggest that there are significant variations in the geographic distribution of the genes
involved in antibiotic resistance.

DFUs may have mono-microbial or poly-microbial infections (Kale et al., 2023). In
the poly-microbial infections, bacteria cooperate and establish symbiotic relations which
confer the maintenance of the infection and sometimes the production of toxins (Noor et al.,
2015a). In poly-microbial infection, each species of bacteria may have different gene pool
and able to secrete variety of enzymes which could contribute to the antibiotic resistance and
delayed wound healing (Noor et al., 2015a; Wright, 2007). Beta-lactamases can be found in
the outer membrane vesicles or extracellular vesicles of the bacterial cell wall and extra
cellular spaces around producers. These beta-lactamases can protect producers and entire
poly-microbial colony as well from antibiotics (Orazi and O’Toole, 2019). Moreover, the
biofilm formation by pathogenic bacteria in diabetic foot infections is also an emerging factor
responsible for the antibiotic resistance (James et al., 2008; Mah and O’Toole, 2001). The
bacteria inhabiting poly-microbial colony are also able to exchange genes through horizontal
transfer and produce chemicals that alter antibiotic tolerance, drug sensitivity, and cell wall
(Orazi and O’Toole, 2019; Reygaert, 2018). Therefore, to understand the complete scenario,
antibiotic resistance in different bacterial isolates from DFUs and their combined gene pool
need to be evaluated.

The relation between the prevalence of the genes involved in beta-lactam antibiotic
resistance and their geographic distributions need to be further investigated considering the
grade of urbanization, and ethnicity of the population. Further, the possibility of the
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involvement of other genes in antibiotic resistance cannot be denied as the prevalence of the
genes (presently investigated) involved in ESBL and MBL antibiotic resistance was similar in
all isolates irrespective of the presence of these antibiotic resistance mechanism.
Contrastingly, Chaudhry et al. (2016) reported that 100% ESBL positive K. pneumoniae
isolates were carrying associated genes (TEMesgL, SHVEsgL, and CTX-MesgL).

SUMMARY:
The study shows that the majority of the E. coli and K. pneumoniae isolates.

E. coli and K. species isolates with respect to the presence of ESBL and MBL production in
the isolates and the patient sex from which the isolates were extracted. Overall, TEMEgsgLare
the prevalent gene in all isolates followed by NDM-1pja, CTX-MesgL, KPChia and SHVEssL
while OXA-48ha and VIMyia Were the least prevent gene in all isolates. TEMesgL and CTX-
MessL genes were more prevalent in ESBL —ve isolates than ESBL +ve isolates. The
prevalence of TEMEessL gene was high in MBL +ve isolates than MBL —ve isolates.

CONCLUSION:

The combination of any two ESBL genes was more prevalent in Klebsiella pneumoniae,
isolates than E. coli isolates. There was no considerable difference in the prevalence of MBL
genes in both K. species than E. coli isolates. Also, there was no difference in the antibiotic
resistance and the prevalence of the genes involved in ESBL and MBL production between E.
coli and K. species isolates, suggesting that the involvement of other factors in the antibiotic
resistance in these isolates. These results highlight the necessity of the monitoring of
antibiotic resistance in common pathogens over the time and evaluation of their genetic basis
of antibiotic resistance.
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