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Abstract
Background and Aim: The World Health Organization considers multidrug-resistant (MDR) Klebsiella pneumoniae 
a major global threat. Horses harbor commensal isolates of this bacterial species and potentially serve as reservoirs for 
human MDR bacteria. This study investigated antimicrobial resistance in horses caused by extended-spectrum β-lactamase 
(ESBL)-producing K. pneumoniae.

Materials and Methods: One hundred fifty-nine nasal swab samples were collected from horses with respiratory distress 
not treated with cefotaxime and erythromycin. Biochemical and serological identification was performed on all samples. 
Polymerase chain reaction (PCR) was used to detect 16S-23S ITS, mucoviscosity-associated gene (magA), uridine 
diphosphate galacturonate 4-epimerase gene (uge), and iron uptake system gene (kfu), blaTEM, blaSHV, and blaCTX genes. 
Sequence analysis and phylogenetic relatedness of randomly selected K. pneumoniae isolates carrying the blaTEM gene were 
performed.

Results: Ten isolates of Klebsiella spp. were obtained from 159 samples, with an incidence of 6.28% (10 of 159). Based on 
biochemical and serological identification, K. pneumoniae was detected in 4.4% (7 of 159) of the samples. Using PCR, all 
tested K. pneumoniae isolates (n=7) carried the 16S-23S ITS gene. By contrast, no isolates carried magA, uge, and kfu genes. 
The blaTEM gene was detected in all test isolates. Moreover, all isolates did not harbor the blaSHV or blaCTX gene. Sequence 
analysis and phylogenetic relatedness reported that the maximum likelihood unrooted tree generated indicated the clustering 
of the test isolate with the other Gram-negative isolate blaTEM. Finally, the sequence distance of the blaTEM gene of the test 
isolate (generated by Lasergene) showed an identity range of 98.4-100% with the blaTEM gene of the different test isolates.

Conclusion: The misuse of antimicrobials and insufficient veterinary services might help generate a population of ESBL-
producing K. pneumoniae in equines and humans, representing a public health risk.
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Introduction

Horses are among the most important animals in 
human history. They are now widely used as sport ani-
mals, in wars, for animal-assisted therapy, as a means of 
transportation, and even for facilitating mining labor. 
Since then, the frequency of human-domesticated 
horse contact has progressively increased. Because of 
the proximity between humans and horses, it is crit-
ical to detect infectious illnesses and antimicrobial 
resistance (AMR) that affect humans and horses [1]. 
The second most prevalent cause of sickness in horses 
is a respiratory disorder that can be viral, bacterial, 
immune-mediated, or mechanical in nature [2].

Klebsiella is one of the most common bacteria 
that can induce serious infections in the respiratory 
system in humans and animals. Moreover, it can be 
found on mucosal surfaces, water, food, and soil [3,4]. 
Virulence factors, such as O-lipopolysaccharide, 
adherence factors, capsular antigens, and siderophores, 
contribute to the survival of Klebsiella spp. in various 
environmental conditions. Klebsiella pneumoniae is a 
clinically important member of the genus Klebsiella, 
making it the most significant pathogen of this genus; 
it can survive high concentrations of disinfectants 
[5]. The K. pneumoniae genome comprises certain 
virulence genes, such as mucoviscosity-associated 
gene (magA), uridine diphosphate galacturonate 
4-epimerase gene (uge), and iron uptake system gene 
(kfu). These genes are responsible for colonization, 
invasion, and pathogenicity [6]. Most hypermuco-
viscous K. pneumoniae (hvKp) isolates belong to 
the capsular serotypes K1 and K2 [7]. Furthermore, 
Klebsiella is protected from phagocytosis and the bac-
tericidal action of serum by a mucoid capsule [8,9]. 
Several putative virulence factors, most notably magA 
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and regulator of mucoid phenotype A, have been 
linked to the hvKp phenotype [10]. The magA gene 
mediates the hvKp phenotype at first. Further research 
revealed that magA is responsible for the K. pneumo-
niae capsular serotype K1 [11,12].

K. pneumoniae is a multidrug-resistant (MDR) 
pathogen that represents a growing threat to clini-
cians worldwide. The frequency of AMR gene deter-
minants, such as extended-spectrum β-lactamase 
(ESBL), has yet to be determined at the molecular 
level in Egypt [13]. β-Lactam drugs are the most fre-
quently used antibiotic class for treating infections 
caused by Enterobacteriaceae, including Klebsiella 
spp. [14]. The progression of the β-lactamase enzyme 
by Klebsiella spp. has spread widely, rendering them 
resistant to a wide range of antibiotics. Because of 
indiscriminate antibiotic use, AMR in Klebsiella-
producing wide-spectrum lactamases, such as ESBL 
and AmpC lactamases, has evolved, placing the 
future of β-lactam medications in threat [15,16]. In 
humans and animals, AMR raises the risk of antimi-
crobial therapy failure. Furthermore, the emergence 
of antibiotic-resistant bacteria in companion animals 
may have public health implications if these bacteria 
are transmitted to humans [17]. Consequently, deter-
mining antibiotic susceptibilities and genetic features 
of Klebsiella spp. that produce ESBL are critical in 
treating pathogenic infections.

This study aimed to identify Klebsiella spp. 
isolated from horses suffering from respiratory man-
ifestation; evaluate the presence of magA, kfu, and 
uge and ESBL-encoding genes (blaCTX-M, blaTEM, and 
blaSHV); and create a phylogenetic tree to explain the 
possible genetic link between blaTEM gene sequences 
and other related blaTEM gene sequences obtained from 
GenBank.
Materials and Methods
Ethical approval

The study was approved by Medical Research 
Ethics Committee-NRC (approval no. 19153).
Study period and location

The study was conducted from February 2020 to 
January 2021. The study was conducted at National 
Research Centre, Giza, Egypt. The samples were 
processed at National Research Centre, Veterinary 
Research Institute, Microbiology and Immunology 
Department.
Sample collection

Nasal swabs were collected from horses with 
respiratory manifestations from Cairo Governorate, 
Egypt. Nasal swabs (n=159) were collected from 
different breeds and ages of horses suffering from 
respiratory distress and pneumonia, including foreign 
breed (n=29), native breed (n=73), and Arabic breed 
(n=57). Moreover, all diseased horses did not take any 
medication. Nasal swabs were collected using sterile 
cotton swabs moistened with normal saline from the 

back of the horse’s nasal cavity (nasopharynx). All 
samples were transferred to transport media (nutrient 
broth; Oxoid Ltd., UK). The samples were carefully 
wrapped, numbered, and sent to the laboratory as 
quickly as possible within 3-4 h in an icebox.
Bacterial isolation

The inoculated samples were placed in nutrient 
broth (Oxoid) tubes and cultured for 20-24 h at 37°C. 
A loopful of bacteria was spread onto MacConkey 
agar plates (Oxoid) and incubated aerobically at 37°C 
for 24-48 h. Suspected colonies (a mucoid and lactose 
fermenter) were purified by culturing on MacConkey 
agar (Oxoid) plates. The colony morphology and phe-
notypic characteristics were evaluated according to 
Collee et al. [18].
Biochemical identification

Pure colonies were submitted to conventional 
biochemical assays sucsh as catalase test, oxidase test, 
oxidative-fermantative test, indol, methyl red, vog-
es-proskauer, citrate test and triple sugar iron agar test 
[19], and API 20E kits (bioMérieux, Marcy-l’Étoile, 
France) were used for confirmation. The API 20E find-
ings were 100% according to API web (bioMérieux).
Serological identification

The Quelling test determined the capsu-
lar antigens K1 and K2 in the test isolates [20]. 
Microscopically, antigen-antibody reactions were 
seen.
Determination of the hvKP phenotype

K. pneumoniae isolates were isolated from 
clinical samples, cultured on blood agar medium 
(Merck, Germany) for 24 h, and incubated at 37°C. 
Subsequently, the formation of a viscous string of 
>5 mm in conventional bacteriological loops was used 
to identify the hvKP phenotype [21].
Phenotypic detection of ESBL by double-disk synergy 
test (DDST)

DDST was used to identify ESBL production 
in confirmed isolates of K. pneumoniae [22]. Using 
a sterile cotton swab, a uniform inoculum was used to 
inoculate the isolate on Mueller-Hinton agar (equiva-
lent to 0.5 McFarland). On the center of the plate, an 
Augmentin disk (20 μg amoxicillin and 10 μg clavu-
lanic acid [AMC]) was placed together with test disks 
of third-generation cephalosporins [30 μg cefotaxime 
(CTX), 30 μg ceftriaxone (CRO), and 30 μg ceftazi-
dime]. The disks were arranged 20 mm away from 
the AMC disk (from center to center). The plate was 
incubated overnight at 37°C. The existence of ESBL-
producing K. pneumoniae isolates was suggested by 
an increase in the inhibition zone of any of the four 
drug disks against AMC.
Molecular detection of 16S-23S ITS, ESBL-encoding 
genes, and certain virulence genes
Deoxyribonucleic acid (DNA) extraction

The QIAamp DNA Mini kit (Qiagen, Germany) 
extracted DNA from samples according to the 
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manufacturer’s instructions, with certain modifica-
tions. A 200 μL sample suspension was treated with 
10 μL proteinase K and 200 μL lysis buffer for 10 min 
at 56°C. After incubation, the lysate was given 200 μL 
of 100% ethanol. The sample was washed and cen-
trifuged according to the manufacturer’s instructions. 
The nucleic acid was eluted with 100 μL of the kit’s 
elution buffer.

Molecular detection for Klebsiella spp. confirmation 
gene

Specific oligonucleotide primers (Metabion, 
Germany) were used for 16S-23S ITS, forward 
ATTTGAAGAGGTTGCAAACGAT and reverse 
TTCACTCTGAAGTTTTCTTGTGTTC, with a 
molecular weight of 130 bp. All polymerase chain 
reaction (PCR) mixtures were subjected to 35 cycles 
of primary denaturation at 94°C for 5 min, secondary 
denaturation 94°C for 30 s, annealing 55°C for 30 s, 
extension 72°C for 30 s, and final extension 72°C for 
7 min [23].

Molecular detection of ESBL-encoding genes
These primers were used for blaTEM, 

forward ATCAGCAATAAACCAGC and 
reverse CCCCGAAGAACGTTTTC, with an 
amplicon size of 516 bp [24]. PCR for blaSHV was 
done using specific oligonucleotide primers: for-
ward AGGATTGACTGCCTTTTTG and reverse 
ATTTGCTGATTTCGCTCG, with a molecular 
weight of 392 bp [25]. The following primers were 
used for blaCTX: forward  ATGTGCAGYACCAGTAAR 
GTKATGGC and reverse TGGGTRAARTARG 
TSACCAGAAYCAGCGG, with an amplicon size of 
593 bp. All PCR mixtures for ESBL-encoding genes 
were subjected to 35 cycles of primary denaturation at 
94°C for 5 min, secondary denaturation 94°C for 30 s, 
annealing 54°C for 40 s, extension 72°C for 45 s (but 40 
s for blaSHV), and final extension 72°C for 10 min [26].

Molecular detection of specific virulence genes
Previously published primers were 

used for magA detection at 1282 bp: forward 
GGTGCTCTTTACATCATTGC and reverse 
GCAATGGCCATTTGCGTTAG [27]. For uge, for-
ward TCTTCACGCCTTCCTTCACT and reverse 
GATCATCCGGTCTCCCTGTA were used, with 
a molecular weight of 534 bp [28]. Finally, the kfu 
gene was amplified at 797 bp using primers for-
ward GAAGTGACGCTGTTTCTGGC and reverse 
TTTCGTGTGGCCAGTGACTC [28].

PCR amplification
A 25 μL reaction, including 12.5 μL EmeraldAmp 

Max PCR Master Mix (Takara, Japan), 1 μL of each 
primer at 20 pmol concentration, 5.5 μL water, and 
5 μL DNA template, was used. A thermal cycler was 
used to conduct the reaction (Applied Biosystems 
2720, USA).

Analysis of PCR products
The PCR products were separated through elec-

trophoresis in 1× TBE buffer at room temperature 
(25℃) using 5 V/cm gradients on a 1.5% agarose gel 
(Applichem GmbH, Germany). Approximately 15 μL 
of the products were put into each gel slot for analy-
sis. The fragment sizes were determined using the Gel 
Pilot 100 and 100 bp Plus DNA ladders (Qiagen). A gel 
documentation system (Alpha Innotech, Biometra) 
was used to photograph the gel. Data were evaluated 
using computer software (Automatic Image Capture 
Software, Protein Simple formerly Cell Bioscience, 
USA).
Sequence analysis

One isolate of K. pneumoniae that carried the 
blaTEM gene was randomly selected for sequence anal-
ysis. Each primer was aliquoted into thin-wall PCR 
tubes at a volume of ~20 μL. The QIAquick PCR 
product extraction kit was used to purify PCR prod-
ucts (Qiagen, Valencia, California, USA). BigDye 
Terminator version 3.1 (Applied BiosystemsTM, USA) 
cycles sequencing kit was used for the sequence 
reaction, followed by purification with a Centrisep 
spin column. The Applied Biosystems 3130 genetic 
analyzer (Hitachi, Japan) was used to collect DNA 
sequences. BLAST analysis [29] was used to deter-
mine the sequence identity to GenBank accession. 
A similarity matrix was done using the DNASTAR 
program (Lasergene version 8.0, https://www.dnastar.
com/software/lasergene/) [30]. Phylogenetic analysis 
was performed with MEGA version 6 using the maxi-
mum likelihood approach [31].
Results
Isolation and identification of Klebsiella spp.

From 159 nasal swabs, 10 Klebsiella spp. were 
recovered from foreign and native breeds with an 
incidence of 2.5% (4/159) and 3.8% (6/159), respec-
tively. Ten Klebsiella spp. were isolated at an inci-
dence of 6.28% (10/159). Finally, K. pneumoniae was 
found at a rate of 4.4% (7/159) based on serological 
identification.
Phenotypic detection of ESBL by DDST

Overall, seven ESBL-producing K. pneumoniae 
were detected with an incidence of 42.85% (3/7). 
CTX and CRO, both third-generation cephalosporins, 
showed synergism with AMC disk (Augmentin disk). 
The edge of inhibition produced by CTX and CRO 
was extended in all three isolates toward the AMC 
disk.
Molecular confirmation of Klebsiella spp. using 16S-
23S ITS

All K. pneumoniae isolates showed positive 
amplification of the 130 bp fragment.
Molecular detection of ESBL-encoding genes (blaTEM, 
blaSHV, and blaCTX)

Seven K. pneumoniae isolates were tested for 
the presence of ESBL-encoding genes. In Table-1, the 
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blaTEM gene was detected in all isolates. Furthermore, 
blaSHV and blaCTX were not detected among the test 
isolates in horses.
Molecular detection of magA, uge, and kfu virulence 
genes

No isolates carried magA, uge, and kfu from the 
seven tested isolates, so these isolates were recorded 
as nonvirulent isolates.
Sequence analysis and phylogenetic tree

The accession number of the blaTEM gene 
sequence from isolated K. pneumoniae was 
MW173143. Phylogenetic relatedness of the blaTEM 
gene is shown in Figure-1, while the Sequence dis-
tance of the blaTEM gene of the test strain (generated 
by Lasergene) is shown in Figure-2.
Discussion

Klebsiella spp. are a prevalent cause of bacterial 
pneumonia in horses; nevertheless, there are few stud-
ies on the clinical presentation and development of the 
disease [32].

In this study, 10 Klebsiella spp. were recovered 
from foreign and native breeds with an incidence of 
2.5% (4/159) and 3.8% (6/159), respectively. Based on 
serological identification, K. pneumoniae was detected 
in 4.4% (7/159) of the samples. In another study in 
Egypt, 38/203 samples (74.5%) from 51 horses were 
positive for bacteria that cause respiratory diseases. K. 
pneumoniae subsp. pneumoniae was the most com-
mon isolate (26.3%) [33]. This finding was higher 
than that of Loncaric et al. [34], who stated that from 
2012 to 2019, Klebsiella spp. were isolated from 1541 
horses in Austria, yielding 51 (3.3%) specimens that 
tested positive for Klebsiella spp., with an incidence 
of 3.30%. In addition, four of seven CTX-resistant 
Klebsiella isolates were identified as K. pneumoniae. 
Based on this study, the incidence of Klebsiella spp. 
isolation significantly varies from previous studies; 
certain factors have been associated with decreased 
isolation rates, such as different environmental or cli-
matic factors and sanitary management.

The World Health Organization considers MDR 
K. pneumoniae a major global threat. The role of 
the MDR bacterial population cycling between ani-
mals and humans is becoming clearer. Horses har-
bor commensal isolates of this bacterial species and 

potentially serve as reservoirs for human MDR bac-
teria [35].

In horses, K. pneumoniae is regarded as a 
commensal agent, and the clinical significance and 
severity of sickness are determined by the isolate’s 
pathogenic potential [36]. The presence of MDR 
in virulent species of pathogens will significantly 
impact the health systems and economies of develop-
ing countries. K. pneumoniae isolates have virulent 
drug-resistant genes and are resistant to multiple com-
mon antibiotics, which is a major worry [37].

This study showed that no isolates carried 
magA, uge, and kfu genes. By contrast, the uge gene 
was detected at an incidence of 48.6%, distributed 
in various clinical specimens, such as blood (50%), 
exudates (48.4%), respiratory secretions (47.3%), 
and urine (48.8%) [6]. The uge gene was found 
in 84.6% of urinary tract isolates and all blood and 
respiratory isolates [38]. The occurrence of the uge 
gene in K. pneumoniae varied widely (41.6-86%) 
in different studies [39]. The kfu gene is involved in 
capsule formation and invasiveness and codes for an 

Table-1: Detection of extended-spectrum β-lactamase encoding genes (blaTEM, blaSHV, and blaCTX), virulence genes 
(magA, uge, and kfu), and (16S-23S ITS) in K. pneumoniae isolates.

K. pneumoniae isolate no. blaTEM blaSHV blaCTX magA uge kfu 16S-23S ITS

1 + − − − − − +
2 + − − − − − +
3 + − − − − − +
4 + − − − − − +
5 + − − − − − +
6 + − − − − − +
7 + − − − − − +

K. pneumonia=Klebsiella pneumonia, magA=Mucoviscosity-associated gene, uge=Uridine diphosphate galacturonate 
4-epimerase gene, kfu=Iron uptake system gene

Figure-1: Phylogenetic relatedness of the blaTEM gene. The 
maximum likelihood unrooted tree generated indicates the 
clustering of the test isolates with the other Gram-negative 
isolate blaTEM.
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iron absorption mechanism in 27.8% (103 of 370) of 
K. pneumoniae isolates [40]. The prevalence of the 
magA gene was 62.5% between K. pneumoniae iso-
lates [41]. According to the virulence gene results, the 
previous studies completely contradicted these find-
ings because other virulence genes not included in this 
study could be carried by the test isolates, which is a 
reasonable assumption.

MDR ESBL isolates harboring blaCTX-M, blaOXA, 
blaTEM, blaSHV, and blaCMY have been found in animals, 
food, and the environment [5]. Phenotypically, based 
on DDST results, ESBLs were detected at an inci-
dence of 42.85% (three of seven) among all studied 
K. pneumoniae isolates. This finding was supported 
by Gharrah et al. [42], who stated that the incidence 
of K. pneumoniae that produce ESBLs varies by coun-
try. Their proportion in Arabian countries is extremely 
significant (62.5% and 50%). Trigo da Roza et al. 
[34] revealed that K. pneumoniae isolated from 
horses in Portugal were resistant to most antimicro-
bials tested, including third-generation cephalospo-
rins, fluoroquinolones, and aminoglycosides, and had 
several AMR genes, including blaESBL. In addition, in 
Shandong Province, China, 14 (6%) isolates of ESBL-
producing K. pneumoniae were found in 231 environ-
mental samples [43].

Genotypically, this study reported that the blaTEM 
gene was detected in all test isolates. Moreover, 
all test isolates did not harbor the blaSHV or blaCTX 
gene. Abdel-Rhman [44] mentioned that blaSHV, 
blaTEM, and blaCTX-M were carried by 68.3%, 56.1%, 
and 53.7% of K. pneumoniae isolates, respectively. 
Siqueira et al. [45] revealed that blaTEM, blaSHV, and 
blaCTX-M were detected, and blaTEM was nearly found 

in all ESBL-producing K. pneumoniae isolates (5/6 
[83.3%]) in horses. Furthermore, Carneiro et al. [46] 
reported that Klebsiella isolates were detected in 
14.1% of 56 mule foals, primarily ampicillin-resistant, 
MDR, and ESBL producers. The blaSHV gene was 
more frequently found in K. pneumoniae isolates in 
Brazil.

In Japan, 12 ESBL/AmpC-producing 
K. pneumoniae isolates were identified from seven of 
212 (3.3%) healthy Thoroughbred racehorses, indi-
cating that those who work close to racehorses may 
be at risk of MDR ESBL infections (e.g., veterinar-
ians, caretakers, and owners) [47]. Klebsiella spp. 
isolates were recovered from clinical samples from 
veterinary clinics in Germany in 2014. For K. pneu-
moniae subsp. pneumoniae, the overall ESBL rate 
was 8%. The majority of K. pneumoniae subsp. pneu-
moniae were ESBL producers (29.3%). ESBL genes, 
such blaCTX-M-1 (5.6%), blaCTX-M-3, blaCTX-M-9, blaSHV-2, 
and blaSHV-12, were also detected [48]. According to 
a 2018 study in Germany, 1607 Klebsiella spp. were 
recovered from livestock, companion animals, horses, 
and pets between 2009 and 2016 [49]. The differ-
ence between this study and others is the discrepancy 
between phenotypic and PCR results because these 
genes are present but rarely expressed.

In this study, sequence analysis and phyloge-
netic relatedness of the randomly selected isolate car-
rying the blaTEM gene (GenBank accession number 
MW173143) reported that the maximum likelihood 
unrooted tree generated indicated the clustering of 
the test isolate with the other Gram-negative isolate 
blaTEM. Finally, the sequence distance of the blaTEM 
gene of the tested strain (generated by Lasergene) 

Figure-2: Sequence distance of the blaTEM gene of the test isolate (generated by Lasergene) showing an identity range of 
98.4-100% with the blaTEM gene of different test isolates.
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showed an identity range of 98.4-100% with the 
blaTEM gene of different test isolates.

This result sounded the alarm that bacteria recov-
ered from horses share a genetic ground with bacteria 
isolated from other animals and humans [50]. This 
supported the concept that these animals play a unique 
role in AMR transfer. Thus, attempts to understand the 
function of horses better as vectors are critical to pub-
lic health.
Conclusion

ESBL-resistant K. pneumoniae were confirmed 
by molecular and phylogenetic analyses for sequenced 
resistant strains. It is now recognized as a severe pub-
lic health hazard due to the regular interaction and 
proximity between horses and humans. More studies 
are required to understand the spread and virulence 
of K. pneumoniae in horses. The discovery of viru-
lence genes in K. pneumoniae strains causing respi-
ratory manifestations that affect horses will aid in the 
investigation of infectious diseases, help in vaccine 
development and develop new diagnostic methods for 
the rapid and accurate identification of changes in K. 
pneumoniae.
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