
Journal of Global Antimicrobial Resistance 33 (2023) 61–71 

Contents lists available at ScienceDirect 

Journal of Global Antimicrobial Resistance 

journal homepage: www.elsevier.com/locate/jgar 

Whole genome analysis of Gram-negative bacteria using the EPISEQ 

CS application and other bioinformatic platforms 

Ulises Garza-Ramos a , Nadia Rodríguez-Medina 

a , Carlos Córdova-Fletes b , 
Daira Rubio-Mendoza 

b , Christopher J. Alonso-Hernández 

b , Luis Esaú López-Jácome 

c , 
Rao Morfín-Otero 

d , Eduardo Rodríguez-Noriega 

e , Fabián Rojas-Larios f , 
María del Rosario Vázquez-Larios g , Alfredo Ponce-de-Leon 

h , Elena Victoria Choy-Chang 

i , 
Rafael Franco-Cendejas c , Bernardo Alfonso Martinez-Guerra 

h , 
Cecilia Teresita Morales-de-La-Peña 

j , Juan Pablo Mena-Ramírez 

k , 
Eduardo López-Gutiérrez 

l , Ricardo García-Romo 

m , Bertha Ballesteros-Silva 

n , 
Alejandro Valadez-Quiroz 

o , Laura Karina Avilés-Benítez 

p , José Manuel Feliciano-Guzmán 

q , 
Talia Pérez-Vicelis r , María del Consuelo Velázquez-Acosta 

s , Cecilia Padilla-Ibarra 

t , 
Laura Isabel López-Moreno 

u , Reyna Edith Corte-Rojas v , Carlos Antonio Couoh-May 

w , 
María Angelina Quevedo-Ramos x , Maribel López-García 

y , Gabriela Chio-Ortiz 

z , 
Mariana Gil-Veloz 

aa , Alejandro Molina-Chavarria 

bb , Javier Paul Mora-Domínguez 

cc , 
Daniel Romero-Romero 

dd , Francisco Javier May -Tec 

ee , Elvira Garza-González 

b , ∗

a Instituto Nacional de Salud Pública, Morelos, Mexico 
b Facultad de Medicina, Universidad Autónoma de Nuevo León, Nuevo León, Mexico 
c Instituto Nacional de Rehabilitación Luis Guillermo Ibarra, Ciudad de Mexico, Mexico 
d Hospital Civil de Guadalajara Fray Antonio Alcalde, Universidad de Guadalajara, Jalisco, Mexico 
e Hospital Civil de Guadalajara Fray Antonio Alcalde, Universidad de Guadalajaraa, Jalisco, Mexico 
f Facultad de Medicina, Universidad de Colima, Colima, Mexico 
g Instituto Nacional de Cardiología Ignacio Chávez, Ciudad de Mexico, Mexico 
h Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán, Ciudad de Mexico, Mexico 
i Hospital General De Zona No.1 IMSS Nueva Frontera, Chiapas, Mexico 
j Hospital General Juan María de Salvatierra, Baja California Sur, Mexico 
k Hospital General de Zona No. 21, IMSS. Centro Universitario de los Altos, Universidad de Guadalajara. Jalisco, Mexico 
l Hospital Regional de Alta Especialidad de Oaxaca, Oaxaca, Mexico 
m Centenario Hospital Miguel Hidalgo, Aguascalientes, Mexico 
n Centro Diagnostico Microbilógico S.A C.V, Michoacan, Mexico 
o Hospital de Especialidades Materno Infantil de León, Guanajuato, Mexico 
p Hospital Infantil Eva Samano de López Mateos, Michoacán, Mexico 
q Hospital de Especialidades Pediátricas, Chiapas, Mexico 
r Hospital Regional de alta especialidad Bicentenario de la independencia, Estado de México, Mexico 
s Instituto Nacional de Cancerología, Ciudad de Mexico, Mexico 
t Hospital General del Estado Dr. Ernesto Ramos Bours, Sonora, Mexico 
u Hospital Galenia, Quintana Roo, Mexico 
v Hospital para el Niño Poblano, Puebla, Mexico 
w Hospital General Dr. Agustin O‘Horan, Yucatán, Mexico 
x Laboratorio Hospital General de León, Guanajuato, Mexico 
y Hospital de la Madre y del Niño Guerrerense, Chilpancingo, Guerrero, Mexico 
z Hospital General Dr. Miguel Silva, Michoacán, Mexico 
aa Hospital Regional de Alta Especialidad del Bajío, Guanajuato, Mexico 
bb Centro Médico Dr. Ignacio Chávez ISSSTESON, Sonora, Mexico 
cc Hospital de Alta Especialidad de Veracruz, Veracruz, Mexico 
dd Laboratorio Louis Pasteur, Toluca, Estado de México 
ee Hospital General de Chetumal, Quintana Roo, Mexico 

∗ Corresponding author. Facultad de Medicina/Hospital Universitario Dr. José Eleuterio González, Universidad Autónoma de Nuevo León, Avenida Francisco I. Madero S/N, 

Colonia Mitras Centro, CP 64460. Monterrey, N.L., Mexico. 

E-mail address: elvira_garza_gzz@yahoo.com (E. Garza-González) . 

https://doi.org/10.1016/j.jgar.2023.02.026 

2213-7165/© 2023 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial Chemotherapy. This is an open access article under the CC 

BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

https://doi.org/10.1016/j.jgar.2023.02.026
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jgar
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jgar.2023.02.026&domain=pdf
mailto:elvira_garza_gzz@yahoo.com
https://doi.org/10.1016/j.jgar.2023.02.026
http://creativecommons.org/licenses/by-nc-nd/4.0/


U. Garza-Ramos, N. Rodríguez-Medina, C. Córdova-Fletes et al. Journal of Global Antimicrobial Resistance 33 (2023) 61–71 

a r t i c l e i n f o 

Article history: 

Received 22 December 2022 

Revised 23 February 2023 

Accepted 26 February 2023 

Available online 5 March 2023 

Editor: Stefania Stefani 

Keywords: 

EPISEQ 

Pathogenwatch 

Drug resistance 

Carbapenem resistance 

Whole genome sequencing 

a b s t r a c t 

Objectives: To determine gen  

susceptible Klebsiella pneumoni  

from medical centres of Mexic  

application and other bioinform

Methods: Clinical isolates colle  

pneumoniae (n = 22), E. coli (n  

subjected to whole genome seq  

the EPISEQ 

R © CS application for  

used as comparators for Klebsie  

was used for E. coli and A. baum

Results: For K. pneumoniae, b  

glycoside, quinolone, and phen  

susceptibility in 18 strains and  

whole genome sequence typing  

of 24 (83.3%) strains carried bla  

confer resistance to aminoglyco  

were also detected by both p  

encoding gene detected by both  

similar genes for aminoglycosid  

aeruginosa, bla VIM 

, bla IMP , and b  

detected in all strains. 

Conclusion: Compared to the o  

and virulence analysis, providin  

virulome and resistome. 

© 2023 The Author(s). Pub

 

1

p

d

a

d

a

m

t

t

b

(

(

w

D

o

c

o

[

h

v

s

a

t

[

t

s

a

W

c

r

t

p

c

p

2

2

b

c

T

E

p

fl

A

(

i

t

t

c

2

A

p

a

7

p

. Introduction 

Drug-resistant Gram-negative bacteria—including Klebsiella 

neumoniae, Escherichia coli, Acinetobacter baumannii , and Pseu- 

omonas aeruginosa—are among the more frequent causative 

gents of healthcare-associated infections [1] . Several reports have 

escribed an increase in carbapenem resistance in these species 

fter the COVID-19 pandemic [2–4] . 

Carbapenems are frequently used to treat infections due to 

ultidrug-resistant Gram-negative bacilli, including these four bac- 

erial species [5 , 6] . Carbapenem resistance is caused primarily by 

he production of carbapenemase enzymes. According to the Am- 

ler β-lactamase classification, they are classified into class A 

serine β-lactamases), class B (metallo- β-lactamases), and class D 

oxacillinases) [7] . 

The most frequently reported carbapenemase enzymes world- 

ide are variants of K. pneumoniae carbapenemase (KPC), New 

elhi metallo- β-lactamase (NDM), and carbapenem-hydrolyzing 

xacillinase (OXA) [8 , 9] . The spread of antibiotic resistance en- 

oded by these genes has been attributed to the lateral transfer 

f genetic material by mobile genetic elements, including plasmids 

10–12] . 

The advances in whole genome sequencing (WGS) technologies 

ave facilitated the analysis of the complete DNA sequence of di- 

erse organisms, including bacteria. This analysis allows a broad vi- 

ion of virulence and resistance to antimicrobials, including some 

ntibiotics not commonly used [13] . Certainly, WGS is becoming 

he method of choice for outbreak analysis of microbial pathogens 

13] . The main challenge with WGS for microbial strain evalua- 

ion is the conversion of raw sequencing data to processable re- 

ults for surveillance analysis. With the widespread use of genomic 

pproaches, there is a growing need for tools that streamline 

GS analyses without the need for an expert in bioinformatics in 
62 
omic characteristics and molecular epidemiology of carbapenem non-

ae, Escherichia coli, Acinetobacter baumannii , and Pseudomonas aeruginosa

o using whole genome sequencing data analysed with the EPISEQ 

R © CS

atic platforms. 

cted from 28 centres in Mexico included carbapenem-non-susceptible K.

 = 24), A. baumannii (n = 16), and P. aeruginosa (n = 13). Isolates were

uencing using the Illumina (MiSeq) platform. FASTQ files were uploaded to

 analysis. Additionally, the tools Kleborate v2.0.4 and Pathogenwatch were

lla genomes, and the bacterial whole genome sequence typing database

annii. 

oth bioinformatic approaches detected multiple genes encoding amino-

icol resistance, and the presence of bla NDM-1 explained carbapenem non-

 bla KPC-3 in four strains. Regarding E. coli , both EPISEQ 

R © CS and bacterial

 database analyses detected multiple virulence and resistance genes: 20

 NDM 

, 3 of 24 (12.4%) carried bla OXA-232 , and 1 carried bla OXA -181 . Genes that

sides, tetracyclines, sulfonamides, phenicols, trimethoprim, and macrolides

latforms. Regarding A. baumannii, the most frequent carbapenemase-

 platforms was bla OXA-72 , followed by bla OXA-66 . Both approaches detected

es, carbapenems, tetracyclines, phenicols, and sulfonamides. Regarding P.

la GES were the more frequently detected. Multiple virulence genes were

ther available platforms, EPISEQ 

R © CS enabled a comprehensive resistance

g a reliable method for bacterial strain typing and characterization of the

lished by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY-NC-ND license

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

linical microbiology laboratories and the possibility to use these 

esults for surveillance analysis. 

Therefore, this study aimed to determine genomic characteris- 

ics and molecular epidemiology of carbapenem non-susceptible K. 

neumoniae, E. coli, A. baumannii , and P. aeruginosa from medical 

enters of Mexico using WGS data analysed with the software ap- 

lication EPISEQ 

R © CS and other bioinformatic platforms. 

. Materials and methods 

.1. Study design, data collection, and analysis 

In this study, clinical isolates from 28 centers (26 hospital- 

ased laboratories and 2 external laboratories) in Mexico were 

ollected. All participating centers belong to the network Red 

emática de Investigación y Vigilancia de la Farmacorresistencia. 

Clinical isolates included carbapenem-resistant K. pneumoniae, 

. coli, A. baumannii , and P. aeruginosa. Species identification was 

erformed by matrix-assisted laser desorption ionization time-of- 

ight mass spectrometry (Bruker Daltonics, Bremen, Germany). 

ntibiotic susceptibility testing was performed using VITEK 

R © 2 

bioMérieux, Marcy l’Etoile, France) and interpreted based on Clin- 

cal and Laboratory Standards Institute (CLSI) criteria [14] . Isolates 

hat exhibited resistance or intermediate susceptibility to any of 

he carbapenems evaluated were selected for further analysis. 

A total of 75 clinical isolates were selected for WGS: 26 were 

ollected in the pre-COVID-19 pandemic period (January to March 

020), and 49 were collected during the pandemic (January to 

ugust 2021). Species included were K. pneumoniae (n = 22; 1 

re-pandemic and 21 pandemic), E. coli (n = 24; 10 pre-pandemic 

nd 14 pandemic), A. baumannii (n = 16; 9 pre-pandemic and 

 pandemic), and P. aeruginosa , (n = 13; 6 pre-pandemic and 7 

andemic). 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Distribution of virulence and drug resistance genes and plasmid types in K. pneumoniae using the EPISEQ CS application. 
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.2. Whole genome sequencing 

All carbapenem non-susceptible isolates ( n = 75) were subjected 

o WGS. DNA was extracted using the DNeasy kit (Qiagen, Hilden, 

ermany) according to the manufacturer’s instructions. After ex- 

raction, the DNA concentrations were measured with a Qubit 3.0 

Thermo Scientific, Waltham, MA). From each DNA sample (aver- 

ge of 10 ng), 20 μL was transferred into a 96-well WGS plate. Se- 

uencing libraries were generated using Nextera XT Illumina kits 

San Diego, CA), and short-read sequencing was run on an Illumina 

MiSeq) platform with a paired-end sequencing protocol (150-bp 

nsert size) at the Laboratory of Cytogenomics and Microarrays 

f the Biochemistry Department, School of Medicine, Universidad 

utónoma de Nuevo León. 

The draft genome sequence was deposited in the National Cen- 

er for Biotechnology Information (NCBI) GenBank database under 

roject number PRJNA922195 . 

.3. EPISEQ 

R © CS 

After sequencing runs passed quality control checks, FASTQ files 

rom the Illumina platform were uploaded to the easy-to-use, fully 

ntegrated web-based software application EPISEQ 

R © CS, version 

.2.0 (bioMérieux). The application is based on a reference-free ap- 

roach with automated workflow ( https://www.biomerieux-episeq. 

om/cs- how- it- works ). In brief terms, it checks the quality of se-

uencing data and uses the open-source algorithm SPAdes for 

enome assembly. Species identity, initially selected by the user, 

nd potential intra- and inter-species contamination are checked. 

enomic strain characterization was performed through the gener- 

tion of multilocus sequence typing (MLST) results, serotyping and 

athotyping for E.coli samples, and detection of antimicrobial re- 

istance genes or point mutations (resistome) of virulence factors 

virulome) and plasmids. Allele calling was performed in a pro- 

rietary whole-genome ML ST (wgML ST) scheme defined for each 

acterial species. A wgMLST-based epidemiological analysis was fi- 

ally performed to compare clinical isolates. The number of loci for 

. pneumoniae was 19 729 (including 1515 core loci), for E. coli was 

7 380 (including 1291 core loci), for A. baumannii was 5633 (in- 
63 
luding 1393 core loci), and for P. aeruginosa was 15 143 (including 

480 core loci). 

.4. Genome Assembly and Data Analysis 

De novo assembly was completed with SPAdes Genome As- 

embler v3.12.0 (Basespace Illumina). The draft genomes were an- 

otated using the National Center for Biotechnology Information 

rokaryotic Genome Annotation Pipeline. Kleborate v2.0.4 [15] was 

sed to identify species, determine virulence loci, and pinpoint 

ntimicrobial resistance genes (CARD database v3.0.8) [16] from 

ssembled genomes of K. pneumoniae . Pathogenwatch was also 

sed for K . pneumoniae genomes [17] . Analyses for E. coli and 

. baumannii were also performed through the bacterial whole 

enome sequence typing database (BacWGSTdb 2.0) ( http://bacdb. 

rg/BacWGSTdb ) [18] . Phylogenetic analysis of clinical isolate pan- 

ls from each bacterial species was performed using BacWGSTdb, 

hich gives a tree based on single nucleotide polymorphism strat- 

gy using default parameters. The calculated trees were exported 

n newick format and then visualized and edited with iTOL v6.5.2 

 https://itol.embl.de/ ) [19] . 

. Results 

.1. Antibiotic resistance 

Regarding K. pneumoniae , all isolates had a minimal inhibitory 

oncentration (MIC) ≥ 32 for ampicillin-sulbactam, ≥ 64 for cef- 

azidime and ceftriaxone, and ≥ 8 for doripenem. The MIC range 

or cefepime was 2–≥ 64, 4– ≥ 8 for ertapenem, and 8– ≥ 16 

or imipenem and meropenem. All susceptibility results are pre- 

ented in Supplemental Table 1. For E. coli, all strains had an MIC ≥
2 for ampicillin/sulbactam and ≥ 128 for piperacillin/tazobactam. 

he MIC range for ertapenem was 4– ≥ 8, 1– ≥ 16 for imipenem, 

nd 1– ≥ 16 for meropenem. For A. baumannii, all strains had a 

IC ≥ 128 for piperacillin/tazobactam, ≥ 64 for ceftriaxone, ≥ 8 

or doripenem, ≥ 16 for imipenem and meropenem, and ≥ 4 for 

iprofloxacin. For P. aeruginosa , all clinical isolates had a MIC ≥ 16 

or imipenem. The MICs were 8– ≥ 128 for piperacillin/tazobactam, 

https://www.biomerieux-episeq.com/cs-how-it-works
http://bacdb.org/BacWGSTdb
https://itol.embl.de/
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Fig. 2. Distribution of virulence and drug resistance genes and plasmid types in K. pneumoniae using the PathogenWatch and Kleborate patforms. 
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 – ≥ 64 for cefepime, ≤ 0.12– ≥ 64 for doripenem, and 4– ≥ 16, 

or meropenem (Supplemental Table 1).3.2. 

.2. K . pneumoniae 

For K. pneumoniae (n = 22), the genome size ranged from 5.54–

.62 million base pairs (Mbp; Supplemental Table 2). Regarding 

he virulome, the EPISEQ 

R © CS application identified many viru- 

ence genes—such as traT, terC, vipA , and others—which were not 

etected using the Kleborate platform ( Fig. 1 and Fig. 2 ). In con-

rast, the hypervirulence genes ( rmpADC, clb, iuc, iro ) were reported 

sing the Kleborate platform; the capsular types were reported 

y Pathogenwatch platform reports; and these genes were not de- 

ected by the EPISEQ 

R © CS application. The most frequent capsular 

ype detected was KL15 (n = 9), followed by KL102 (n = 6), KL18

n = 5), and KL3 and KL62 (n = 1 for each). 

Regarding the resistome, both bioinformatic approaches de- 

ected multiple genes encoding aminoglycoside, quinolone, and 

henicol resistance ( Fig. 1 and Fig. 2 ). The presence of bla NDM-1 

xplained carbapenem non-susceptibility in 18 strains and the 

la KPC-3 gene in four strains. Both bioinformatic approaches de- 

ected these genes. 

Regarding the differences between platforms, EPISEQ 

R © CS iden- 

ified 21 genomes with at least 1 variant of the fosA gene, while 

he Pathogenwatch and Kleborate platforms identified only 1. Fur- 

hermore, EPISEQ 

R © CS did not detect a colistin-resistant strain due 

o chromosomal mutations detected by the Pathogenwatch plat- 

orm ( Fig. 1 and Fig. 2 ). 

All carbapenem-resistant and carbapenemase-producing K. 

neumoniae ( n = 22) carried multiple plasmid replicons accord- 

ng to both approaches. Plasmid incompatibility (Inc) groups 

ncHI1B (pNDM-MAR) (EPISEQ 

R © CS: 73%, Pathogenwatch + Kleb- 

rate: 68%), IncFIB(pNDM-Mar) (EPISEQ 

R © CS: 68%, Pathogen- 

atch + Kleborate: 50%), and IncC (EPISEQ 

R © CS: 64%, Pathogen- 

atch + Kleborate: 73%) were the most frequently detected in 

PISEQ 

R © CS. All bla KPC-3 strains carried IncFIB(K), regardless of the 

nalysis platform ( Fig. 1 and Fig. 2 ). 
64 
According to the EPISEQ 

R © CS platform, K. pneumoniae strains 

ere clustered into 4 different sequence type (ST)s: 1876 (n = 8), 

07 (n = 6), 4839 (n = 5), and 2279 (n = 1). Two genomes were

ot typified (Supplemental Table 2). 

.3. E. coli 

For E. coli, the genome size ranged from 4.81–6.27 Mbp (Sup- 

lemental Table 2). Both the EPISEQ 

R © CS and BacWGSTdb anal- 

ses detected virulence genes associated with adhesion, invasion, 

ron acquisition through siderophores, genes of the type II secre- 

ion system, effectors of the type III secretion system, production of 

ipopolysaccharide and capsular polysaccharide, outer membrane 

roteins, production of common E. coli pili, toxin secreted from the 

utotransporter, and genes involved in processes of survival and 

daptation to stress ( Fig. 3 and Fig. 4 ). Only the EPISEQ 

R © CS appli-

ation detected virulence genes involved in secretion systems III, 

V, and VI; the broad polar fimbriae; the thermoresistant agglu- 

inin; and colicin A. Only the BacWGSTdb platform detected genes 

nvolved in efflux pumps associated with virulence, allantoin pro- 

uction, curli fibers, and the rcsB gene, which has multiple func- 

ions described ( Fig. 3 and Fig. 4 ). 

When analysed by EPISEQ 

R © CS, 20 of 24 (83.3%) strains car- 

ied bla NDM 

(19 bla NDM-5 and 1 bla NDM-1) , 3 of 24 (12.5%) car- 

ied bla OXA-232 , and 1 (4.2%) carried bla OXA-181 . In the WGSTdb 

nalysis, similar results were observed, with all bla NDM 

being 

yped as bla NDM-5 . Genes that confer resistance to aminoglyco- 

ides, tetracyclines, sulfonamides, phenicols, trimethoprim, and 

acrolides were also detected by both platforms, while differences 

n genes were identified for other classes of antibiotics ( Fig. 3 and 

ig. 4 ). 

According to the EPISEQ 

R © CS application, 11 of 24 (45.8%) 

trains were ST2 (Pasteur)-ST167 (Warwick), and 4 of 24 (16.7%) 

trains were ST650 (Pasteur)-ST 361 (Warwick). In 5 of 24 (20.8%) 

trains, the ST was not detected (strains 20–2175, 20–853, 20–

202, and 20–2178; Supplemental Table 2). Using the EPISEQ 

R © CS 

pplication, serotyping of O and H antigens revealed that 15 of 
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Fig. 3. Distribution of virulence and drug resistance genes in E. coli using the EPISEQ CS application. 

Fig. 4. Distribution of virulence and drug resistance genes in E. coli using the BacWGSTdb. 
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4 (62.5%) strains carried the O101:H10 types and 4 of 24 (16.7%) 

trains carried the O9:H30 types (Supplemental Table 2). 

.4. A. baumannii 

The A. baumannii genome size ranged from 3.92–4.09 Mbp 

Supplemental Table 2). Regarding the virulome, both platforms 

etected genes for the production of acinetobactin; Csu pili; poly- 

-1,6-N-acetylglucosamine; the outer membrane protein OmpA; 

nd phospholipases C and D, as well as regulation of biofilm pro- 

uction. However, the results obtained using the BacWGSTdb had 

reater gene coverage, as can be seen when comparing the bas/bau 

enes detected by EPISEQ 

R © CS ( basABCFGHIJ and bauABCEF ) with 

hose detected by the BacWGSTdb ( basABCDFGHIJ and bauABCDEF ). 

n addition, the BacWGSTdb detected the bap, adeFGH, and abaIFGH 

enes (involved in biofilm production), which were not detected 

y the EPISEQ 

R © CS platform ( Fig. 5 and Fig. 6 ). Neither plat-

orm detected genes involved in quorum sensing or the produc- 
65
ion of type IV pili, capsule or secretion systems, or their respective 

ffectors. 

Regarding the resistome, the most frequent carbapenemase- 

ncoding gene detected by both platforms was bla OXA-72 , followed 

y bla OXA-66 ( Fig. 5 and Fig. 6 ). Both approaches detected a similar

umber of genes for aminoglycosides, carbapenems (same genes), 

etracyclines, phenicols (EPISEQ 

R © CS detected the floR2 gene for 

henicol resistance, and BacWGSTdb did not), and sulfonamides. 

dditionally, some differences in genes were detected: EPISEQ 

R ©
S found the aph(6 ′ )-Id gene, and the BacWGSTdb detected the 

ac(6 ′ )-Id gene. 

The EPISEQ 

R © CS application detected significantly more peni- 

illin and cephalosporin resistance genes (the majority corre- 

ponded to the intrinsic cephalosporin of A. baumannii ; it also 

etected chlorhexidine ( qacE ) and quinolone (punctual mutations 

arC, parE and gyrA ) resistance genes that the BacWGSTdb did not. 

astly, both platforms found the same two macrolide resistance 

enes. 
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Fig. 5. Distribution of virulence and drug resistance genes in A. baumannii using the EPISEQ CS application. 

Fig. 6. Distribution of virulence and drug resistance genes in A. baumannii using BacWGSTdb platform. 
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According to the EPISEQ 

R © CS application, five strains were 

T208 (Oxford)-ST2 (Pasteur), six strains were ST369 (Oxford)-ST2 

Pasteur), two strains were ST205 (Oxford)-ST156 (Pasteur), and 

wo were ST1694 (Oxford)-ST422 (Pasteur). One strain was ST136 

Oxford)-ST2 (Pasteur) (Supplemental Table 2). 

.5. P. aeruginosa 

For P. aeruginosa , the genome analysis included only results 

f the EPISEQ 

R © CS application, as no reliable and curated other 

ioinformatic tool is available. The genome size ranged from 

.31–7.2 Mb (Supplemental Table 2). The bla VIM 

, bla IMP , and 

la GES genes were detected ( Fig. 5 ), with 8 of 13 (61.5%) strains

ith no known carbapenemase gene. Multiple virulence genes—
66 
ainly those involved in alginate, rhamnolipid, flagella, type IV 

ili, and lipopolysaccharide production; iron acquisition from the 

iderophores pyoverdine, pyochelin, and pyocyanin; and the type 

II and type VI secretion systems and their effectors—were detected 

n all included strains ( Fig. 7 and Fig. 8 ). Eleven different STs were

etected using the Oxford scheme (111, 244, 260, 274, 309 [n = 2], 

83, 1487, 2235, 2348, 2731, and 3579). Three strains were not typ- 

fied (Supplemental Table 2). 

.6. Phylogenetic analysis 

Phylogenetic analysis of clinical isolates from each bacterial 

pecies was performed, and clusters generated by EPISEQ 

R © CS 

etected two clusters with 99.64% similarity for K. pneumoniae 
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Fig. 7. Distribution of drug resistance genes in P. aeruginosa using the the EPISEQ R © CS application. 

Fig. 8. Distribution of virulence genes in P. aeruginosa using the EPISEQ CS application. 
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 Fig. 9 a), one cluster with 97.54 similarity for E. coli ( Fig. 9 b), five

lusters with 98.70% similarity for A. baumannii, and no clusters 

ere detected with 99.89% similarity for P. aeruginosa. 

. Discussion 

Pathogen surveillance helps to understand the spread of resis- 

ant bacteria. With the use of genomic approaches, there is a grow- 

ng need for tools that simplify WGS analyses, reducing the need 

or an expert in bioinformatics and providing results to control 

he spread of resistant bacteria. Here, we described the use of the 

eb-based software application EPISEQ 

R © CS for genomic analysis 

f carbapenem non-susceptible Gram-negative bacteria representa- 

ive form different areas of the country and compared the results 

ith some of the available curated platforms. 

For K. pneumoniae , the genome size ranged from 5.54–6.62 Mb. 

n addition to the EPISEQ 

R © CS application, we used the Klebo- 

ate platform and the web application Pathogenwatch for bioin- 

ormatic analysis [20 , 21] . Both bioinformatic approaches detected 

ultiple genes encoding aminoglycoside, quinolone, and phenicol 

esistance. 

The most prevalent and highly effective carbapenemase in K. 

neumoniae is bla KPC [22] , and in our study, the most frequent 

arbapenemase-encoding gene was bla NDM-1 (18 of 22, 81.8%), fol- 

owed by bla KPC-3 (4 of 22, 18.2%). The global dissemination of K. 

neumoniae carrying bla is associated with the dissemination 
NDM-1 

67 
f epidemic plasmids. The high prevalence of the bla NDM-1 gene 

enders these infections extremely resistant to treatment [22] . 

The main differences in genes detected were related to col- 

stin and fosfomycin. Regarding colistin resistance, EPISEQ 

R © CS de- 

ected only the plasmid-encoded mcr1.1 and mcr9.1 genes, each 

n only one strain, while Pathogenwatch and Kleborate detected 

hose two genes as well as two strains carrying mcr1.1 and a chro- 

osomal point mutation in another strain. The mcr-1 and mcr-9 

olistin resistance genes have been reported as the first and sec- 

nd most commonly detected mcr genes worldwide [23] . In the 

mericas, both the mcr-1 allele and others have been reported 

24] . The EPISEQ 

R © CS application detected 3 different variants of 

he fosA gene ( fosA3, fosA6, and fosA7.6 ) within 21 of 22 genomes, 

ith some having more than one variant of the gene. Conversely, 

he Pathogenwatch and Kleborate platforms detected the fosA gene 

ith no variant differentiation. 

In our study, the most frequently detected ST was ST1876 

n = 8), followed by 307 (n = 6) and 4839 (n = 5). K.

neumoniae ST1876 has been scarcely reported, with one strain 

mong 54 (1.85%) detected in China during active surveillance of 

arbapenem-resistant Enterobacterales [25] . In contrast, K. pneumo- 

iae ST307 is a potential epidemic clone [26–28] , with several out- 

reak reports [28 , 29–32] , and it has been described as often car- 

ying carbapenem resistance genes, including bla KPC-3 and bla NDM-1 

26 , 33] . 

In K. pneumoniae, there are 77 serologically distinct capsu- 

ar types (1–82), with types 1 and 2 related to severe infections 
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Fig. 9. Clusters generated by EPISEQ CS. (a) K. pneumoniae clusters with 99.64% of similarity; (b) E. coli cluster with 97.54% similarity; (c) A. baumannii with 98.70% similarity; 

and (d) P. aeruginosa with nether similarity. 
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aused by hypervirulent strains [34] . WGS-based approaches have 

rovided significant insights into the genetic variability of the cap- 

ular locus of K. pneumoniae , identifying 134 capsular types, but 

enotypic-biochemical capsular type correlations are still lacking 

35] . Our study detected capsular type 15 (9 of 22, 40.9%) strains, 

ollowed by type 102 (6 of 22, 27.3%). There are few reports world- 

ide of these capsular types [36] . 

Unlike other pathogens, K. pneumoniae has several platforms 

or analysing genomes, for instance, Kleborate, Pathogenwatch, 

acWGSTdb, Virulence Factor Database, and is included in the 

PISEC framework. However, Kleborate was designed to perform a 

omprehensive and deep analysis that the other platforms do not 

erform; for example, capsule and o-antigen typing, the search of 

apsule regulators that are important drivers of hypervirulence, the 

ssignation of variants of integrative conjugative elements, plus the 

haracterization of acquired and chromosomal antimicrobial resis- 

ance genes. 

The genome size of E. coli is usually reported to be between 4.5 

nd 5.5 Mbp, with some projects even considering sizes around 

 Mbp as part of the range [37] . Most of our strains match this

ange. For E. coli , EPISEQ 

R © CS classified the β-lactam resistance 

enes into more specific categories according to the class of β- 

actams compared with BacWGSTdb. Likewise, EPISEQ 

R © CS de- 

ected a considerable number of quinolone resistance genes and 

oint mutations—such as gyrA, parC, and parE —which were not 

eflected in the BacWGSTdb results. In contrast, BacWGSTdb de- 

ected the ARR-3 rifampin resistance gene and a greater number of 

minoglycoside, trimethoprim, sulfonamide, and tetracycline resis- 

ance genes than EPISEQ 

R © CS. 

In a recent study, 229 carbapenemase-producing E. coli strains 

rom 36 countries (including 6 strains from Mexico) were anal- 

sed in 2015–2017, and the most frequent carbapenemase en- 

oding genes were bla OXA-181 (23%), followed by bla NDM-5 (20%), 

la (17%), bla (15%), and bla (10%) [38] . On the con- 
OXA-48 KPC NDM-1 

68 
rary, in our study (n = 25), most strains carried bla NDM-5 (80%), 

ollowed by bla OXA-232 (12%) and bla NDM-1 (4%). Only one strain 

arried bla OXA-181 (4%). These differences may be explained by the 

umber of strains analysed and the different variety of locations 

ncluded in both studies. 

For E. coli and according to the EPISEQ 

R © CS application, 12 of 

5 (48%) strains were ST2 (Pasteur)-ST167 (Warwick). This ST has 

een reported in healthy dogs in France in two highly predominant 

lasmids ( bla CTX-M-1/IncI1/ST3 and bla CMY-2/IncI1/ST2) [39] and 

n E. coli O157 isolates collected from humans in the United States 

n 20 0 0–20 08. In that study, the predominant ST was ST2 (5 of 33)

40] . 

Using the EPISEQ 

R © CS, serotyping in E. coli of O and H antigens 

evealed that 16 of 25 (64%) strains carried the O101:H10 types. 

his serotype has been reported previously in Spain [41] with very 

ow prevalence. 

Regarding A. baumannii , our results (genome range: 3.92–4.09 

b) match the expected genome size of this species, as reported 

n previous studies (maximum expected genome size: 4.4 Mbp) 

42] . The most frequent carbapenemase encoding gene detected 

as bla OXA-72 ( bla OXA-24/40 -like), followed by bla OXA-66 . Other de- 

ected bla oxa genes were bla OXA-2 , bla OXA-65, bla OXA-237 , bla OXA-239 

 bla OXA-23-like ), and bla OXA-398 ( Fig. 5 and Fig. 6 ). The most frequent

la OXA genes previously detected in A. baumannii in Mexico are 

la OXA-24/40 -like, followed by bla OXA-23 -like [43] . 

Something to note about the virulome analysis of A. baumannii 

trains is that genes involved in characteristic virulence factors 

f this species—such as type IV pili, capsular polysaccharide, type 

I and VI secretion systems, and lipooligosaccharide—were not 

etected by either platform. Type IV pili genes are fundamental 

n the twitching motility of A. baumannii and are rarely absent 

n A. baumannii genomes [44] . Interestingly, a wide variety of 

ype IV pili were detected in the virulome of P. aeruginosa strains 

y EPISEQ 

R © CS, meaning that this area of opportunity is exclu- 
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ive to A. baumannii . The capsular polysaccharide has even been 

amed the “main virulence factor” of this species [45] , as its 

tructure determines the virulence of a strain to such a degree 

hat strains lacking the capsule are considered avirulent [46 , 47] . 

ioinformatic tools such as Kaptive have been recently optimized 

o typify A. baumannii strains according to their K (capsular) and 

C (oligosaccharide) locus [48] . A virulome analysis of this species 

ust be deep enough to cover at least these virulence factors for 

etter surveillance of potentially hypervirulent, multidrug-resistant 

trains. 

A. baumannii has been studied using two MLST schemes, the 

xford [49] and the Pasteur [50] . We used the Pasteur scheme for 

pidemiological comparison because it has been reported to be ad- 

quate for epidemiological studies [51] . 

In our study, 12 of 16 strains were detected to be of the ST2 

Pasteur) scheme. A. baumannii ST2 has been reported to be pre- 

ominant in Germany [52] , Pakistan, and Iran [53 , 54] , and was also

etected as the predominant ST in a previous study at a tertiary- 

evel hospital in Mexico [55] . In our study, the ST136 was detected 

n one clinical isolate. This ST has been reported as a high-risk per- 

istent clone involved in an outbreak [56] . 

The range of genome size (6.31–7.2 Mb) of P. aeruginosa 

trains matched what has been reported previously for this 

pecies [57] . P. aeruginosa is intrinsically resistant to ertapenem, 

nd a large number of isolates are resistant to other carbapen- 

ms by the loss of OprD porin (imipenem) or in combination 

ith upregulation of MexAB-OprM efflux pump (meropenem and 

oripenem) [58] . In our study, most strains carried no class A or 

 carbapenemase-encoding genes but carried class D oxacillinase- 

ncoding genes ( bla OXA ) associated with carbapenem resistance by 

ultiple databases such as the Comprehensive Antibiotic Resis- 

ance Database and ResFinder [59 , 60] , and these genes may con- 

ribute to carbapenem resistance. In this bacterial species, the most 

requently detected genes associated with carbapenem resistance 

n Mexico were found ( bla VIM 

, bla IMP , and bla GES ); both additional

arbapenemases have been detected on the same continent. For 

xample, in the United States, carbapenemase-encoding genes de- 

ected in P. aeruginosa include bla KPC, bla NDM, bla VIM, and bla IMP 

61 , 62] ; the same genes have been detected in Latin America, plus 

la GES and bla SPM 

[63] . Multiple virulence genes were detected in 

ll P. aeruginosa included strains ( Fig. 7 and Fig. 8 ). Among the 13

trains sequenced, 11 different STs were detected using the Oxford 

cheme (ST111, ST244, ST260, ST274, ST309 [n = 2], ST983, ST1487, 

T2235, ST2348, ST2731, and ST3579). It has been described that 

. aeruginosa has a nonclonal and epidemic structure, and for this 

eason, attempts to infer the relationships between strains are 

eaningless, except the most related groups. Additionally, a wide 

iversity of STs has been reported, with distribution in both clinical 

nd environmental sources [64 , 65] . 

There are no curated bioinformatics platforms to determine the 

enomic characteristics and molecular epidemiology of P. aerug- 

nosa ; the unique option was EPISEQ 

R © CS, which demonstrated 

hat a vast majority of the virulence genes of this species were 

egistered in the Virulence Factor Database [66] and were non- 

egistered genes. Some of these are putative, such as kerV and spcU , 

r metabolism-involved genes, such as metE, pgk, purD, and pyrF , 

or which very scarce information can be found that associates 

hem with P. aeruginosa virulence. 

There are limited reports about the use of the EPISEQ 

R © CS 

pplication. A previous report on EPISEQ 

R © CS solution explored 

he diversity of Staphylococcus aureus in neonatal bloodstream in- 

ections. In that study, the use of the EPISEQ 

R © CS application 

o assess the diversity allowed ruling out an outbreak [67] . An 

asy-to-use web-based application (EPISEQ 

R © SARS-CoV-2) to anal- 

se SARS-CoV-2 next-generation sequencing revealed 100% concor- 

ance with reference methods in clade and lineage classification 
69
68] . Thus, EPISEQ 

R © SARS-CoV-2 has been proven to be a reliable 

nalysis of raw next-generation sequencing to support genomic 

urveillance of SARS-CoV-2. 

In our study, for EPISEQ 

R © CS analysis, once the FASTQ was ob- 

ained, the bioinformatic analysis was conducted by a one-click in- 

truction, and ca. 15 min were needed for complete genome analy- 

is. This software is designed for a list of bacterial species (n = 14) 

overing the majority of HAI-related organisms, and only FASTQ 

ata generated by Illumina are accepted for analysis. As WGS be- 

omes more affordable and applicable to routine epidemiological 

urveillance, EPISEQ 

R © CS may be a helpful tool for monitoring the 

pread of drug-resistant bacteria. 

This study has some limitations, e.g. it presents mainly genomic 

nformation, especially in the virulome, regardless of phenotype; it 

nly includes four bacterial species, and other species of clinical 

elevance are not considered, especially S. aureus, which is part of 

he list of species offered by EPISEQ 

R © CS. 

. Conclusion 

EPISEQ 

R © CS, compared with the other available platforms, en- 

bled a comprehensive resistance and virulence analysis, providing 

 reliable method for bacterial strain typing and characterization of 

he virulome and resistome, plus MLST analysis. 
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