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A B S T R A C T   

Escherichia coli is a leading cause of human enteric diseases worldwide. The rapid and accurate causal agent 
identification to a particular source represents a crucial step in the establishment of safety and health measures in 
the affected human populations and would thus provide insights into the relationship of traits that may 
contribute for pathogen persistence in a particular reservoir. The objective of the present study was to charac
terize over two hundred E. coli strains from different isolation sources in Mexico by conducting a correspondence 
analysis to explore associations with the detected phylogenetic groups. The results indicated that E. coli strains, 
recovered from distinct sources in Mexico, were classified into phylogroups B1 (35.8%), A (27.8%), and D 
(12.3%) and were clustered to particular clades according to the predicted phylogroups. The results from cor
respondence analysis showed that E. coli populations from distinct sources in Mexico, belonging to different 
phylogroups, were not dispersed randomly and were associated with a particular isolation source. Phylogroup A 
was strongly associated with human sources, and the phylogroup B1 showed a significant relationship with food 
sources. Additionally, phylogroup D was also related to human sources. Phylogroup B2 was associated with 
herbivorous and omnivorous mammals. Moreover, common virulence genes in the examined E. coli strains, 
assigned to all phylogroups, were identified as essential markers for survival and invasion in the host. Although 
virulence profiles varied among the detected phylogroups, E. coli strains belonging to phylogroup D, associated 
with humans, were found to contain the largest virulence gene repertoire conferring for persistence and survival 
in the host. In summary, these findings provide fundamental information for a better characterization of path
ogenic E. coli, recovered from distinct isolation sources in Mexico and would assist in the development of better 
tools for identifying potential transmission routes of contamination.   

1. Introduction 

Escherichia coli is a Gram-negative bacterium that resides and spreads 
among the gastrointestinal tract of warm-blooded animals (Gordon and 
Cowling, 2003). This bacterium sometimes contaminates surface water 
and may serve to trace fecal contamination and the presence of other 
waterborne pathogens, such as Salmonella and other enteric organisms 
(Odonkor and Ampofo, 2013). The identification of waterborne 

pathogens, using E. coli strains as indicator, derive from culture-based 
and molecular-based methods. However, several strains of E. coli are 
pathogenic to humans due to the presence of virulence factors, leading 
to a broad range of enteric human diseases such as diarrhea, colitis, 
dysentery, and hemolytic uremic syndrome. Other disease symptoms in 
humans also include extraintestinal diseases, such as sepsis and urinary 
tract infections (Kaper et al., 2004). The differentiation of intestinal 
pathogenic E. coli strains, based on virulence factors and the 
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identification of disease mechanisms, has resulted in a classification into 
six pathotypes: enteropathogenic E. coli (EPEC), enterohaemorrhagic 
E. coli (EHEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli 
(EIEC), enteroaggregative E. coli (EAEC) and diffusely-adherent E. coli 
(DAEC) (Kaper et al., 2004). 

Techniques for differentiating E. coli have relied on the use of sero
logical methods for the identification of surface antigens (Kauffmann, 
1947) or on the use of sequence-based typing methods for identifying 
housekeeping genes by multilocus sequence typing (MLST) (Selander 
et al., 1986) or virulence gene profiles by PCR or whole genome 
sequencing (Gordon et al., 2008). To better address the epidemiological 
importance of pathogenic E. coli, a classification of E. coli strains into 
phylogroups has been previously developed based on the presence of 
specific gene targets (Clermont et al., 2013). As new sequence-based 
technologies emerge, phylogroup classification has been expanded by 
the additional identification of subdivisions within a phylogroup 
(Abram et al., 2021). A strategy for phylogroup classification is based on 
the quadruplex PCR assay, which is characterized by the addition of the 
arpA gene and two specific loci allowing the identification of seven 
phylogroups designated as A, B1, B2 C, D, E, and F (Clermont et al., 
2013). The use of phylogroup classification has been employed in the 
study of ecological niches and lifestyles in bacterial pathogens and im
proves our understanding of population structure providing invaluable 
epidemiological information (Coura et al., 2015). Moreover, the 
implementation of sequence-based methods combined with the accu
mulation of E. coli sequenced genomes on public databases have allowed 
to study E. coli population structure and to investigate how virulence 
factors are maintained, acquired, or even shared with other bacterial 
species. 

The classification of E. coli strains based on phylogroup designations 
has identified a relationship between different niches and lifestyles, 
indicating that E. coli strains are not randomly dispersed but rather 
exhibit both host taxonomic and environmental components (Souza 
et al., 1999). In an analysis of 152 E. coli strains, a total of 43.4% of those 
classified as phylogroup A were found to be human commensals 
(Escobar-Páramo et al., 2006). By contrast, strains isolated from animals 
fall mostly into phylogroup B1 (Higgins et al., 2007), suggesting an as
sociation between phylogenetic groups and host species (de Stoppe 
et al., 2017). In Mexico, a country with high enteric disease rate (Corzo- 
Ariyama et al., 2019), there is limited information on the population 
structure and characteristics of naturally-occurring E. coli strains. To 
develop better epidemiological tools using whole genome sequencing 
data, the present study analyzed the distribution and prevalence of a 
large number of E. coli strains with distinct phylogenetic groups and 
virulence profiles and from various isolation sources in Mexico, 
including clinical, animal and food. The findings from this study would 
thus provide fundamental information on the relationship of the 
genomic profiles of E. coli strains with their isolation source and disease 
outcome in humans. 

2. Materials and methods 

2.1. DNA extraction and genome sequencing 

Four E. coli strains, previously isolated from milk-producing cows 
suffering from mastitis, were included in this study to expand the 
collection of strains for assessing the genotypic diversity of strains with 
importance to the food industry, and these strains from dairy cows were 
obtained from the collection of the National Food Safety Laboratory 
(LANIIA) at the Centro de Investigación en Alimentación y Desarrollo 
(CIAD), Culiacan, Mexico. DNA extraction was performed using the 
DNeasy Blood & Tissue Kit (QIAGEN, Mexico City, Mexico) according to 
the manufacturer’s instructions. The concentration of the extracted DNA 
was determined using the Qubit dsDNA Broad Range Assay Kit (Thermo 
Fisher Scientific, Waltham, MA, USA). For performing whole-genome 
sequencing, the genomic DNA from each E. coli strain was adjusted to 

a 0.2 ng/μL concentration, and aliquoted at a final amount of 1 ng for 
preparing genomic DNA libraries with the Nextera XT DNA Library 
Preparation Kit (Illumina Inc., San Diego, CA, USA). Subsequently, the 
prepared genomic libraries were sequenced using a MiSeq™ Reagent Kit 
v2 (300-cycle format) to obtain a 2 × 150 bp paired-end read output 
with a MiSeq™ System (Illumina, Inc.) at the Earlham Institute (Nor
wich Research Park, Norwich, United Kingdom). Additionally, whole 
genome sequences from a total of 208 E. coli strains, recovered from 
various clinical and environmental sources in Mexico were downloaded 
in FASTA format from publicly available assembly databases with the 
National Center for Biotechnology Information (NCBI) (Supplementary 
Table 1). 

2.2. Quality control and assembly 

Read quality control was performed using the command-line tool 
Cutadapt version 2.6 and the script wrapper Trim Galore version 0.5.0 
(Krueger, 2015) with a minimum quality value of 30 for trimming the 
first 20 bp from the 5′ end of raw sequence reads. Duplicate reads were 
removed using Clumpify version 37.62 (Bushnell et al., 2017). The 
trimmed sequence reads were visualized and subjected to a quality 
check using FastQC version 0.11.8 (Wingett and Andrews, 2018) and 
were assembled de novo with the pipeline A5-miseq version 20,160,825 
(Coil et al., 2015). The sequence assemblies with >180 contigs were 
oriented with ABACAS (Assefa et al., 2009) using the complete genome 
sequence of Shiga toxin-producing E. coli O111:H2 strain RM9322 
(Accession number GCF_003112245.1) as the reference. 

2.3. Phylogroup and ST determination 

ClermonTyping based on the in vitro assay (Beghain et al., 2018) was 
used to determine E. coli phylogroups for all 212 genomes. Sequence 
type (ST) determination was performed by submitting genome se
quences to the E. coli PubMLST database using the MLST scheme based 
on the sequence of the housekeeping genes adk, fumC, gyrB, icd, mdh, 
purA, and recA (Jolley et al., 2018). 

2.4. Phylogenetic tree construction 

A core genome alignment for 212 E. coli genomes was performed by 
the tool Parsnp v 1.2 using the closed genome of the E. coli strain 118UI 
(GCA_003627855.1) as reference. The resulted alignment was converted 
to multi-FASTA file using HarvestTools v 1.1.2 (Treangen et al., 2014) 
with the option of -M for generating a multi-fasta alignment option. A 
maximum likelihood approach with the GTRGAMMA model and 100 
bootstraps were used to construct a phylogenic tree using the bioinfor
matics tool RAxML (Stamatakis, 2014). The resulted tree was displayed 
and edited with iTOL (Letunic and Bork, 2019). 

2.5. Virulence genes identification 

ABRicate v 1.0.1 (https://github.com/tseemann/abricate) was used 
in the present study for mass screening of contigs to identify virulence 
genes in the examined E. coli genomes with the Virulence Factor Data
base (VFDB) (Liu et al., 2019). Virulence genes were considered present 
based on a coverage of >90% and an identity >95%. The presence or 
absence of the virulence genes in the examined E. coli genomes was then 
reported as a matrix, and the iTOL Annotation Editor (Letunic and Bork, 
2019) was used to construct the virulence gene matrix. 

2.6. Statistical analysis 

The metadata was employed to categorize a total of 212 E. coli 
strains, recovered from distinct sources and locations in Mexico. The 
diversity of the phylogroups from each isolation source was measured 
using the Simpson diversity index where a high diversity in the dataset is 

J.R. Aguirre-Sánchez et al.                                                                                                                                                                                                                    

https://github.com/tseemann/abricate


Infection, Genetics and Evolution 106 (2022) 105380

3

indicated by index values close to 1 (Hunter and Gaston, 1988; Simpson, 
1949). The Shannon diversity and evenness indexes were calculated 
using the pgirmess package version 2.0.0 (Giraudoux et al., 2018) with 
the default base of 2 with the R software version 4.2.0 (Team, 2022). To 
assess the phylogroup similarity between the isolation sources, the 
Pianka’s index was calculated using the pgirmess package in the R 
software (Giraudoux et al., 2018). Furthermore, a correspondence 
analysis (Greenacre, 2007) was performed to determine the relative 
abundance of phylogroups distribution by isolation source and was 
constructed based on input from the contingency table, listing a total of 
three sources and seven phylogroups. Total inertia and mass were 
calculated to assess associations between categories and contributions to 
variation in the data. Relations among categories was presented in a 
symmetric biplot. The correspondence analysis was conducted using 
Minitab 18 (Arend, 1993). 

3. Results 

A total of 212 E. coli strains isolated from clinical, animal, and food 
sources in Mexico were classified according to the phylogenetic groups 
A, B1, B2, C, D, E, and F and MLST analysis (Supplementary Table S1). 
The results by MLST demonstrated a total 123 different STs, suggesting 
genetic diversity among the examined E. coli isolates. In particular, ST10 
was the predominant type among 8% of the strains (Table S1), mostly 
recovered from clinical fecal samples. The MLST analysis revealed other 
strains also from clinical fecal samples were belonging to ST69 and 
ST131, types previously identified in pandemic lineages of extra
intestinal pathogenic E. coli (Riley, 2014). Moreover, the observed fre
quencies of the sources and phylogroup classification were further 
determined (Table 1), and the diversity indexes of the phylogroups for 
each source were calculated (Table 2). The results of the Simpson and 
Shannon indexes calculations showed that both human and animal 
sources were found to have significantly high diversities in the phylo
genetic group distribution (Table 2). Subsequent calculation of the 
Shannon evenness index also demonstrated a more equal distribution of 
phylogroups for E. coli strains recovered from human and animal sour
ces. By contrast, the distribution of E. coli strains recovered from food 
sources was found to have significantly lower diversity and evenness 
indexes (Table 2), and an explanation for these observations is based on 
the fact that strains from food sources were assigned to fewer phy
logroups since no isolates were found to belong to phylogroups C, E and 
F, as shown in Table 1. To further analyze the relatedness in the distri
bution of the isolates in the phylogroups, the similarity index was 
calculated by comparing each pair of sources (Table 3), and the findings 
from these calculations indicated that the comparison in the phylogroup 
distribution between animal and food sources had the highest similarity 
index with a value of 0.91 (Table 3), based on the fact that both animal 
and food sources had the largest number of isolates assigned to phy
logroup B1 (Table 1). 

A correspondence analysis was conducted. Row profiles, row masses, 
and the average row profile, reported in Table 1, were employed for the 
subsequent analysis shown in Table 4. For row profiles, the phylogroup 
frequency by isolation source indicated a significant frequency of 0.645 
for E. coli strains from food sources to be classified in phylogroup B1. 
Lower frequencies of 0.435 for phylogroup A and 0.406 for phylogroup 
B1 were observed for human and animal sources, respectively. In the 

analysis of row masses, the proportion of the isolation source in the 
entire dataset was examined. In particular, the animal source frequency 
was found to be 0.453 (96/212), while the frequencies of 0.401 (85/ 
212) and 0.146 (31/212) corresponded to human and food sources, 
respectively. Moreover, examination of column masses described the 
proportion of phylogenetic groups in the entire dataset. In particular, the 
highest column mass was observed for phylogroup B1 with a frequency 
of 0.358 (76/212), followed by phylogroup A at a frequency of 0.278 
(59/212). Lower frequencies in the column mass were observed for the 
remaining phylogroups B2, C, D, E, and F (Table 1). 

As shown in Table 4, cell residuals indicated the difference between 
the observed metadata and the expected data, and the analysis of cell 
residuals measured either the overrepresentation (positive value) or the 
underrepresentation (negative value) of a phylogroup for a given source. 
In particular, the results in the present study indicated that phylogroup 
A was overrepresented in human sources, suggesting a strong relation
ship among the two categories, while a weak relationship (underrepre
sentation) was observed for the animal sources. By contrast, phylogroup 
B1 was underrepresented in human sources while overrepresented in 
both animal and food sources, suggesting a weak and strong relationship 
for these categories, correspondingly. Additionally, the variance, 
defined by cell inertia, was determined (Table 4), and the results showed 
that only phylogroups A and B1 had high inertia values of 0.33, indi
cating a significant variability in the association of these two phy
logroups with a particular source. 

The principal axes (components), inertias, their proportion, and cu
mulative values are shown in Supplementary Table 2. This analysis 
examined how many components were sufficient to influence the vari
ation and relationship of E. coli strains from the various sources. The 
results indicated that component 1 corresponded to 63.96% of the 
original variation in the contingency table while component 2 corre
sponded to 36.04%. The findings indicated that both components ac
count for all of the total variation in the table, resulting in a dimensional 
reduction for the observed representation of the variation, as shown in 
Table 1. 

A symmetric biplot with two components was constructed to visu
alize the association among isolation sources and phylogroups (Fig. 1). 

Table 1 
Contingency table with the distribution and frequencies of phylogenetic groups among E. coli strains from three different sources.  

Isolation source Phylogroups Total (row mass) 

A B1 B2 C D E F 

Human 37 (0.435) 17 (80.200) 9 (0.106) 1 (0.012) 13 (0.153) 5 (0.059) 3 (0.035) 85 (0.401) 
Animal 14 (0.146) 39 (0.406) 15 (0.156) 3 (0.031) 11 (0.115) 12 (0.125) 2 (0.021) 96 (0.453) 
Food 8 (0.258) 20 (0.645) 1 (0.032) 0 (0.000) 2 (0.065) 0 (0.000) 0 (0.000) 31 (0.146) 
Total (Column mass) 59 (0.278) 76 (0.358) 25 (0.118) 4 (0.019) 26 (0.123) 17 (0.080) 5 (0.024) 212  

Table 2 
Simpson and Shannon diversity indexes for each isolation source.  

Source Diversity 

Simpson Shannon diversity Shannon evenness 

Human 0.74 2.23 0.79 
Animal 0.77 2.36 0.84 
Food 0.25 1.33 0.47 
Total 0.76 2.30 0.79  

Table 3 
Pianka’s similarity index for each pair of isolation sources.   

Pianka’s simlarity index 

Human Animal Food 

Human – 0.74 0.70 
Animal – – 0.91  
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Based on the data shown in Fig. 1 and Table 4, the data showed that the 
human source exhibited a significant positive association with phy
logroup A and strong negative association with phylogroup B1. The 
animal source was negatively associated with phylogroup A while the 
food source was positively associated with phylogroup B1. These results 
were in agreement with the reported row masses of human and animal 
sources and the column mases of phylogroup A and B1, as displayed in 
Table 1. 

To examine the genetic relatedness of the E. coli strains from Mexico 
and to identify specific virulence genes associated with the phylogroups, 
a maximum likelihood phylogenetic tree was constructed with a heat
map, showing the presence or absence of the examined virulence genes 
(Fig. 2A and B). The phylogenetic analysis revealed that specific clades 
for each of the phylogroups were detected (Fig. 2A and B). In more 
detail, the genomic content of the examined E. coli strains belonging to 
phylogroup B1 were found in the same clade, and the same finding was 
observed for the other phylogroups. The results also indicated that there 
was no association between a specific isolation source with a particular 
clade. High bootstraps values (>90) were observed in >90% of the 
phylogenetic tree branches (Fig. 2A and B). 

As indicated by the presence/absence heatmap (Fig. 2A and B), 
unique virulence gene profiles were detected for certain phylogroups 
while other profiles were common among all phylogroups. Virulence 
operons coding for siderophore enterobactin (entABCDEFS), ferric 

transport (fepABCDG), type 1 fimbriae for adherence (fimABCDEFGHI), 
curli fiber (csgBDFG), E. coli common pilus (ecpABCDE), and the major 
outer protein A (ompA) in E. coli that can serve as a virulence factor for 
eukaryotic cell infection. The chu operon, encoding the hemin uptake 
system, was identified in the genomes for most strains belonging to 
phylogroups B2 and F. For phylogroup E, the chu operon genes, chuTX, 
were mostly absent while the chuUVW genes were present. By contrast, 
phylogroups A, B1, and C were found to lack the entire chu operon. As 
another virulence profile identified, the shuATXSY genes, encoding a 
membrane receptor, were present in most strains in phylogroups D and 
E. Interestingly, the analysis of virulence gene profiles indicated that the 
Shiga toxin (stx) genes were often present in E. coli strains belonging to 
phylogroup E (Fig. 2A and B). Moreover, the invasion gene aslA was 
common in all phylogroups except in the vast majority of strains in the 
phylogroup B1. Finally, all strains in phylogroup B2 lacked the espY1, 
espY2, espY3, and espY4 genes, encoding effectors via the Type III 
Secretion System (T3SS), which were predominantly identified among 
strains belonging to phylogroups D and E, and also lacked the gene 
espX2, as observed in all phylogroups. In summary, the findings from 
these analyses have identified similarities and differences in the viru
lome content among E. coli strains belonging to the different phy
logroups to enable an improved characterization of E. coli from food, 
animal and clinical isolation sources in Mexico. 

4. Discussion 

This study determined the occurrence of E. coli phylogroups and their 
association according to the isolation source. The results indicated that 
phylogroups B1 (35.8%), A (27.8%), D (12.3%), and B2 (11.8%) were 
the most prevalent among E. coli strains from different sources in 
Mexico. As indicated by the Shannon and Simpson diversity index an
alyses, the present study found that E. coli strains from human and an
imal sources had high diversities in the phylogroups distribution. In 
agreement with previous observations, a high diversity has also been 
previously reported for human and animal sources when examining the 
phylogenetic subgroup distribution data for E. coli strains from other 
geographical locations (Carlos et al., 2010). According to the associa
tions of phylogroup frequency to isolation source, the results from this 
study indicated that phylogroup A was strongly linked with human 
sources, followed by phylogroup B1 with a lower frequency. As previ
ously reported, both phylogroups A and B1 were highly prevalent phy
logroups detected in the analysis of 100,000 publicly available E. coli 
genome sequences (Abram et al., 2021), and phylogroups A and B1, 
comprised mostly of the commensal E. coli strains (Singh et al., 2017), 
were detected as the most common from human sources (Duriez et al., 
2001). Other reports examining the worldwide phylogroup distribution 
from human E. coli strains demonstrated a high prevalence of phy
logroup A in human stool samples (Bailey et al., 2010; de Stoppe et al., 
2017). The phylogroup A prevalence in the human host could poten
tially be influenced by the geographical distribution of the strains, the 
genetics of the human host, human microbiota, hygiene habits, and 
socioeconomic factors (Massot et al., 2016; Tenaillon et al., 2010). 

Table 4 
Cell residuals and cell relative inertias among isolation sources and phylogroups.  

Isolation source Phylogroups Row inertia 

A B1 B2 C D E F 

Human1 13.344 ¡13.472 − 1.024 − 0.604 2.575 − 1.816 0.995 0.383 
0.187 0.148 0.003 0.006 0.016 0.012 0.012 

Animal ¡12.717 4.585 3.679 1.189 − 0.774 4.302 − 0.264 0.276 
0.150 0.015 0.030 0.019 0.001 0.060 0.001 

Food − 0.627 8.887 − 2.656 − 0.585 − 1.802 − 2.486 − 0.731 0.341 
0.001 0.176 0.048 0.015 0.021 0.062 0.018 

Column inertia 0.338 0.339 0.080 0.040 0.038 0.133 0.031 0.1901  

1 For each phylogroup per isolation source, the top cell corresponds to the residual and the bottom cell corresponds to the inertia. 
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Fig. 1. Symmetric biplot from correspondence analysis based on rows (sources) 
and columns (phylogroups) from Table 1. The two-component describes a 100% 
of the total variation, resulting in 63.96% to be represented by the 1st 
component and 36.04% to be represented by the 2nd component. 
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Fig. 2. Phylogenetic tree with the presence or absence of virulence factors in E. coli strains from various isolation sources in Mexico. Coloured labels represent the 
phylogroup designation, and bootstrapping >80 is displayed with blue dots. The presence or absence of the examined virulence genes are denoted in green and white, 
respectively. The virulence categories are shown at the top of the heatmap with each gene. Gray triangles represent collapsed clades to emphasize phylogroups 
visualization, and dashed lines connect tree branches to the strain label. Panel 2A shows phylogroups A, B2, D, E and F. Panel 2B shows phylogroups A, B1, and C. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Interestingly, the scientific literature has described that phylogroups A 
and B1 comprise most of the commensal E. coli strains (Singh et al., 
2017). These phylogroups have been identified in humans with different 
lifestyles and hygiene status (Massot et al., 2016), and this observation 
could explain the highest prevalence of phylogroup B1(76/212) and A 
(59/212) in Mexico. Although phylogroup D has not been reported as 
prevalent in the human host, the correlation analysis, conducted in the 
present study, indicated a frequency of 0.153 associated with clinical 
samples. This finding is in agreement with a previous report by Bailey 
et al. (2010) documenting a prevalence of 20.7% for phylogroup D in 
humans (Bailey et al., 2010). Moreover, phylogroup D had the largest 
virulence repertory genes, encoding for effector proteins translocated by 
the Type III Secretion System (T3SS), which is a complex system that 
enables E. coli strains to secrete and inject virulence determinants into 
host cells. These bacterial effectors confer persistence and survival of 
E. coli strains in the mammalian host cells by modulating various host 
cellular processes, including cytoskeleton rearrangements, apoptosis, 
phagocytosis as well as stimulation of the inflammatory response 
(Navarro-Garcia et al., 2016). 

In the analysis of phylogroup association with the other examined 

sources, animal and food, phylogroup B2 showed the largest prevalence 
in wildlife and livestock samples, including bovines, pigs, and sea lions 
(Supplementary Table S1). Phylogroup B2 has been previously docu
mented as prevalent among herbivorous and omnivorous mammals 
(Gordon and Cowling, 2003). Moreover, phylogroup E was found to be 
associated with cattle (Supplementary Table S1), and this finding was in 
agreement with published observations (Morcatti Coura et al., 2015). 
On identifying E. coli phylogroups linked to food samples, phylogroups A 
and B1 were detected as the most prevalent groups identified from 
different food sources, and, in particular, phylogroup B1 showed the 
higher correlation to the food samples. Limited published reports have 
examined the association of phylogroups with food samples, and an 
association of food samples derived from chicken, turkey, pork, and beef 
has been previously identified (Jakobsen et al., 2010; Kaesbohrer et al., 
2019). 

By constructing a heatmap to indicate either the presence or absence 
of virulence factors, the specific identification of markers in the exam
ined E. coli strains belonging to certain phylogroups was determined in 
this study. For strains in phylogroups B2, D, E, and F, the virulence factor 
analysis confirmed the presence of the chu operon, required for iron 

Fig. 2. (continued). 
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uptake using Fe2+ from hemoglobin in the host and for causing sepsis 
and infections of organs with very low iron conditions (Cherayil, 2011). 
For phylogroups D, E, and F, the espY gene family, coding for T3SS ef
fectors, have been identified as markers in the identification of the E. coli 
pathotypes (Larzábal et al., 2018) and belonging to mainly phylogroup 
D (Finton et al., 2020). In the present study, the presence of the espY 
genes in phylogroup D strains could then be implemented for the 
identification of E. coli pathotypes in the strains identified in Mexico. 
Interestingly, shuATSY genes, iron-acquisition genes in Shigella dysentery 
and pathogenic E. coli (Kouse et al., 2013), were detected for phy
logroups D and E in the present study. Furthermore, the presence of shuA 
in pathogenic E. coli has been positively correlated with virulence by in 
vitro and epidemiologic studies of human infections in uropathogenic 
E. coli (UPEC), EPEC, and EAEC (Okeke et al., 2004), enabling the po
tential identification of these pathotypes in phylogroup D strains. 

The role of the aslA gene has been previously determined in the in
vasion by E. coli of brain microvascular endothelial cells (Hoffman et al., 
2000). In the present study, aslA gene was predominantly absent in 
phylogroups B1 strains, and correlation analysis showed an association 
between phylogroup B1 and food sources. This finding could potentially 
be employed for a better characterization of the phylogroup B1 in strains 
collected from food sources in Mexico. Among the E. coli examined in 
this study in Mexico, the strains positive for the Shiga toxin (stx) genes, 
were mostly assigned to phylogroup E and to a lesser extent to phy
logroup B1. In agreement with the findings of a recent publication, a 
survey of STEC/EHEC, recovered from cattle in Ireland, were also mostly 
assigned to phylogroup E (McCabe et al., 2019). By contrast, additional 
findings have reported phylogroup B1 as the predominant phylogroup 
classification for STEC/EHEC, and strains with phylogroup E were a 
small percentage of the total recovered strains (Badouei et al., 2015; 
Jajarmi et al., 2018; Mainda et al., 2016; Van Overbeek et al., 2020), 
indicating a difference in the prevalence of phylogroups among STEC, 
recovered from distinct sources and geographical locations. 

In summary, this report found evidence that phylogroups identified 
in E. coli strains, recovered from clinical, animals, and food samples 
were found to harbor repertoires of virulence genes associated with iron 
uptake, fimbrial adhesion, curli fibers, membrane stability, and effector 
secretion. In addition, the use of comparative genomics and bioinfor
matics analyses provided evidence that the classification of virulence 
markers and phylogroups in E. coli could potentially be used for source 
tracking or for identifying transmission routes of contamination. 

5. Conclusions 

The present study employed the ClermontTyping method, a robust 
technique for E. coli phylogroup classification and grouping into 
phylogenetic clades (Beghain et al., 2018), to determine the associations 
between phylogroups, virulence profiles and isolation sources for a 
collection of hundreds of E. coli strains recovered in Mexico. The findings 
from this study identified phylogroup A as a prevalent and strongly 
associated phylogroup among E. coli strains from human sources. 
Additionally, phylogroup D was also related to human sources. Phy
logroup B2 was associated with herbivorous and omnivorous mammals 
like cattle and pigs. Moreover, the B1 phylogenetic group was signifi
cantly related to food sources. Common virulence genes in the examined 
E. coli strains, assigned to all phylogroups, were identified as essential 
markers for survival and invasion in the host. In our study, phylogroup 
D, associated with humans, was found to have a high virulence gene 
content when compared to the other phylogroups. The correlation 
analysis showed that E. coli populations from distinct sources in Mexico, 
belonging to different phylogroups, were not dispersed randomly and 
were associated with a particular isolation source. In addition, virulence 
factor characterization showed a specific association among phy
logroups, even exclusive presence of virulence profiles for certain phy
logroups. These findings would contribute to a better characterization of 
the epidemiology of E. coli populations and the relationship with specific 

hosts and contamination sources. 
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