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ΠΕΡΙΛΗΨΗ

Τα  βακτήρια  του  γένους  Escherichia  συναντώνται  κυρίως  στο  γαστρεντερικό

σύστημα των θηλαστικών. Αν και στην πλειοψηφία τους είναι συμβιωτικά και μη παθογόνα,

ορισμένα στελέχη έχουν εξελιχθεί  σε παθογόνα και η μελέτη τους έχει  ιδιαίτερο κλινικό

ενδιαφέρον.  Χρησιμοποιήθηκαν  240  γονιδιώματα  στελεχών  του  είδους  E.coli και  στη

συνέχεια  πραγματοποιήθηκε  φυλογενωμική  ανάλυση  για  αναγνώριση  των  πρωτεϊνών

πυρήνα μεταξύ των στελεχών και την εύρεση γονιδίων μοναδικών στα στελέχη E.coli που

ανήκουν στον παθότυπο AIEC. Από την  ανάλυση δεν  βρέθηκε κάποιο  χαρακτηριστικό

γονίδιο υπογραφή (fingerprint) που είναι μοναδικό στον παθότυπο Adherent Invasive  E.

coli (AIEC).

Λέξεις-κλειδιά: φυλογενωμική ανάλυση,E. coli, παθότυπος, πρωτεΐνες πυρήνας

ABSTRACT

The bacteria of genus Escherichia colonize the intestine of mammals. Though, most

of them  are symbiotic and non pathogenic, some strains have evolved into pathogens and

they are of high clinical interest. 240 genomes of different E. coli  strains were used for a

phylogenomic analysis, in order to identify the core genome in the group and also identify

genes that are exclusive in  E. coli  strains that belong to the Adherent Invasive  E. coli

(AIEC) pathotype.  After  the analysis  no fingerprint  genes that  are unique to  the AIEC

pathotype were identified.

Key-words : phylogenomic analysis, E. coli, pathotype, core proteome
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1.INTRODUCTION

1.1.The genus Escherichia

The genus Escherichia is part if the family of Enterobacteriaceae, which consists of

Gram-negative, rod-shaped bacteria that usually colonize the gastrointestinal system of

diverse  vertebrate  hosts.  Historically,  biochemical  analyses  were  used  to  identify  new

species of the genus. Consequently, it was impossible to differentiate some species before

the  invention  of  genomic  and  genotypic  methods.  For  instance,  using  DNA-DNA

hybridization,  16S rDNA sequence  analyses  and  identification  of  virulence  genes,  the

reclassification of a group of strains as a new species with the name E. alberti (Huys et al.

2003).  Another  new  species  of  Escherichia,  E.  marmotae  was  classified  as  a  novel

Escherichia species using the 16S rRNA gene and core genome sequences to analyze

strains from fecal  samples of the Himalayan marmot (Marmota himalayana) (Liu et  al.

2015,  2019).  There  are  four  recognized  species  of  the  genus:  E.  coli/Shigella,  E.

fergusonii, E. albertii and E. marmotae. 

For many years Shigella was believed to belong to a different species in the genus,

based  on  its  biochemical  properties,  the  lack  of  motility  and  the  different  pathology.

Specifically, Shigella causes invasive intestinal infections, with most common symptoms

being bloody or mucous diarrhea and ulcer. However, identification methods based on 16S

rRNA, core genome and MLST fail to distinguish Shigella from E. coli (Devanga Ragupathi

et al. 2018).

1.2. Methods of separation of microorganisms

For many years,  the identification and separation of  microorganisms in  different

species was based in phenotypic, biochemical and morphological characteristics. After the

advance  in  modern  technologies  in  the  last  decades,  new  methods  like  DNA-DNA

hybridization and especially the 16S ribosomal RNA. Another method that was developed

is MLST (multi-locus sequence typing) that uses many genetic loci. With the utilization of

the new technologies and methods more accurate classifications of microorganisms were

possible and older classifications were revised (Yu et al. 2020). By utilizing genotypic and

genomic methods the separation of closely related microorganisms is more effective.



1.3. Escherichia coli

The species  Escherichia  coli consists  of  thousands of  strains of  gram-negative,

potentially anaerobic, mostly symbiotic, non pathogenic bacteria that are important for the

health of the intestine. A great number of strains colonize and survive in the gut of hosts

like  humans and many animals  like  cattle,  reptiles  or  birds  and is  part  of  the  normal

microbiota of the gut (Gordon and Cowling 2003). The different strains of the E. coli have

developed a huge genetic variation and as a result many of these species have evolved to

survive in different environments and hosts. This genetic variation also contributed to the

survival of some species outside of their hosts. In non-host environments, some species

have been found to survive in soil, wastewater or natural water (Tenaillon et al. 2010).

Some E. coli strains have evolved into pathogens by utilizing virulence factors, that

cause disease in host organisms. These virulence factors include toxins, siderophores,

cell-adhesion or  invasion  proteins,  enzymes or  secretion  systems.  Most  of  the  E.  coli

strains cause infections of the intestine with the main symptom being diarrhea, but also

cause infections of other tissues and organs causing urinary tract infections, meningitis or

septicemia (Bekal et al. 2003). 

1.3.1. Phylogroups of  E. coli

The strains of E. coli are divided in seven phylogroups termed A, B1, B2, C, D, E

and  F.  These  phylogroups  are  related  with  the  properties  and  the  lifestyles  of  the

microorganisms  like  the  host  organism,  the  environment  they  survive  and  also  the

classification in the above phylogroups is important for epidemiological studies. Clermont

and colleagues since 2000 have developed several PCR assays that allow a fast and easy

assignment of E. coli strains in  phylogroups (Beghain,  Clermont et al. 2009).

1.3.2. E. coli serotypes

E. coli strains are divided in serotypes following the Kauffman-White classification

model which was developed for bacteria of the genus Salmonella. The model is based on

the identification of the antigen that exist in the Gram-negative bacteria. The antigens used

for  the serotyping are surface O-polysaccharide antigens and the flagellar  H-antigens.

There are 186 identified O-groups and 53 H-groups in  E. coli, which combined can give

many different serotypes (Fratamico, DebRoy et al. 2016).

The  serotype  that  most  often  causes  diarrhea  in  humans  is  the  Ο157:Η7.

Occasionally,  different  pathogen  strains  are  responsible  for  epidemic  outbreaks,  for



instance the outbreak in Germany in May 2011, caused by a Shiga-toxin producing strain

with  serotype  O104:H4 (Frank  C,  Werber  D,  Cramer  JP,  et  al.  2011).  Usually,  young

children, elderly people, travelers and immunosuppressed patients in hospitals are most

susceptible to pathogenic E. coli strains.

1.3.3. E. coli pathotypes

The various pathogenic  E. coli  strains belong to  different  pathotypes,  with  each

pathotype causing  a  different  type of  infection  and symptoms.  The  E.  coli  pathotypes

include:  enterotoxigenic  E.  coli (ETEC),  enterohaemorrhagic  E.  coli  (EHEC),

enteropathogenic  E.  coli  (EPEC),  enteroaggregative  E.  coli (EAEC)  (Kai  et  al.  2010),

diffuse-adherent  E.  coli (DAEC) (Scaletsky  et  al.  2002),  enteroinvasive  E.  coli (EIEC),

adherent-invasive  E. coli (AIEC) (Barnich and Darfeuille-Michaud 2007), extra intestinal

pathogenic  E. coli (ExPEC).  The extra-intestinal  pathogenic ExPEC is related to  three

other pathotypes : uropathogenic E. coli (UPEC) (Terlizzi et al. 2017),  meningitic  E. coli

(NMEC) and septicemia causing bloodborne  E. coli (BBEC) (Mokady et al. 2005). There is

also a group of strains that produce the Shiga toxin, that belong to the STEC pathotype

(Kai et al.  2010) and the avian pathogenic  E. coli (APEC) in which belong strains that

cause infections in birds (Yu et al. 2020).

Most of the pathotypes that cause infections of the intestine, cause diarrhea as the

main symptom, whereas the EHEC pathotype causes hemorrhagic diarrhea. The invasive

strains  of  the  AIEC  and  EIEC  pathotypes  have  different  infection  and  pathogenic

mechanisms since they must invade inside the host’s cells of the intestinal epithelium,

unlike strains of other pathotypes that remain out of the host’s cells. The UPEC pathotype

strains cause urinary tract infections, that may also infect the kidneys if the infection is not

restricted in the early stages. Both UPEC and NMEC pathotypes can cause septicemia.

NMEC  strains  have  the  ability  to  cross  the  blood-brain  barrier  and  cause  meningitis

(Croxen,Finlay 2010).



Figure  1: Different E. coli  pathotypes and the tissues and organs they infect. E. coli

strains that colonize the small bowel, are related to the EPEC, ETEC, DAEC and EAEC

causing diarrhea, while EHEC and EIEC are related to strains that colonize the large

bowel and EAEC strains colonize both small and large bowel. (Croxen,Finlay 2010).



1.3.4. AIEC and Crohn’s disease

The AIEC strains are related to the Crohn’s disease (CD) and other Inflammatory

bowel diseases, since they are found in the intestine of Crohn’s disease patients. The most

characteristic  symptom  of  the  CD  are  the  chronic  wounds  on  the  intestine  and  the

extensive inflammation. It is estimated that in Europe and North America, 20 patients for

every  10,000  people  are  affected  (Molodecky  et  al.  2012).  The  symptoms  that  are

observed at the Peyer’s patches and colon in the early phases of the disease include

lymphoid aggregates, ulcer, microabscesses, granulomas, and lymphangitis, stenosis of

the intestinal tract and on the long term it is possible that the patients may also develop

cancer of the colon (Darfeuille-Michaud, 2002).  Some times CD can also cause diarrhea

that  can  also  be  hemorrhagic,  though  this  last  symptom is  mostly  attributed  to  other

enteropathogenic pathotypes of E. coli. Apart from strains that infect humans, AIEC strains

have also been found to infect other hosts like cattle, mice, dogs and even some bird

species (Dogan B, Suzuki H, Herlekar D, et al. 2014). 

It  is  believed  that  the  Crohn’s  disease  can  be  caused  by  perturbations  of  the

microorganisms  that  colonize  the  intestine.  In  Crohn’s  disease  patients  an  unusual

increase in  E. coli bacteria of the intestine is observed, among them are several AIEC

strains  that  are  believed  to  have  a  role  in  the  development  of  the  disease  (Miquel,

Peyretaillade et  al.  2010).  Patients  with  CD have an improvement in  symptoms when

bacterial population decreases after intestinal lavage or treatment with antibacterial drugs.

In the developed countries, modern lifestyle can be the main cause of CD. Nutrition

habits that include many preservatives, artificial additives, alcohol and limited consumption

of fresh fruits and vegetables have as a result decreased intestinal motility. Other factors

that contribute to the onset of CD are the underexposure to microorganisms during early

age, sedentary lifestyle and lack of exercise. The frequent use of antibiotics may also have

an impact on the onset of CD, since it can harm symbiotic bacteria on the bowel and can

also promote resistant strains (Molodecky et al. 2012).

An E. coli strain is classified as AIEC if it has all the following characteristics: Ability

to adhere and invade the cells of the intestinal epithelium, ability to invade, survive and

multiply inside macrophages and also displays the above phenotypic characteristics during

in vitro assays in cell lines (Camprubí-Font, Lopez-Siles et al. 2018).  

Treatment of AIEC strains is very challenging, since every patient of CD may have

several different strains, which are genetically different and some of them also posses



genes that provide resistance to antibiotics. Consequently it is not easy to use antibacterial

drugs against all of the different strains, while at the same time the treatment may damage

useful commensal microbiota (Tyakht, Manolov,  Kanygina et al 2018).

To this date, no molecular markers have been found that can be used to identify the

AIEC strains. This is explained by the genetic variation and different evolution paths that

each different strain followed. AIEC strains have been found that classify in four different

phylogroups, though the majority of strains belong to the B2 phylogroup (O'Brien, Bringer,

Holt, et al. 2017). Consequently, molecular markers might not be enough to identify all the

strains  that  belong to  the  AIEC pathotype.  The only  effective  way of  identifying  AIEC

strains is through in vitro invasion assays, in which bacteria interact with the host cells and

the main phenotypic characteristics of the pathotype can be observed.

1.3.5. Infection Process and mechanisms

Adhesion of the bacteria in the epithelial cells of the intestine is the first step of the

pathogenesis  of  many  intestinal  pathogenic  bacteria.  Adhesion  allows  the  bacteria  to

create colonies and resist mechanical cleansing of the microorganisms in the gut. A main

characteristic of AIEC strains is the invasion of the epithelial  cells of the intestine and

macrophages, where bacteria survive without damaging the host cell. The invasion and

survival  inside  host’s  cells  makes  their  destruction  from  defensive  mechanisms  even

harder.  Through  infected  macrophages  the  infection  can  spread  in  many  cells  of  the

intestine’s  mucosa.  Infected  macrophages  secrete  the  TNFa  cytokine,  which  further

enhances inflammation in the gut (see Figure 3). This way, the patients develop a chronic

inflammation and many of the symptoms of CD (Dogan B, Suzuki H, Herlekar D, et al.

2014).

So far, studies in AIEC strains have revealed information related to its pathogenicity,

some of the mechanism involved and genes that are related to the pathotype. Sequencing

of nine genomes from E. coli strains including eight of the AIEC pathotype and comparison

with 38 other available E. coli and Shigella showed that AIEC strains have an independent

evolution  path  and  have  not  evolved  from a  common  ancestor  (Dogan  B,  Suzuki  H,

Herlekar  D,  et  al.  2014).  The  above  information  explains  the  high  genetic  variation

between AIEC strains and the existence of different virulence proteins that are used in the

mechanisms of invasion.

Also, no genes where found that are unique to the AIEC pathotype and do not exist

in  other  E.  coli species.  Usually  AIEC strains  have  more  genes  coding  for  virulence

proteins in total compared to other pathogenic E. coli. It is believed that the pathotype is



the outcome of many different genes that contribute to virulence and also allow them to

survive in the conditions inside host cells. Genes related to the AIEC pathotype are often

coding for a protein of metabolism or iron acquisition (Dogan B, Suzuki H, Herlekar D, et

al. 2014).

It is believed that AIEC strains, at the first stages of CD exploit the weakness of the

host  in  antimicrobial  defense  and  they  use  the  carcinoembryonic  antigen-related  cell

adhesion molecule (CEACAM6) receptors, which are overexpressed during inflammation

to adhere using the FimH adhesin  (Dogan B, Suzuki H, Herlekar D, et al. 2014). The

flagella of AIEC strains apart from its role in motility, also participates in biofilm formation

and adherence and invasion of Caco-2 cells (Zhou M, Yang Y et al. 2015). Caco-2 is a cell

line  of  human  cancer  cells  often  used  as  model  for  in  vitro assays  of  the  intestinal

epithelium.

An important gene in AIEC strains is the IbeA, which codes for a protein that takes

part in the invasion process to host cells. Moreover, this protein also has a role in the

survival  of  the bacteria inside macrophages and under water stress (Cieza, Hu et  al.

2015). The product of  neuC gene is also crucial as it favors the expression of capsular

polysaccharide that inhibits phagocytosis (Barnich N, Boudeau J et al. 2003). The lpfA is

found in most AIEC strains, it is related with increased invasion activity of Caco-2 epithelial

cells (Dogan B, Suzuki H, Herlekar D, et al. 2014).

A secretion system type 6 is present in AIEC strains known as T6SS (Desilets et al.

2016). It participates in many important activities related to the invasion of AIEC strains in

host cells and their survival inside them. T6SS interacts with the microtubule network of

host  cells  to  start  the  invasion  and  promotes  replication  within  macrophages  (Sana,

Baumann et al. 2015). Also, it is linked to the suppression of the host immunity, possibly by

inhibiting  the  secretion  of  cytokines  from the  host  organism that  are  part  of  defense

mechanisms against intracellular pathogens (Chen, Yang et al. 2017). Last but not least,

T6SS promotes proliferation of bacteria after the invasion of macrophages (Eshraghi, Kim

et al. 2016).

The pduC gene codes for the large subunit of propanediol dehydratase and seems

to be related to the AIEC pathotype and the usage of alternative substrates.  The  pdu

operon  is  often  found  in  enteropathogenic  bacteria  that  colonize  the  intestine  like

Salmonella and  Listeria,  but  it  mostly  exists  in  AIEC than  other  E.  coli.  This  operon

participates in the metabolic path of fucose in anaerobial conditions (see Figure 2). This

way, AIEC strains are capable of using a new nutrient when other common options are not



available within the macrophages and other cells.  To conclude, the  pdu  operon allows

AIEC to have a competitive advantage against other bacteria that cannot find nutrients

inside host cells (Dogan B, Suzuki H, Herlekar D, et al. 2014).

1.3.6. Similarities of AIEC to other pathotypes

 Part of the T6SS secretion system are the genes  chuA and  yersiniabactin,  which

participate  in  iron  uptake.  Their  expression  levels  are  increased  in  AIEC  and  other

pathotypes like EHEC and ExPEC. These two genes are expressed mostly in bacteria that

invade host cells,  while it  is not known if  they are expressed in non-invasive bacteria.

Another gene that is common between AIEC and ExPEC is the  ibeA (Dogan B, Suzuki H,

Herlekar D, et al. 2014). 

Generally, the existing data leads to the conclusion that AIEC strains have more

similar characteristics with pathogen strains of  E. coli that belong to the extra-intestinal

pathotypes than strain that colonize and infect the intestine. This is also supported by the

fact that AIEC and ExPEC have similar genes that code for virulence proteins (Desilets et

al. 2016).

AIEC  strains  use  a  number  of  genes  to  overcome  mechanical  removal  of

microorganisms  in  the  gut,  overcome  mucosal  defensive  mechanisms  and  to  survive

within macrophages. UPEC have also to survive from several defensive mechanisms to

adhere and invade the urinary tract (O'Brien, Bringer, Holt, et al. 2017). 



Figure  2 :  The pathway of L-Fucose and Propanodiol  metabolism in  E.coli (Dogan B,

Suzuki H, Herlekar D, et al. 2014).

 



Figure  3.  The mechanisms that AIEC are believed to use in order to promote intestinal

inflammation. AIEC exploit changes in the mucosal environment caused by inflammation

to be able to adhere, invade and multiply. The ability of AIEC to alternative nutrients and

the enhanced iron uptake is crucial to survive inside host cells. The overexpression of

CEACAMG receptors in inflammation helps AIEC to adhere using fimH adhesin, in order

to  allow  the  invasion  process  to  begin.  Bacteria  use  Peyer’s  patches  to  invade

macrophages. Within macrophages TNFa cytokin is secreted that further promotes the

intestinal infection of AIEC strains (Dogan B, Suzuki H, Herlekar D, et al. 2014).



1.4  Pan-genome and core genome

1.4.1. Pan-genome

The progress in new sequencing technologies during the last years had as a result

the dramatic decrease in cost of whole genome sequencing of microorganisms and the

availability of a very large amount of data in public databases, that can be used in genomic

analyses. Genomic analyses that include thousands of genomes of different organisms are

very common today. In a genomic analysis of a group of genomes that belong in the same

species or genus, the total genes that exists in the organisms is called the pan-genome.

If  a  pan-genome  increases  in  size  for  every  new  genome  that  is  added,  it  is

characterized as open pan-genome, while a closed pan-genome remains the same when

new genomes are added (Bosi et al. 2015). 

1.4.2. Core-genome 

The core-genome consists of all the orthologs that are common in all the organisms

of the same species or genus in an analysis. It  is believed that the genes of the core

genome are essential for the basic metabolic processes and other basic cell functions of

the organisms (Bosi et al. 2015). These are also the roles of core proteins in Escherichia

coli. As the number of  genomes increases in an analyses, the core genome becomes

smaller.  A large number of genomes will result in less core proteins that are present in all

of the organisms. Usually, this is due to sequencing errors of the included strains.

1.4.3. Identification of core genome

Usually, in order to identify the core genome, a group of ortholog genes from the

total organisms in an analysis is used (Vernikos et al. 2015). Several software have been

developed for finding ortholog genes, some of them are: InParanoid, OMA, OrthoMCL,

OrthoFinder  (Emms  and  Kelly  2019).  These  software  use  reciprocal  BLAST,  while

OrthoFinder  can  alternatively  use  the  DIAMOND  algorithm.  DIAMOND  is  faster  than

BLAST, though it is less sensitive, which makes the use of most strict settings necessary in

order  to  ensure  the  best  reciprocal  hits  (Hernández-Salmerón  and  Moreno-Hagelsieb,

2020;Nikolaidis et al., 2020).

Reciprocal BLAST is a simple method to find ortholog genes without being seriously

affected by false positive results. The BLAST algorithm designed to find ortholog genes in



two or more proteomes is Blastp. The procedure includes the comparison of the entire

proteome of two organisms. Two proteins from different genomes are orthologs of they are

reciprocal best BLAST hits. In the first phase, all the proteins from an organism are used

as query sequence in order to be compared with the proteins of the second organism and

identify homologous proteins. Vise versa, the second proteome is used as a query for

comparison with  the  proteins of  the first  organism.  Consequently,  two proteins  will  be

orthologues if they are the best BLAST hits in both comparisons (Hernández-Salmerón

and Moreno-Hagelsieb, 2020).

In this analysis, the identification of ortholog genes was based in python 3 scripts

that use reciprocal BLAST with strict criteria, in order to identify the core genome of a

group of organisms (Nikolaidis et al., 2020). The method uses one proteome as reference

proteome, that is used to search for ortholog proteins in the rest of the other proteomes.

Since this method compares only the reference proteome to the proteomes of the other

organisms in the analysis it is much faster than methods which compare every proteome

with  all  the other  proteomes (all  against  all).  After  the reciprocal  BLAST is  completed

between the reference proteome and the proteomes of the rest of the organisms, for each

comparison the standard deviation and average are calculated. Afterwards, all  proteins

that have two standard deviations or higher difference from the average are excluded,

because they are not appropriate as orthologues. When the ortholog proteins are found a

table is generated, that includes in every row the proteins of the reference proteome and in

every column the rest of the organisms with their ortholog proteins, if they exist. From this

table,  if  all  the  proteomes  of  the  reference  proteome   without  orthologues  in  every

organism get excluded, the rest of the proteins are the core proteome in the analysis.

For the phylogenomic analysis, the software MUSCLE (Edgar 2004) was used, that

performs multiple alignment which is filtered by Gblocks (Castresana, 2000). With the final

alignment  a  phylogenomic  tree with  distances is  calculated using  the  BioNJ algorithm

(Gouy et al., 2010).

The goal of this analysis was to study AIEC pathotype strains, in order to identify the

core and fingerprint proteins. As fingerprints, we denote these proteins that are present in

all the AIEC members and absent in all other E. coli. Also, the AIEC strains of the analysis

where classified in serotypes and phylogroups and their similarities with strains of other

pathotypes were studied.



2. MATERIALS AND METHODS

2.1. Software

2.1.1. Linux Ubuntu 22.04

Linux is  a free,  open source and high security operating system. The graphical

environment used is GNOME and the terminal environment is the BASH (Bourne Again

Shell). BASH is appropriate for the management of large amount of data and automated

procedures (“Enterprise Open Source and Linux,” n.d.).

2.1.2. Python

Python  is  an  object-oriented  programming  language  that  is  widely  used.  Many

different  libraries  are  available  for  use  in  various  applications  (“Welcome  to

Python.org,”n.d.). Biopython is especially used for bioinformatic research (Cock, Antao et

al. 2009).

2.1.3.  Perl

Perl is an object-oriented programming language, compatible with most operating

systems that is constantly developed for 30 years. It is appropriate for many applications

and can be used for text and files manipulation. Apart from object-oriented it also supports

procedural and functional programming (www.perl.org, about Perl).

2.1.4. Treedyn

Treedyn is a program capable of visualizing, manipulating and processing data of

phylogenetic and phylogenomic trees. It is written in Tcl/Tk programming language and it is

free  and compatible  with  many operating  systems including  Linux,  Windows and Mac

OSX. It provides the ability to modify and add metadata from files to a genomic tree and

the option of exporting and saving the projects in files of various formats (Chevenet et al.,

2006).

http://www.perl.org/


2.1.5. Software of core genome identification

In  order  to  identify  the  core  genome/proteome  in  the  analyses  a  series  of

procedures (pipeline) was used which was originally implemented in bacteria of the genus

Pseudomonas (Nikolaidis et al., 2020). The basic principle of the method is the finding of

orthologue genes, by using a reference proteome to perform reciprocal BLAST in pairs

with the rest of the other proteomes of the analysis, requiring significantly less times than

methods which compare all the organisms with each other (all against all).

2.1.6. RAPT

 RAPT  (Read  Assembly  and  Annotation  Pipeline  Tool)  is  an  NCBI  tool  that

consists of a series of procedures that allow the de novo assembly of prokaryotic

genomic reads, from Illumina sequencing. It consists of three basic tools which are:

the  genome assembler  SKESA (Souvorov,  Agarwala,  Lipman 2018),  the  taxonomic

assignment tool ANI (Ciufo, Kannan et al. 2018) and the Prokaryotic Genome Annotation

Pipeline PGAP (Li, O'Neill et al. 2021).

2.1.7. Ectyper

Because the serotype of most species was not available in databanks, the program

Ectyper was used in conda environment to identify the serotype of the different  E.coli and

Shigella strains of the analysis in serotypes according to the Kauffman-White classification

model. Ectyper uses fasta or fastq format files (Bessonov,  Laing et al. 2021).

2.1.8. ClermonTyping

ClermonTyping is an  in silico PCR assay that uses several tools to classify E.coli

strains in one of the various phylogroups (A, B1, B2, C, D και F). In order to identify the

phylogenetic  group it  uses fasta format files containing the genome sequences of  the

strains (Beghain,  Clermont et al. 2009).

2.2. Data downloading

From NCBI taxonony database, taxonomy identifications were saved for species of

the  Escherichia group. The taxonomy identifications were used to download the files of

each strain from NCBI Assembly database. At the first stage, proteomes were obtained

from  strains  with  available  assembly  at  the  chromosome  or  complete  genome  level.



Proteomes that are not fully assembled, may affect the results of the core and fingerprint

analyses.

For each strain of the analysis, the four files were downloaded which include the

protein sequence in FASTA format and the genomic sequences, the feature tables and the

GBFF files which contain information for every strain like the serotype, the area where the

strain was found, the host organism or the environment that the species survives. Some of

the GBFF files also have information about the pathotype of the strain.



3. RESULTS AND DISCUSION

In the first  stage of the analysis, a total  of 2074 proteomes of  E.coli  strains,  80

Shigella strains, one E. fergusonii strain and one E. albertii were used for the first genomic

analysis and the construction of the phylogenomic tree. The visualization and processing

of the phylogenomic was performed using Treedyn which was the best available program

for the handling of a very large genomic tree consisted of thousands of organisms.

After  the  pipeline  was  completed  using  as  reference  the  E.coli K-12  strain

(assembly accession  GCF_000005845.2), the first genomic tree was created, that included

many strains clustered together in the tree, that were similar. The core proteome for the

2156 strains consisted of 218 orthologs. Because in the first tree there were many strains

almost identical and redundant, 211 strains were selected from the total of 2156, for a

second genomic analysis.  In  these 211 strains,  were included organisms with  specific

attributes of interest, including the pathotype and the serotype. Also, from eight articles of

studies related to the AIEC pathotype, 29 more strains were selected for enrichment of the

analysis, as displayed in  Table 1. Most of these strains were found on the intestine of

Crohn’s  disease  patients.  Some  of  these  strains  that  were  included  in  the  first

phylogenomic tree turned out to belong to the AIEC pathotype according to the information

of the articles,  but were not included in the 211 selected for the second phase. Five of the

29 strains had no available proteome in NCBI Assembly. Subsequently, the RAPT software

of NCBI was used to assemble these proteomes.

A second pipeline was executed for the 240 strains, including the 211 of the first

phase and the 29 more  of  the enrichment.  The reference strain  used for  this  second

analysis  was  once  more  the  E.coli K-12.  This  second  pipeline  also  produced  a

phylogenomic  tree  Figure  4 .  The core genome in  this  second genomic analysis  was

consisted of 438 genes. 



Table 1. The strains that were used for the enrichment of the second pipeline and 

phylogenomic tree. The strains CDEC were isolated from CD patients, but they have not 

been identified as AIEC. 

Assembly ID  pathotype status  PMID

ERR2265581 unknown New strain 29426864

ERR2265582 AIEC New strain 29426864

ERR2265584 unknown New strain 29426864

ERR2265585 AIEC New strain 29426864

ERR2265586 AIEC New strain 29426864

GCA_000148605.1 AIEC New strain 21075930

GCA_000179795.1 AIEC New strain 25230163

GCA_000183345.1 AIEC New strain 21108814

 GCA_000264095.1 AIEC New strain 25230163

GCA_000264115.1 AIEC New strain 25230163

 GCA_000264135.1 AIEC New strain 25230163

GCA_000264175.1 AIEC New strain 25230163

GCA_000264195.1 AIEC New strain 25230163

GCA_000264215.1 AIEC New strain 25230163

GCA_000264235.1 AIEC New strain 25230163

GCF_000284495.1 AIEC Existed  in  the  first  tree,

LF82 strain

25230163

GCA_001630825.1 CDEC New strain 28724357

GCA_001630835.1 CDEC New strain 28724357

GCA_001630845.1 CDEC New strain 28724357

GCA_001630855.1 CDEC New strain 28724357

GCA_001630905.1 CDEC New strain 28724357

GCA_001630915.1 CDEC New strain 28724357

GCA_001630925.1 CDEC New strain 28724357

GCA_001630965.1 CDEC New strain 28724357

GCA_001630975.1 CDEC New strain 28724357

GCA_001631005.1 CDEC New strain 28724357

GCA_003258455.1 AIEC New strain 30425690

GCF_000285375.1 AIEC Existed in the first tree 21705601

GCF_017901015.1 AIEC Existed in the first tree 34710159



GCF_021398975.1 AIEC Existed in the first tree 34710159

GCF_021398995.1 AIEC Existed in the first tree 34710159

 In order to identify proteins that are unique to the AIEC pathotype, a third pipeline

was executed, this time using as reference proteome the LF82 with assembly accession

number GCF_000284495.1. The LF82 strain is the reference strain for studies related to

the AIEC pathotype, so it is appropriate to be used as a reference for proteins related to

the pathotype. The core proteome in this third analysis was increased to 441 genes. After

the BLAST was completed all the proteins of the LF82 strain and their orthologues were

compared to identify fingerprint proteins that only exist in the all of the AIEC strains.

No fingerprint  proteins for  the AIEC pathotype were found. This  was to  a great

extent not surprising, since no studies so far revealed genes that define the pathotype and

are not found in non AIEC strains. Nevertheless, we performed this analysis by utilizing a

significantly higher number of complete genomes than other studies.  It is believed that the

pathotype does not depend in one or more genes but to a group of several genes that may

be  different  in  the  various  AIEC  strains  that  may  have  evolved  from  independent

evolutionary paths. Another consequence of the large genetic variation of the AIEC strains

is the identification of many different serotypes. The AIEC strains of the analysis were

classified in  phylogroups using ClermonTyping  in  silico PCR assay and the AIEC was

scattered in three phylogroups which were B1, B2 and D. 

In the phylogenomic tree, the AIEC strains displayed a large diversity and various

characteristics.  Almost  every  AIEC strain  in  the  analysis  displayed  a  unique  serotype

compared to the other strains of the pathotype,  for a total of 15 different serotypes. Only

three pairs of strain share a common serotype, including a pair of strains of the serotype

O1:H7, two strains sharing the O2:H7 serotype and the O83:H1 serotype which is the

serotype of the reference strain LF82 and one more strain in the analysis. The serotypes

of AIEC and other strains are displayed in Table 2.

The  phylogenomic  tree  consists  of  two  different  branches  where  AIEC  strains

clustered  which  is  another  evidence  that  supports  the  independent  emergence  and

evolutionary history of the AIEC strains. It is believed that some of the virulence genes

were transferred horizontally from other bacteria that may be either E. coli and Shigella or



even bacteria of other genera that have the ability to invade the cells of the intestine, like

the Salmonella genus.

In the fourth branch of the tree there are 4 AIEC strains clustered together with one

strain of the pathotype ExPEC, one UPEC strain and one APEC strain. Since UPEC and

ExPEC pathotypes are extra-intestinal types, AIEC pathotype appears to be closely related

to extra-intestinal pathotype and share several common attributes, including their virulence

proteins,  their  serotype  an  the  phylogroup  (Desilets  et  al.  2016).  Also,  most  of  the

enteropathogenic  strains  in  the  phylogenomic  tree  were  distant  from AIEC and  extra-

intestinal pathotype. Enteropathogenic strains clustered in the first two branches of the

tree where few AIEC where present and also were classified in A, B1, E and rarely in B2

phylogroups. All the above is strong evidence that AIEC strains have different virulence

genes and pathogenicity compared to the enteropathogenic strains. 

 

 



Table 2. The AIEC strains that were used in the analysis, the pathotype, phylogroup  and 

serotype of each strain is also displayed. Also some extra-intestinal pathotype strain for 

comparison with AIEC.

Assembly ID   pathotype phylogroup serotype

GCF_000284495.1 AIEC B2 O83:H1

GCA_000183345.1 AIEC B2 O83:H1

GCA_00264235.1 AIEC B1 O8/O46/O134:H53

ERR2265586 AIEC B1 O22:H7

GCA_000264215.1 AIEC B1 O175:H16

GCA_000264115.1 AIEC A O21:H33

GCA_003258455.1 AIEC B2 O2/O50:H7

GCA_000264175.1 AIEC B2 O1:H7

GCF_000285375.1 AIEC B2 O1:H7

GCA_000148605.1 AIEC B2 O18:H7

GCF_017901015.1 AIEC B2 O2:H6

GCA_000179795.1 AIEC B2 O2:H6

GCA_000264095.1 AIEC B2 O8:H10

ERR2265582 AIEC B2 O46:H31

ERR2265585 AIEC B2 O6:H1

GCF_021398995.1 AIEC B2 O25:H4

GCA_000264195.1 AIEC D O1:H6

GCA_000264135.1 AIEC D O77/O17/O44/O106/

O73:H18

GCF_017356665.1 UPEC B2 O2/O50:H7

GCF_002844685.1 ExPEC B2 O2/O50:H7

GCF_001021615.1 APEC B2 unknown

GCF_001693315.1 UPEC B2 O6:H1

GCF_003856995.1 UPEC B2 O25:H4







Figure 4. The phylogenomic tree of 240 species of E.coli including one Shigella, which was 
clustered in the same branch with E.coli strains.  AIEC strains are clustered in two different 
branches of the tree where extra-intestinal pathotype species also exist.



4. CONCLUSIONS

The majority of AIEC strains were phylogenetically distant from enteropathogenic

strains and the pathotypes ETEC, STEC, EHEC. The AIEC pathotype was related more to

the ExPEC and UPEC pathotypes. It is possible that more strains that were included in this

analysis will be defined as AIEC in the future. Some of those strains were isolated from the

intestine  of  CD patients  and  it  is  not  yet  known if  they  are  related  with  any  kind  of

pathogenicity,  subsequently  in  the  analysis  are  classified  as  CDEC  (Crohn’s  Disease

Escherichia coli). 

Provided that most of the AIEC strains that were used have not yet an available

genome at the chromosome or complete genome assembly level, it is possible that some

of the results related to the AIEC strains could theoretically be inaccurate. Consequently,

many of the results of this analysis should be re-tested in the future when more complete

genome of more AIEC strains become available, however, the lack of fingerprints at this

point is not expected to change.
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