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Escherichia coli B2 strains prevalent in
inflammatory bowel disease patients have
distinct metabolic capabilities that enable
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Abstract

Background: Escherichia coli is considered a leading bacterial trigger of inflammatory bowel disease (IBD). E. coli
isolates from IBD patients primarily belong to phylogroup B2. Previous studies have focused on broad comparative
genomic analysis of E. coli B2 isolates, and identified virulence factors that allow B2 strains to reside within human
intestinal mucosa. Metabolic capabilities of E. coli strains have been shown to be related to their colonization site, but
remain unexplored in IBD-associated strains.

Results: In this study, we utilized pan-genome analysis and genome-scale models (GEMs) of metabolism to study
metabolic capabilities of IBD-associated E. coli B2 strains. The study yielded three results: i) Pan-genome analysis of 110
E. coli strains (including 53 isolates from IBD studies) revealed discriminating metabolic genes between B2 strains and
other strains; ii) Both comparative genomic analysis and GEMs suggested that B2 strains have an advantage in
degrading and utilizing sugars derived from mucus glycan, and iii) GEMs revealed distinct metabolic features in B2
strains that potentially allow them to utilize energy more efficiently. For example, B2 strains lack the enzymes to
degrade amadori products, but instead rely on neighboring bacteria to convert these substrates into a more readily
usable and potentially less sought after product.

Conclusions: Taken together, these results suggest that the metabolic capabilities of B2 strains vary significantly
from those of other strains, enabling B2 strains to colonize intestinal mucosa.The results from this study motivate a
broad experimental assessment of the nutritional effects on E. coli B2 pathophysiology in IBD patients.
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Background
Alteration of the composition of the gut microbial com-

munity has been implicated in inflammatory bowel

disease (IBD) [1]. Several studies have shown that the

abundance of E. coli in the gut microbiome of IBD

patients is higher compared to healthy subjects [1–3].

In comparison with healthy controls, E. coli isolates
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from IBD patients mainly belong to B2 and D phy-

logroups, including extraintestinal pathogenic E. coli

strains (ExPEC) [4]. In particular, a specific E. coli

pathotype, adherent-invasive E. coli (AIEC), has been

shown to be a leading bacterial trigger of IBD [5].

AIEC strains mostly belong to B2 phylogroups [3]. They

are able to adhere to intestinal epithelial cells and sur-

vive and replicate within macrophages, yet the spe-

cific genetic determinants of this pathotype are still

unknown [6].

In recent years, several comparative studies were per-

formed on E. coli isolates to understand their pathogenic-

ity in IBD [6–8]. Additionally, a few specific E. coli strains
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associated with IBD have been characterized in detail,

including LF82 [9], UM146 [10], and NRG857c [11], all of

which are in phylogroup B2. Most of these studies have

focused on comparative phenotypic assays and genome

analysis such as virulence factor determination. A previ-

ous study has shown that strains in B2 phylogroup pos-

sess certain virulence factors including adherence genes,

that allow them to persist within the human intestine,

while strains in A and B1 phylogroups are primarily tran-

sient E. coli strains [12]. However, the systems biology

of IBD-related E. coli strains, such as metabolic network

reconstructions that elucidate nutrient niches, remains

unexplored.

Genome-scale models (GEMs) represent a mathemat-

ical framework that enables a mechanistic description

of metabolic functions and how they relate to physio-

logical properties. GEMs have been used extensively to

contextualize multi-omics data as well as to understand

the genetic basis of phenotypic functions [13–16]. The

metabolism of E. coli strains has been studied extensively,

enabling the development of GEMs for a wide range of

E. coli strains. Recent studies have shown that strain-

specific GEMs are necessary to capture the variation in

metabolic capabilities in different strains [17], as the E.

coli pan-genome is estimated to have more than 45,000

genes [18].

In this study, we analyzed the metabolic capabilities

of B2 E. coli strains prevalent in IBD patients using

pan-genome analysis and genome-scale metabolic mod-

els. We look at a large set of E. coli strains from IBD

patients and healthy controls, as well as strains from

other origins, to see if we could identify any common

metabolic patterns associated with IBD pathophysiology

in B2 strains. We showed that specific metabolic capa-

bilities of the B2 group allow them to colonize intesti-

nal mucus and become resident E. coli strains in the

human gut.

Results

Strain collection studied

We collected available genomes of E. coli isolates from

previous IBD studies - 53 E. coli strains (22 AIEC, 31

non-AIEC), most of which were isolated from intesti-

nal biopsies of both IBD patients and healthy subjects

(see Additional file 1: Table S1). 52 of the 53 strains

belong to B2 groups; however these studies did not

include many genome sequences in other phylogroups

from healthy controls [6]. Thus, we set out to com-

pare these isolates with 57 other E. coli strains includ-

ing commensal strains and those that exhibit extra-

intestinal and intra-intestinal (InPEC) pathotypes. Of the

57 other E. coli strains, 14 strains belong to phylogroup

B2, and the other strains span various phylogroups

(see Additional file 2: Figure S1).

Strains in B2 phylogroup contain distinct metabolic genes

compared to strains in other phylogroups

To identify important metabolic features in B2 E. coli

strains, we first constructed the pan-genome from the

110 strains, including 53 strains isolated from both IBD

patients and healthy controls. A pan-genome for the 110

strains was built using CD-HIT [19] with 80% similarity

setting (see “Methods” section). We found an open pan

genome with 16,091 orthologous genes (see Additional

file 2: Figure S2), among which 2979 are metabolic genes

annotated by Enzyme Commission (EC) numbers. Out of

all the metabolic genes identified, only 1081 clusters are

conserved across 110 strains.We then further investigated

the distribution of the 1898 accessory metabolic genes in

110 strains.

We found that most B2 strains have distinct metabolic

genes compared to strains in other phylogroups (Fig. 1a).

Metabolic genes highlighted in the red box in Fig. 1a

are missing from most B2 strains, while genes high-

lighted by the orange box are more prevalent in B2 strains

(present in < 15% non-B2 strains and > 80% B2 strains).

We then selected the 100 most differentiating metabolic

genes between B2 strains and strains in other phylogroups

using the SelectKBest function from scikit-learn package

[20] (see “Methods” section). Of the selected genes, 53

genes are more prevalent in B2 strains and encode var-

ious functions including energy production, amino acid

metabolism, carbohydrate metabolism, and metal bind-

ing. GO enrichment analysis [21] suggested that these

genes are only enriched for tricarboxylic acid (TCA) cycle

(False discovery rate (FDR) adjusted p-value = 3.89 ×

10−2). Upon further investigation, we found that B2

strains possess an extra set of sucABCD genes that share

∼ 50% sequence identity with the original sucABCD genes

present in all strains. These four genes encode the impor-

tant enzymes in the TCA cycle: alpha-ketoglutarate dehy-

drogenase (sucAB) and succinyl coenzyme A synthetase

(sucCD) [22]. Experiments are needed to characterize the

function and importance of these gene variants in B2

strains. The remaining 47 metabolic genes that are pri-

marily absent from B2 strains are enriched for folic acid

catabolism (FDR adjusted p-value = 4.52 × 10−2), 3-

phenylpropionate catabolism (FDR adjusted p-value =

7.65 × 10−4) and putrescine catabolism (FDR adjusted

p-value = 1.97 × 10−3). To explore the relationship

between the metabolic functions and nutrient niches, we

further investigated specific metabolic genes.

IBD isolates and other ExPEC strains in the B2 phylogroup

contain uniquemetabolic genes that enable them to

utilize mucus glycan

We focused on elucidating the metabolic genes that allow

E. coli strains of the B2 group to reside within intesti-

nal mucosa. Glycans of the intestinal mucus can be
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Fig. 1 Pan-genome analysis shows B2 strains contain distinct metabolic genes. a 110 strains are clustered by the presence/absence of 1898
accessory metabolic genes. Genes in the red box are primarily absent from B2 strains, while genes in the orange box are more prevalent in B2
strains. b Presence and absence of genes involved in mucus degradation in 110 E. coli strains (genes are colored based on their functions in
monosaccharides degradation). The four highlighted genes annotated as tagatose bisphosphate (TBP) aldolase are more prevalent in B2 strains. c
Metabolic pathways of degradation of five nutrient sources involve TBP aldolase

utilized as a source of carbon and energy by intesti-

nal microbiota, and depletion of mucus is associated

with Crohn’s disease [23]. Research has shown that

commensals are mostly involved in cleavage of glycans

into monosaccharides, while pathogens such as E. coli

utilize the five monosaccharides released by commen-

sals: fucose, galactose, N-acetylgalactosamine (GalNAc),

N-acetylglucosamine (GlcNAc), and N-acetylneuraminic

acid (Neu5Ac) [24]. Therefore, we performed compara-

tive analysis on 48 genes (see Additional file 1: Table S2)

involved in mucus degradation among the 110 strains.

These genes were identified from a previous study

on degradation of mucin glycans [24] (see “Methods”

section). The resulting heatmap (Fig. 1b) illustrated that

although many genes have similar distribution among all

110 strains, four genes that are involved in tagatose 1,6-

bisphosphate (TBP) aldolase are more prevalent in the

B2 phylogroup (highlighted in Fig. 1b). These genes are

also present in a few D strains (see Additional file 2:

Figure S3), which was expected since both B2 and D

strains are commonly found in IBD patients [4]. TBP

aldolase converts TBP to dihydroxyacetone phosphate

and glyceraldehyde-3-phosphate that is subsequently fed

into central metabolism (Fig. 1c). Two of the four genes

are identified to be variants of known TBP aldolase sub-

unit GatY, while the other two genes are annotated to be
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TBP aldolase and related Type B Class II aldolases, but

have not been well-characterized.

We then performed structural analysis to confirm the

substrates and functions of the four genes annotated as

TBP aldolases. We obtained homology models for the

four proteins and compared them against the crystallized

structure of the known TBP aldolase [25] and fructose-

1,6-bisphosphate (FBP) aldolase [26], since these two

enzymes are highly similar. The models were found to

be more structurally similar to the known TBP aldolase,

rather than the FBP aldolase. This conclusion mainly

arose due to an extended sequence of amino acids in

FBP aldolase compared to TBP aldolase. This sequence

extends the α10 loop - α11 arm [25] that results in

the main differentiating feature between the enzymes’

monomer subunits. Additionally, differences in the sub-

strate binding sites lead to steric restrictions in FBP

aldolase that constrain its substrate to be highly specific

for FBP. All four predicted TBP aldolases contain differ-

ent sets of residues, suggesting that they have the potential

to greatly alter these steric restrictions and allow a wider

range of substrates (including TBP) to enter the binding

site. These differences are outlined in Additional file 2.

The presence of these additional TBP aldolases poten-

tially gives B2 strains an advantage to thrive in intestinal

mucosa, as TBP aldolase is an important enzyme that is

involved in the degradation of GalNAc and its derivatives

[24], as well as galactitol (Fig. 1c). These B2 strains are

likely to be more efficient in breaking down these nutri-

ent sources produced from mucus glycan, thus having

an advantage to survive in intestinal mucosa. Based on

these observations of differentiating metabolic features,

we next utilized genome-scalemodels to obtain a systems-

level understanding of themetabolic capabilities of B2 and

other strains.

Reconstruction of draft genome-scale metabolic models

for 110 strains

GEMs can be used to systematically determine the

metabolic capabilities of a strain [14]. We built GEMs

of the 110 strains by mapping their genomes to a pan-

metabolic model that contains all the reactions and genes

collected from a previous E. coli multi-strain study [17]

(see “Methods” section). We first identified 2485 core

metabolic reactions that are present in all 110 GEMs,

and 441 accessory reactions that are absent from at least

one GEM. Functional distribution of pan and core reac-

tions indicates that most accessory reactions are involved

in transport processes, carbon metabolism and cell enve-

lope biosynthesis (Fig. 2a), suggesting that these strains

are adapted to their own nutrient niches. Transporters in

bacteria are adapted to their environment in order to best

utilize the nutrients available [27]. Moreover, some acces-

sory reactions in the category of cell envelope biosynthesis

are involved in the synthesis of lipopolysaccharides (LPS),

molecules also known as endotoxins, that contribute to

the pathogenicity of E. coli strains. The toxic portion of

LPS, lipid A, induces a release of host proinflammatory

cytokines and causes infection within the host [28]. These

models illustrate potential variation in LPS components,

which could directly correlate with host inflammatory

state in IBD patients.

We specifically examined the distribution of reac-

tions in B2 and non-B2 strains. We investigated the

26 reactions that are unique to B2 strains, and iden-

tified three reactions that exist in more than 80%

of B2 strains: manganese ATP-binding cassette (ABC)

transporter, arabino-3-hexulose-6-phosphate isomerase,

and reversible dihydrolipoamide dehydrogenase (Fig. 2b).

Strains in both B2 and non-B2 groups are able to trans-

port manganese via permease, while only B2 strains are

able to transport manganese via ABC transporter. Knowl-

edge of the other two enzymes is limited, and are thus

potential experimental targets. In addition, three other

transport reactions involved in the uptake of phospho-

enolpyruvate, D-glycerate 2-phosphate, and D-glycerate

3-phosphate are also present in more than 30% of B2

strains. This is due to the presence of the pgtP gene,

originally found in Salmonella, which is responsible for

phosphoglycerate transport [29]. Thirteen reactions are

missing from all B2 models, but were later found to be

uncommon in non-B2 strains, as well. To further eluci-

date the differences in metabolic functions between B2

and non-B2 strains, we simulated growth of these strains

on a variety of nutrient sources.

Comparative analysis of GEMs highlights metabolic

capabilities unique to B2 E. coli strains

Growth simulation of GEMs predicted that strains in

the B2 group, including 52 isolates from IBD studies,

share similar metabolic capabilities (Fig. 3a), regardless

of the IBD status of their hosts. Growth simulations

were performed for 649 substrates under aerobic condi-

tions, as research has shown that aerobic respiration is

required for E. coli to colonize themouse intestine [30]. B2

strains isolated in IBD studies displayed distinct metabolic

capabilities compared to other InPEC strains, includ-

ing Enterotoxigenic E. coli, Enteropathogenic E. coli, and

Enteroaggregative E. coli, but are similar to ExPEC strains

in B2 groups such as Uropathogenic E. coli strains. This

result is interesting since a subset of AIEC and other

InPEC strains all colonize epithelial cells in the small

intestine [1, 31] and thus likely share a preferred microen-

vironment, yet they display distinct metabolic capabilities.

Specifically, B2 strains were predicted to be unable to

grow on certain substrates, including psicoselysine, fruc-

toselysine, meliobiose, cyanate, phenylpropanoate and

L-Xylulose (Table 1).
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Fig. 2 Reactions distribution in 110 GEMs. a Distribution of pan and core reactions in different systems for 110 E. colimodels. b Unique reactions in
models of B2 strains. Reactions present in more than 80% and 30% of B2 models are shown

We then investigated the most differentiating nutrient

sources between B2 and non-B2 strains: fructoselysine

and psicosylysine, also known as amadori products, that

are abundantly formed in heated food and decomposed by

microorganisms in the large intestine [32]. Further inves-

tigation using GEMs suggested that both the fructosely-

sine transporter and frl operon, including fructoselysine

6-kinase and fructoselysine 6-phosphate deglycase, are

missing from E. coli strains in phylogroup B2, resulting

in their inability to metabolize fructoselysine and psi-

coselysine. This result is consistent with experimental

data describing growth of mutant E. coli strains on fruc-

toselysine [33]. It is possible that B2 E. coli strains do

not use these substrates directly, but instead use their

derivatives produced by other organisms. Research has

shown that Intestinimonas AF211 and related bacteria

that are abundantly present in colonic samples are able to

convert amadori products into butyrate [34], a substrate

that could be metabolized by all E. coli strains in the B2

group, while 50% of the non-B2 strains failed to do so

(Fig. 3b). This could potentially explain the lack of degra-

dation enzymes for fructoselysine and psicoselysine in B2

strains: by dispensing these enzymes, B2 strains could rely

on neighboring bacteria to convert these substrates into

a more readily usable and potentially less sought after

product. Additionally, butyrate plays an important role

in maintaining intestinal homeostasis and has therapeutic

potential for IBD patients [35]. The elevated abundance of

B2 strains in IBD patients and their capability to metabo-

lize butyrate could potentially be related to the decreased

concentration of butyrate in feces of IBD patients [36] and

inflammation.

a b

c

Fig. 3 Simulated growth capabilities of 107 GEMs on various nutrient sources. a 107 strains are clustered by simulated growth capabilities on 143
differentiating nutrient sources. b Simulated growth on monosaccharides and their derivatives from mucus glycan. c Simulated growth on butyrate,
fructoselysine and psicoselysine
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Table 1 Growth substrates that differentiate E. coli strains in B2 phylogroup from other strains

Phylogroup B2 Other phylogroups

Growth Substrates AIEC IBD (%) Commensal IBD (%) ExPEC (%) InPEC (%) Commensal (%) Shigella (%)

Fructoselysine 0 3.2 0 90.9 69.2 87.5

Psicoselysine 0 3.2 0 90.9 69.5 87.5

Melibiose 4.6 6.5 33.3 81.8 57.7 100

L-Xylulose 4.6 6.5 33.3 45.5 69.2 12.5

Cyanate 4.6 6.5 33.3 90.9 65.4 0

Phenylpropanoate 4.6 6.5 33.3 90.91 65.4 12.5

Xanthosine 5’-phosphate 77.3 93.6 77.8 45.5 38.5 0

Xanthosine 77.3 93.6 77.8 45.5 38.5 0

Moreover, model simulations showed strains in phy-

logroup B2 differ from other strains in their abil-

ity to catabolize mucus monosaccharides. We exam-

ined the simulated growth capabilities of E. coli strains

on five monosaccharides and their derivatives that are

released from intestinal mucus glycan by commensals.

Simulated growth results suggest that 100% of the B2

strains can utilize all tested monosaccharides as their

sole carbon source, while only 65% of the strains from

other phylogroups can utilize all six substrates tested

(Fig. 3c).

Discussion
In this study, we delineated the specific metabolic capa-

bilities of E. coli B2 strains that are found to be prevalent

in IBD patients. Our study used pan-genome analysis of

metabolic genes and the growth capabilities they confer.

The study yielded three results: i) pan-genome analysis of

110 E. coli strains (including 53 isolates from IBD stud-

ies) revealed discriminating metabolic genes between B2

strains and other strains; ii) both comparative genomic

analysis and GEMs suggested that B2 strains have an

advantage in degrading and utilizing sugars derived from

mucus glycan, and iii) B2 strains display distinct metabolic

features, such as their inability to catabolize fructosely-

sine and psicoselysine, but instead are able to utilize the

derivatives produced by neighboring bacteria.

Pan-genome analysis of metabolic genes in 110 strains

revealed that B2 strains have distinct metabolic genes.

We identified genes that are unique to or more preva-

lent in B2 strains, including an extra copy of sucABCD

variant that encodes two important enzymes in the

TCA cycle. The importance and function of identified

genes need to be experimentally characterized in future

studies.

To evaluate the metabolic capabilities of these 110

strains on a systems level, we constructed draft models of

110 strains and examined their in silico growth capabili-

ties. B2 strains showed differentiating growth capabilities

on certain substrates (Table 1), including amadori prod-

ucts fructoselysine and psicoselysine, potentially because

they are able to utilize a derivative of amadori products -

butyrate, produced by their neighbouring bacteria.

Both pan-genome and GEM analysis showed that B2

strains have potential advantages that allow them to reside

within the human intestinal mucosa. In addition to exist-

ing TBP aldolases, GatY and KbaY, that are involved

in degrading mucus glycan component, B2 strains con-

tain four extra variants of TBP aldolases, suggesting a

potential advantage in utilizing intestinal mucus. Growth

simulation with GEMs also suggested that all B2 strains

are able to utilize all tested monosaccharides derived

from mucus glycan, while 35% of other strains failed

to do so.

Although we were able to identify common features

among B2 strains, we could not further differentiate sub-

groups within B2 strains (e.g. AIEC strains versus non-

AIEC strains, IBD isolates versus non-IBD isolates). To

separate subgroups of B2 strains, we explored diverse

datasets (e.g. a growth capability matrix and reaction con-

tent matrix generated fromGEMs, gene presence/absence

matrix generated from pan-genome) using various meth-

ods including feature selection method, supervised and

unsupervised clustering methods. Such attempts were not

entirely successful due to the following reasons: 1. AIEC

strains were shown to be a heterogeneous pathotype that

displays different genotypes, as shown in previous studies

[6]. Therefore, classification of AIEC strains based solely

on genomic information remains challenging. 2. Other

factors that affect IBD disease state were not taken into

account in this analysis, including environmental con-

ditions, host genetics and other microbial community

members. A broader approach that takes these factors

into consideration could provide valuable insight to the

role of E. coli strains in IBD patients. 3. Our study uti-

lized only genome sequences of E. coli strains, which only

delineates the genetic potentials, but not functional states

of these strains. Gene expression levels are unavailable
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for these strains, making it difficult for us to differentiate

subgroups of B2 strains (e.g. isolates from healthy con-

trols versus IBD patients). However, we hypothesize that

the genes identified here that are unique to B2 strains

may be upregulated and used during active IBD. This

hypothesis remains to be tested, however. Thus, while we

did not observe differences in genetic potential between

subgroups of B2 strains, gene expression data would likely

help differentiate IBD patient isolates from healthy control

isolates based on the different functional states they are in.

Conclusion
Taken together, these results suggest that the metabolic

capabilities of B2 strains vary from those of other strains,

enabling them to colonize intestinal mucosa. The results

from this study motivate a broad experimental assessment

of the ability of B2 E. coli strains to utilize different sub-

strates, and further investigations in if they confer growth

rate advantages under simulated intestinal conditions. If

these strain-specific growth advantages are confirmed in

vitro, the nutritional effects on E. coli B2 pathophysiology

in IBD patients should be rigorously evaluated.

Methods

Bacterial genome sequences

We collected 76 genome sequences (including 39 AIEC

strains) from various publications [6, 10, 11, 37–40]. We

recorded their associatedmetadata: IBD status of originat-

ing patient, anatomic site of collection, serotype, phylo-

type, and other relevant information where available (see

Additional file 1: Table S1). For comparison, we utilized

genome sequences of 57 other E. coli strains that span

various pathotypes as well as commensal strains, most of

which are collected from a previous multi-strain E. coli

study [17]. The quality of the genome sequences varied

since they originated from multiple publications. There-

fore, we calculated N50 scores of each genome sequence,

and only performed analysis on 110 E. coli strains (includ-

ing 53 IBD-associated strains) that have a N50 score

greater than 200,000.

Pan-genome construction and analysis

We first annotated 110 E. coli genome sequences and

aligned them against each other using CD-HIT [19] with

the cutoff for “align average” set to 80%, so that genes with

80% or more sequence similarity are grouped together.

We utilized the PATRIC database [41] to extract our

sequences and gene calls. All annotations in this resource

are called using the same pipeline that consists of assem-

bly with SPADES [42] and annotation with RAST [43].

RAST annotation has also provided EC numbers that

allow us to identify metabolic genes. With the alignment,

we created a binary matrix that describes the presence

or absence of each gene in the strains. We extracted only

metabolic genes with enzyme commision numbers. We

then performed feature selection using SelectKBest func-

tion from the scikit-learn package [20] to select the top

features that differentiate B2 and non-B2 strains.

Analysis of genes involved in mucus degradation

Genes that are involved in degrading the five monosac-

charides derived from mucus were primarily identified

from a previous study by Ravcheev and Thiele [24]. Gene

sequences of the identified genes were collected from the

supplementary file of the aforementioned paper. Addi-

tional genes involved in galactose metabolism were iden-

tified and added based on gene annotation and known

pathways. Genome sequences of 110 strains were blasted

against 48 identified genes with a threshold of 80%

sequence similarity using BLAST [44].

Protein structural analysis of TBP aldolase

To inspect the possible functions of the additional four

predicted class II TBP aldolases in B2 strains, we car-

ried out a comparative analysis of each enzyme’s pre-

dicted protein structure. Homologymodels were obtained

from two modeling pipelines (SWISS-MODEL [45] and

I-TASSER [46]) in order to compare results from differ-

ent modeling approaches. Models were compared to the

only crystallized structure of TBP aldolase (PDB ID: 1GVF

[25]) and a structure of FBP aldolase (PDB ID: 1B57 [26]),

which are both bound to a substrate analog of the nat-

ural substrate of TBP as well as the cations required for

catalysis. Important residues for catalysis were gathered

fromHall et al. [25] for comparison in all models. The two

sets of homology models were found to be very similar in

overall structure and location of these important residues,

and as a result the reported results do not differ between

the generated models. For visualization, VMD [47] was

used along with the MultiSeq plugin [48] to structurally

superimpose all models.

Draft model reconstruction of other E. coli strains

We first created an E. coli pan model that combines all

the genes, reactions, and metabolites in the 55 E. coli

models reconstructed by Monk et al. [17]. In addition,

in order to incorporate any novel metabolic functions

in the 110 strains that are absent from the previously-

built E. coli models, we identified 340 metabolic genes

in the constructed pan-genome that are absent from the

previously studied 55 strains. However, the majority of

the 340 genes are variants of existing genes, and only

96 genes may encode new functions. For these 96 genes,

we utilized Uniprot [49] database to identify associated

reactions, with the following criteria to select the reac-

tions to include: 1) Not involved in DNA/RNA modifica-

tion, as suggested by the established GEM reconstruction

protocol [50]; 2) experimentally proven to be present in E.
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coli; 3) have a defined reaction with specificity; 4) do not

duplicate with existing reactions in the 55 GEMs. In the

end, we only identified five new metabolic reactions that

fulfill all above requirements (see Additional file 1: Table

S3), mainly because these strains are not as well studied

compared to the previous 55 strains, and little experimen-

tal evidence was found for the majority of the investigated

metabolic functions. We then added these new reactions

to the pan model created from the previous 55 models. To

create strain-specific draft models, we mapped the 110 E.

coli genome sequences to all the genes in the pan model

using BLAST [44], and set a homology threshold of 80%

for a gene to be considered present in the strain. Themiss-

ing genes and their correlated reactions and metabolites

in each strain were removed from the pan model to create

strain-specific draft models.

In silico growth simulations

Growth simulation for E. coli draft models were per-

formed using COBRApy [51].We usedM9minimal media

with the lower bound of exchange reactions for the follow-

ing substrate set to -1000: Ca2+, Cl−, CO2, Co2+, Cu2+,

Fe2+, Fe3+, H+, H2O, K+, Mg2+, Mn2+, MoO4 2, Na+,

Ni2+, SeO4
2
−, SeO3

2
+, and Zn2+. Another essential sub-

strate is cob(I)alamin, for which the exchange reaction has

a lower bound of -0.01. In addition, the default carbon

source is glucose with default lower bound set to be -20,

while the default nitrogen, sulfur and phosphate sources

are NH4
−, SO4

2, HPO4
2 with the lower bounds all set

to be -1000. We evaluated if sole carbon, nitrogen, sulfur

or phosphate substrates supported growth by setting the

lower bound of the exchange reaction of the default sub-

strate to 0, and added sole substrates by setting the lower

bound of exchange reaction to -10. We simulated growth

under aerobic conditions with the lower bound of the oxy-

gen exchange reaction set to -20. If the simulated growth

rate is greater than 1% of the original growth rate (when all

default nutrient sources are used), the strain is considered

to be able to grow under the tested condition.

Among all 110 strains tested, three draft GEMs were

not able to simulate growth on the majority of the sub-

strates, potentially due to auxotrophy: E. coli str K-12

substr DH10B, E. coli O111 H-str 11128, E. coli NA114.

These strains were therefore excluded from the following

growth capability analysis.

We used SelectKBest function in scikit-learn package

[20] to select the top 10 growth substrates that differen-

tiate B2 and non-B2 strains, with the score function set

to “f_classif”. We then summarized the percentage strains

in each pathotype that could utilize these substrates in

Table 1. Note that in Table 1 we classified pathotypes to

B2 group and non-B2 group, but with a few exceptions in

both groups: i.e. non-B2 strains in the ExPEC group and

B2 strains in the commensal group.

Additional files

Additional file 1: Table S1:Metadata of 110 strains. Table S2: Genes
associated with mucus degradation. Table S3:Metabolic reactions added
to previous reconstruction. (XLSX 32 kb)

Additional file 2: Additional analysis and results. (PDF 1776 kb)

Abbreviations

ABC: ATP-binding cassette; AIEC: Adherent-invasive E. coli; EC: Enzyme
Commission; ExPEC: Extra-intestinal E. coli; FBP: Fructose-1,6-bisphosphate;
FDR: False Discovery Rate; GalNAc: N-acetylgalactosamine; GEM: Genome-scale
model; GlcNAc: N-acetylglucosamine; IBD: Inflammatory bowel disease; InPEC:
Intra-intestinal E. coli; LPS: Lipopolysaccharides; Neu5Ac: N-acetylneuraminic
acid; TBP: Tagatose 1,6-bisphosphate; TCA: Tricarboxylic acid

Funding

This research is supported by Microbial Science Initiative Graduate Research
Fellowship (UCSD Center for Microbiome Innovation), NIH Grant
1-U01-AI124316-01, Novo Nordisk Foundation Center for Biosustainability and
the Technical University of Denmark (grant number NNF10CC1016517).

Availability of data andmaterials

The genome sequences analyzed in the current study are available from their
original publications (Additional file 1: Table S1).The draft GEMs created during
the current study are available from the corresponding author on reasonable
request.

Author’s contributions

XF and JM performed pan-genome analysis and GEMs analysis. NM performed
the structural analysis. LS and BOP conceived the study and revised the
manuscript. BD, AVS, EK, and YS revised the manuscript. All authors read and
approved the final manuscript.

Ethics approval and consent to participate

Not Applicable.

Competing interests

The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Bioengineering, University of California San Diego, 9500
Gilman Drive, 92093 La Jolla, CA, USA. 2Department of Bioinformatics and
Systems Biology, University of California San Diego, 9500 Gilman Drive, 92093
La Jolla, CA, USA. 3Department of Computer Science and Engineering,
University of California San Diego, 9500 Gilman Drive, 92093 La Jolla, CA, USA.
4California Institute for Telecommunications and Information Technology,
University of California San Diego, 9500 Gilman Drive, 92093 La Jolla, CA, USA.
5The Novo Nordisk Foundation Center for Biosustainability, Technical
University of Denmark, Anker Engelunds Vej 1 Bygning 101A, 2800 Kgs.,
Lyngby, Denmark. 6Department of Pediatrics, University of California San
Diego, 9500 Gilman Drive, 92093 La Jolla, CA, USA.

Received: 12 March 2018 Accepted: 21 May 2018

References

1. Martinez-Medina M, Garcia-Gil LJ. Escherichia coli in chronic inflammatory
bowel diseases: An update on adherent invasive escherichia coli
pathogenicity. World J Gastrointest Pathophysiol. 2014;5(3):213–27.

2. Sartor RB, Mazmanian SK. Intestinal microbes in inflammatory bowel
diseases. Am J Gastroenterol Suppl. 2012;1(1):15.

3. Palmela C, Chevarin C, Xu Z, Torres J, Sevrin G, Hirten R, Barnich N, Ng SC,
Colombel J-F. Adherent-invasive escherichia coli in inflammatory bowel
disease. Gut. 2018;67:574–587.

https://doi.org/10.1186/s12918-018-0587-5
https://doi.org/10.1186/s12918-018-0587-5


Fang et al. BMC Systems Biology  (2018) 12:66 Page 9 of 10

4. Kotlowski R, Bernstein CN, Sepehri S, Krause DO. High prevalence of
escherichia coli belonging to the B2+D phylogenetic group in
inflammatory bowel disease. Gut. 2007;56(5):669–75.

5. Martinez-Medina M, Aldeguer X, Lopez-Siles M, González-Huix F,
López-Oliu C., Dahbi G, Blanco J, Blanco J, Garcia-Gil LJ,
Darfeuille-Michaud A. Molecular diversity of escherichia coli in the human
gut: new ecological evidence supporting the role of adherent-invasive e.
coli (AIEC) in crohn’s disease. Inflamm Bowel Dis. 2009;15(6):872–82.

6. O’brien CL, Bringer M-A, Holt KE, Gordon DM, Dubois AL, Barnich N,
Darfeuille-Michaud A, Pavli P. Comparative genomics of Crohn’s
disease-associated adherent-invasive escherichia coli. Gut. 2017;66:
1382–1389.

7. Conte MP, Longhi C, Marazzato M, Conte AL, Aleandri M, Lepanto MS,
Zagaglia C, Nicoletti M, Aloi M, Totino V, Palamara AT, Schippa S.
Adherent-invasive escherichia coli (AIEC) in pediatric crohn’s disease
patients: phenotypic and genetic pathogenic features. BMC Res Notes.
2014;7:748.

8. Vejborg RM, Hancock V, Petersen AM, Krogfelt KA, Klemm P.
Comparative genomics of escherichia coli isolated from patients with
inflammatory bowel disease. BMC Genomics. 2011;12:316.

9. Miquel S, Peyretaillade E, Claret L, de Vallée A, Dossat C, Vacherie B,
Zineb EH, Segurens B, Barbe V, Sauvanet P, Neut C, Colombel J-F,
Medigue C, Mojica FJM, Peyret P, Bonnet R, Darfeuille-Michaud A.
Complete genome sequence of crohn’s disease-associated
adherent-invasive e. coli strain LF82. PLoS ONE. 2010;5(9):e12714.

10. Krause DO, Little AC, Dowd SE, Bernstein CN. Complete genome
sequence of adherent invasive escherichia coli UM146 isolated from ileal
crohn’s disease biopsy tissue. J Bacteriol. 2011;193(2):583.

11. Nash JH, Villegas A, Kropinski AM, Aguilar-Valenzuela R, Konczy P,
Mascarenhas M, Ziebell K, Torres AG, Karmali MA, Coombes BK. Genome
sequence of adherent-invasive escherichia coli and comparative genomic
analysis with other e. coli pathotypes. BMC Genomics. 2010;11:667.

12. Nowrouzian FL, Adlerberth I, Wold AE. Enhanced persistence in the
colonic microbiota of escherichia coli strains belonging to phylogenetic
group b2: role of virulence factors and adherence to colonic cells.
Microbes Infect. 2006;8(3):834–40.

13. McCloskey D, Palsson BØ, Feist AM. Basic and applied uses of
genome-scale metabolic network reconstructions of escherichia coli. Mol
Syst Biol. 2013;9(1):661.

14. O’Brien EJ, Monk JM, Palsson BO. Using genome-scale models to predict
biological capabilities. Cell. 2015;161(5):971–87.

15. Orth JD, Thiele I, Palsson BØ. What is flux balance analysis?. Nat
Biotechnol. 2010;28(3):245–8.

16. Feist AM, Palsson B. Ø. The growing scope of applications of
genome-scale metabolic reconstructions using escherichia coli. Nat
Biotechnol. 2008;26(6):659–67.

17. Monk JM, Charusanti P, Aziz RK, Lerman JA, Premyodhin N, Orth JD,
Feist AM, Palsson BØ. Genome-scale metabolic reconstructions of multiple
escherichia coli strains highlight strain-specific adaptations to nutritional
environments. Proc Natl Acad Sci U S A. 2013;110(50):20338–43.

18. Snipen L, Almøy T, Ussery DW. Microbial comparative pan-genomics
using binomial mixture models. BMC Genomics. 2009;10:385.

19. Fu L, Niu B, Zhu Z, Wu S, Li W. CD-HIT: accelerated for clustering the
next-generation sequencing data. Bioinformatics. 2012;28(23):3150–2.

20. Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O,
Blondel M, Prettenhofer P, Weiss R, Dubourg V, Vanderplas J, Passos A,
Cournapeau D, Brucher M, Perrot M, Duchesnay É. Scikit-learn: Machine
learning in python. J Mach Learn Res. 2011;12(Oct):2825–30.

21. Mi H, Huang X, Muruganujan A, Tang H, Mills C, Kang D, Thomas PD.
PANTHER version 11: expanded annotation data from gene ontology and
reactome pathways, and data analysis tool enhancements. Nucleic Acids
Res. 2017;45(D1):183–9.

22. Park SJ, Chao G, Gunsalus RP. Aerobic regulation of the sucABCD genes
of escherichia coli, which encode alpha-ketoglutarate dehydrogenase
and succinyl coenzyme a synthetase: roles of ArcA, fnr, and the upstream
sdhCDAB promoter. J Bacteriol. 1997;179(13):4138–42.

23. Mahowald MA, Rey FE, Seedorf H, Turnbaugh PJ, Fulton RS, Wollam A,
Shah N, Wang C, Magrini V, Wilson RK, Cantarel BL, Coutinho PM,
Henrissat B, Crock LW, Russell A, Verberkmoes NC, Hettich RL, Gordon JI.
Characterizing a model human gut microbiota composed of members of
its two dominant bacterial phyla. Proc Natl Acad Sci U S A. 2009;106(14):
5859–64.

24. Ravcheev DA, Thiele I. Comparative genomic analysis of the human gut
microbiome reveals a broad distribution of metabolic pathways for the
degradation of Host-Synthetized mucin glycans and utilization of
Mucin-Derived monosaccharides. Front Genet. 2017;8:111.

25. Hall DR, Bond CS, Leonard GA, Watt CI, Berry A, Hunter WN. Structure of
tagatose-1,6-bisphosphate aldolase. insight into chiral discrimination,
mechanism, and specificity of class II aldolases. J Biol Chem. 2002;277(24):
22018–24.

26. Hall DR, Leonard GA, Reed CD, Watt CI, Berry A, Hunter WN. The crystal
structure of escherichia coli class II fructose-1, 6-bisphosphate aldolase in
complex with phosphoglycolohydroxamate reveals details of mechanism
and specificity. J Mol Biol. 1999;287(2):383–94.

27. Ferenci T. Adaptation to life at micromolar nutrient levels: the regulation
of escherichia coli glucose transport by endoinduction and cAMP. FEMS
Microbiol Rev. 1996;18(4):301–17.

28. Wilson JW, Schurr MJ, LeBlanc CL, Ramamurthy R, Buchanan KL,
Nickerson CA. Mechanisms of bacterial pathogenicity. Postgrad Med J.
2002;78(918):216–24.

29. Niu S, Jiang SQ, Hong J. Salmonella typhimurium pgtb mutants
conferring constitutive expression of phosphoglycerate transporter pgtp
independent of pgtc. J Bacteriol. 1995;177(15):4297–302.

30. Jones SA, Chowdhury FZ, Fabich AJ, Anderson A, Schreiner DM, House AL,
Autieri SM, Leatham MP, Lins JJ, Jorgensen M, Cohen PS, Conway T.
Respiration of escherichia coli in the mouse intestine. Infect Immun.
2007;75(10):4891–9.

31. Arenas-Hernández MMP, Martínez-Laguna Y, Torres AG. Clinical
implications of enteroadherent escherichia coli. Curr Gastroenterol Rep.
2012;14(5):386–94.

32. Erbersdobler HF, Faist V. Metabolic transit of amadori products. Nahrung.
2001;45(3):177–81.

33. Wiame E, Van Schaftingen E. Fructoselysine 3-epimerase, an enzyme
involved in the metabolism of the unusual amadori compound
psicoselysine in escherichia coli. Biochem J. 2004;378(Pt 3):1047–52.

34. Bui TPN, Ritari J, Boeren S, de Waard P, Plugge CM, de Vos WM.
Production of butyrate from lysine and the amadori product
fructoselysine by a human gut commensal. Nat Commun. 2015;6:10062.

35. Geirnaert A, Calatayud M, Grootaert C, Laukens D, Devriese S, Smagghe G,
De Vos M, Boon N, Van de Wiele T. Butyrate-producing bacteria
supplemented in vitro to crohn’s disease patient microbiota increased
butyrate production and enhanced intestinal epithelial barrier integrity.
Sci Rep. 2017;7(1):11450.

36. Walsh CJ, Guinane CM, Hill C, Ross RP, O’Toole PW, Cotter PD. In silico
identification of bacteriocin gene clusters in the gastrointestinal tract,
based on the human microbiome project’s reference genome database.
BMC Microbiol. 2015;15:183.

37. Clarke DJ, Chaudhuri RR, Martin HM, Campbell BJ, Rhodes JM,
Constantinidou C, Pallen MJ, Loman NJ, Cunningham AF, Browning DF,
Henderson IR. Complete genome sequence of the crohn’s
disease-associated adherent-invasive escherichia coli strain HM605. J
Bacteriol. 2011;193(17):4540.

38. Desilets M, Deng X, Deng X, Rao C, Ensminger AW, Krause DO,
Sherman PM, Gray-Owen SD. Genome-based definition of an
inflammatory bowel disease-associated Adherent-Invasive escherichia
coli pathovar. Inflamm Bowel Dis. 2016;22(1):1–12.

39. Dogan B, Suzuki H, Herlekar D, Sartor RB, Campbell BJ, Roberts CL,
Stewart K, Scherl EJ, Araz Y, Bitar PP, Lefébure T., Chandler B, Schukken YH,
Stanhope MJ, Simpson KW. Inflammation-associated adherent-invasive
escherichia coli are enriched in pathways for use of propanediol and iron
and m-cell translocation. Inflamm Bowel Dis. 2014;20(11):1919–32.

40. Zhang Y, Rowehl L, Krumsiek JM, Orner EP, Shaikh N, Tarr PI, Sodergren E,
Weinstock GM, Boedeker EC, Xiong X, Parkinson J, Frank DN, Li E,
Gathungu G. Identification of candidate Adherent-Invasive e. coli
signature transcripts by Genomic/Transcriptomic analysis. PLoS ONE.
2015;10(6):0130902.

41. Wattam AR, Abraham D, Dalay O, Disz T, Driscoll T, Gabbard JL,
Gillespie JJ, Gough R, Hix D, Kenyon R, Machi D, Mao C, Nordberg EK,
Olson R, Overbeek R, Pusch GD, Shukla M, Schulman J, Stevens R,
Sullivan DE, Vonstein V, Warren A, Will R, Wilson MJC, Yoo HS, Zhang C,
Zhang Y, Sobral BW. PATRIC, the bacterial bioinformatics database and
analysis resource. Nucleic Acids Res. 2014;42(Database issue):581–91.

42. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,



Fang et al. BMC Systems Biology  (2018) 12:66 Page 10 of 10

Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. SPAdes: a new genome
assembly algorithm and its applications to single-cell sequencing. J
Comput Biol. 2012;19(5):455–77.

43. Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, Formsma K,
Gerdes S, Glass EM, Kubal M, Meyer F, Olsen GJ, Olson R, Osterman AL,
Overbeek RA, McNeil LK, Paarmann D, Paczian T, Parrello B, Pusch GD,
Reich C, Stevens R, Vassieva O, Vonstein V, Wilke A, Zagnitko O. The
RAST server: rapid annotations using subsystems technology. BMC
Genomics. 2008;9:75.

44. McGinnis S, Madden TL. BLAST: at the core of a powerful and diverse set
of sequence analysis tools. Nucleic Acids Res. 2004;32(Web Server issue):
20–5.

45. Biasini M, Bienert S, Waterhouse A, Arnold K, Studer G, Schmidt T, Kiefer
F, Gallo Cassarino T, Bertoni M, Bordoli L, Schwede T. SWISS-MODEL:
modelling protein tertiary and quaternary structure using evolutionary
information. Nucleic Acids Res. 2014;42(Web Server issue):252–8.

46. Roy A, Kucukural A, Zhang Y. I-TASSER: a unified platform for automated
protein structure and function prediction. Nat Protoc. 2010;5(4):725–38.

47. Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynamics. J
Mol Graph. 1996;14(1):33–8278.

48. Roberts E, Eargle J, Wright D, Luthey-Schulten Z. MultiSeq: unifying
sequence and structure data for evolutionary analysis. BMC
Bioinformatics. 2006;7:382.

49. The UniProt Consortium. UniProt: the universal protein knowledgebase.
Nucleic Acids Res. 2017;45(D1):158–69.

50. Thiele I, Palsson BØ. A protocol for generating a high-quality
genome-scale metabolic reconstruction. Nat Protoc. 2010;5(1):93–121.

51. Ebrahim A, Lerman JA, Palsson BO, Hyduke DR. Cobrapy:
Constraints-based reconstruction and analysis for python. BMC Syst Biol.
2013;7(1):74. https://doi.org/10.1186/1752-0509-7-74.

https://doi.org/10.1186/1752-0509-7-74

	Abstract
	Background
	Results
	Conclusions
	Keywords

	Background
	Results
	Strain collection studied
	Strains in B2 phylogroup contain distinct metabolic genes compared to strains in other phylogroups
	IBD isolates and other ExPEC strains in the B2 phylogroup contain unique metabolic genes that enable them to utilize mucus glycan
	Reconstruction of draft genome-scale metabolic models for 110 strains
	Comparative analysis of GEMs highlights metabolic capabilities unique to B2 E. coli strains

	Discussion
	Conclusion
	Methods
	Bacterial genome sequences
	Pan-genome construction and analysis
	Analysis of genes involved in mucus degradation
	Protein structural analysis of TBP aldolase
	Draft model reconstruction of other E. coli strains
	In silico growth simulations

	Additional files
	Additional file 1
	Additional file 2

	Abbreviations
	Funding
	Availability of data and materials
	Author's contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher's Note
	Author details
	References

