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Abstract

The O antigen constitutes the outermost part of the lipopolysaccharide layer in Gram-negative bac-
teria. The chemical composition and structure of the O antigen show high levels of variation even
within a single species revealing itself as serological diversity. Here, we present a complete sequence
set for the O-antigen biosynthesis gene clusters (O-AGCs) from all 184 recognized Escherichia coli O
serogroups. By comparing these sequences, we identified 161 well-defined O-AGCs. Based on the
wzx/wzy or wzm/wzt gene sequences, in addition to 145 singletons, 37 serogroups were placed into
16 groups. Furthermore, phylogenetic analysis of all the E. coli O-serogroup reference strains re-
vealed that the nearly one-quarter of the 184 serogroups were found in the ST10 lineage, which
may have a unique genetic background allowing a more successful exchange of O-AGCs. Our
data provide a complete view of the genetic diversity of O-AGCs in E. coli showing a stronger asso-
ciation between host phylogenetic lineage and O-serogroup diversification than previously recog-
nized. These data will be a valuable basis for developing a systematic molecular O-typing scheme
that will allow traditional typing approaches to be linked to genomic exploration of E. coli diversity.
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1. Introduction lipopolysaccharide (LPS) present in the outer membrane of Gram-

Cell-surface polysaccharides play an essential role in the ability of bac- negative bacteria. The chemical composition and structure of the
teria to survive and persist in the environment and in host organisms. O-antigen exhibit high levels of variation even within a single spe-
The O-antigen polysaccharide constitutes the outermost part of the cies.”™ This observation is corroborated by the huge serological
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variation of somatic O antigens. Currently, the O serogrouping, some-
times combined with H (flagellar) antigens and K (capsular polysac-
charide) antigens, is a standard method for subtyping of Escherichia
coli strains in taxonomical and epidemiological studies. In particular,
identification of strains of the same O serogroup is a prerequisite to
start any actions for outbreak investigations and surveillance.

Thus far, the World Health Organization Collaborating Centre for
Reference and Research on Escherichia and Klebsiella based at the
Statens Serum Institut (SSI) in Denmark (http:/www.ssi.dk/English.
aspx) has recognized 184 E. coli O serogroups. It is generally believed
that the O serogrouping of E. coli strains provides valuable informa-
tion for identifying pathogenic clonal groups, especially for public
health surveillance. For example, O157 is a leading O serogroup asso-
ciated with enterohemorrhagic E. coli (EHEC) and is a significant
food-borne pathogen worldwide.®” Other important EHEC O
serogroups include 026, 0103, and O111.% The Shiga toxin-
producing E. coli O104:H4 was found responsible for a large
human food-borne disease outbreak in Europe, 2011.° Another not-
able example is strains of serogroup O235; extended-spectrum beta
lactamase (ESBL)-producing, multidrug-resistant E. coli 025:H4
has emerged worldwide to cause a wide variety of community and
nosocomial infections.'°

In E. coli, the genes required for O-antigen biosynthesis are clus-
tered at a chromosomal locus flanked by the colanic acid biosynthesis
gene cluster (wca genes) and the histidine biosynthesis (bis) operon.
Generally, the O-antigen biosynthesis genes fall into three classes: (i)
the nucleotide sugar biosynthesis genes, (ii) the sugar transferase
genes, and (iii) those for O-unit translocation and chain synthesis
(wzxlwzy in the Wzx/Wzy-dependent pathway and wzm/wzt in the
Wzm/Wzt-dependent ABC transporter pathway).!! To date, >90
types of O-antigen biosynthesis gene cluster (O-AGC) sequences
have been determined, with the majority derived from major human
and animal pathogens.'? Sequence comparisons of these O-AGCs in-
dicate a great variety of genetic structures. Several studies have pro-
vided evidence to show that horizontal transfer and replacement of
a part or all of the O-AGC have caused shifts in O serogroups.'>™°
Alternatively, point mutations in the glycosyltransferase genes in the
O-AGC or acquisition of alternative O-antigen modification genes,
which are located outside of the O-AGC, have also been shown to re-
sult in structural alterations of O antigen and concomitant change in
the serotype of the isolate.'®”

Genes or DNA sequences specific for each O serogroup can be used
as targets for the identification of O serogroups via molecular ap-
proaches, such as PCR-based and hybridization-based methods.
Such systems have already been developed by several researchers to
target specific O-antigen types.'> '8 In particular, molecular assays
targeting major O serogroups are routinely used in EHEC surveillance
for clinical or food sample screening. Considering the range of diseases
caused by E. coli strains belonging to many different serogroups, a
more comprehensive and detailed O-AGC information for the com-
plete set of E. coli O serogroups is of significant clinical importance
for generating a rational molecular typing scheme. This molecular typ-
ing scheme, which could be performed in silico directly on sequence
data, also offers a mechanism with which to link the ever-expanding
genomic data to our extensive epidemiological and biological knowl-
edge of this pathogen, based on O-antigen typing. Moreover, these
data will also provide a much better understanding of the complex me-
chanisms by which a huge diversity in O serogroups have arisen. Here,
we present a complete sequence set for the O-AGCs from all 184
E. coli O serogroups, which include recently added serogroups (0182~
0187), providing a complete picture of the O-AGC diversity in E. coli.

2. Materials and methods

2.1. Bacterial strains, culture condition, and DNA
preparation

Reference strains of all 184 recognized E. coli O serogroups were ob-
tained from SSI (see Supplementary Table S1). Cells were grown to the
stationary phase at 37°C in Luria-Bertani medium. Genomic DNA
was purified using the Wizard Genomic DNA purification kit (Prome-
ga) according to the manufacturer’s instructions.

2.2. O-AGC sequences and comparative analyses

One hundred and eight E. coli O-AGC sequences were determined by
Sanger-based capillary sequencing and/or Illumina MiSeq sequencing
from PCR products covering O-AGCs (Supplementary Table S1). The
0O-AGC regions of the reference strains were amplified by PCR using
10 ng of genomic DNA as template with the Tks Gflex DNA polymer-
ase (Takara Bio Inc.) by 25 amplification cycles for 10 s at 98°C and
for 16 m at 69°C, and with a combination of three forward primers
(TATGCCAGCGGCACCAAACG, ATACCGGCGATGAAAGCC,
and GCGGGTGGGATTAAGTCTCT) designed on the hisFI genes
and two reverse primers (GTGATGCAGGAATCCTCTGT and
CCACGCTAATTACGCCATCTT) designed on the wcaM genes, or
strain-specific primers designed based on the draft genome sequences
determined using the MiSeq system from reference strains. Identifica-
tion and functional annotation of the CDSs were performed based
on the results of homology searches against the public, non-redundant
protein database using BLASTP. The sequences reported in this
article have been deposited in the GenBank database (accession
no. AB811596-AB811624, AB812020-AB812085, and AB972413-
AB972425). The other 76 E. coli O-AGC sequences were obtained
from public databases. For a list of accession numbers, see Supplemen-
tary Table S1.

2.3. Phylogenetic analysis

Multilocus sequence typing (MLST) was carried out according to the
protocol described on the E. coli MLST website (http:/mlst.warwick.
ac.uk/mlst/dbs/Ecoli), and the phylogenetic relationships of reference
strains were analysed based on the concatenated sequences
(3,423 bp) of seven housekeeping genes (adk, fumC, gyrB, icd, mdb,
purA, and recA) used for MLST. Multiple alignments of DNA and
amino acid sequences were constructed by using the CLUSTAL W pro-
gram.”! Phylogenetic trees were constructed by using the neighbour-
joining algorithm using the MEGA4 softrware.”*

3. Results

3.1. Genetic structures of the O-AGCs from all

E. coli O serogroups

Of the 184 known O serogroups, 76 complete O-AGC sequences
were obtained from public databases. The sequence of the other
108 O-AGC was determined in this study from E. coli O-serogroup
reference strains (Supplementary Table S1). Our analysis of these se-
quences confirmed several previously observed characteristics of
O-AGCs in E. coli (Supplementary Fig. S1). In brief, O-AGCs are
located between the wca and bis operons. This region contains
three housekeeping genes: galF (encoding UTP-glucose-1-phosphate
uridylyltransferase), gnd (6-phosphogluconate dehydrogenase), and
ugd (UDP-glucose 6-dehydrogenase), and most genes for O-antigen
biosynthesis in each cluster are directly flanked by galF and gnd/ugd,
while gne (UDP-GalNAc-4-epimerase) and wzz (O-antigen chain
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length determination protein) located immediately outside of the re-
gion between galF and gnd/ugd (see Supplementary Fig. S1). The ex-
ceptions for this are the O-AGCs for O serogroups O14 and 057,
which contain no O-antigen genes at the typical locus. However, it
is known that the E. coli O14 reference strain Su4411-41 shows an O
rough phenotype and lacks the O-AGC.** For 057, a further ana-
lysis is also required to investigate the presence of O-antigen struc-
ture in the LPS of the reference strain. Our data revealed that the
0O-AGCs located between galF and gnd ranged in size from
4.5 kbp (01535, including four genes) to 19.5 kbp (0108, including
18 genes).

3.1.1. Nucleotide sugar biosynthesis genes

Genes required for the deoxythymidine diphosphate (dTDP)-sugar
biosynthesis pathway (rmIBDAC) to synthesize dTDP-L-rhamnose
(dTDP-L-Rha), the precursor of L-Rha, were widely distributed in
the O-AGCs (conserved in 56 O-serogroup O-AGCs; see Supplemen-
tary Fig. S1). The vioAB operon, for the biosynthesis of dTDP-N-
acetylviosamine (dTDP-VioNAc), the precursor of VioNAc, was
present in three O-serogroup O-AGCs; the fnlABC operon for the
synthesis of uridine diphosphate (UDP)-N-acetyl-L-fucosamine
(UDP-L-FucNAc), the precursor of L-FucNAc, was in 11 O-serogroup
O-AGCs; the fnlA-gnlBC genes for the synthesis of UDP-
N-acetyl-L-quinovosamine (UDP-L-QuiNAc), the precursor of L-QuiNAc,
were in four O-serogroup O-AGCs; the n7aDBCA genes for synthesis
of cytidine monophosphate (CMP)-N-acetylneuraminate (CMP-
NeuNAc), the precursor of N-acetylneuraminic acid (Neu5Ac or sialic
acid), were found in six O-serogroup O-AGCs (Supplementary
Fig. S1). In addition, a gene set comprising seven genes putatively in-
volved in the synthesis of di-N-acetyl-8-epilegionaminic acid (8eLe-
g5Ac7Ac) were found in three O-serogroup O-AGCs. For at least 49
O serogroups, gene sets for nucleotide sugar biosynthesis were not
found in their O-AGCs (Supplementary Fig. S1), suggesting that, in
these serogroups, nucleotide sugars required for O-antigen biosyn-
thesis were synthesized by pathways encoded by the genes located
outside of the O-AGCs.

3.1.2. Glycosyltransferase

Each O-AGC contained two to six genes encoding putative glycosyl-
transferases for synthesizing O-antigen subunits and a total of 611 gly-
cosyltransferase genes identified in all O-AGCs. Pfam analysis
revealed that at least 25 types of glycosyltransferase-related domains
were found in the 611 glycosyltransferase genes (Supplementary
Table S2). ‘Glycosyl transferases group 1’ (PF00534) and ‘Glycosyl
transferase family 2> (PF00535) were the most widely distributed do-
mains, which were found in 216 and 253 genes, respectively. Except
for the five genes belonging to ‘Glycosyltransferase family 52’
(PF07922), which were found in five of the six n7aDBCA-containing
0O-AGCs (024,056,0104,0131,and O171), there were no relation-
ships between the type of glycosyltransferase-related domain and the
gene set for sugar synthesis in each O-AGC.

3.1.3. O-antigen subunit translocation and chain synthesis

All O-AGC:s carried either wzx/wzy or wzm/wzt gene pairs. Of the
182 O-AGCs (the above-mentioned O14 and O57 were excluded
from the 184 clusters analysed in this study), 171 carried the wzx/
wzy genes, and the other 11 carried the wzm/wzt genes (Supplemen-
tary Fig. S1 and Table S1). Detailed sequence comparisons of the wzx/
wzy and wzmlwzt genes are described below.

3.2. Grouping the O-AGCs by sequence

On the basis of sequences and genetic structures of the entire O-AGC
regions, in addition to 145 unique O-AGCs from different E. coli O
serogroups, the O-AGCs from 37 O serogroups could be placed into
16 groups (named Gp1-Gp16) with the members of each group hav-
ing identical or very similar O-AGC genes (mostly sharing >95%
DNA sequence identity) (Fig. 1). This included nine groups with mem-
bers of different serogroups but which carried identical O-AGC gene
sets (Gp1-Gp9) and one group, Gp10, where two strains (O13 and
0129) of the three-member group carried an identical O-AGC gene
set (sharing 98.3-99.9% DNA sequence identity) (Fig. 1). The rea-
son(s) why they belong to different O serogroups even though they
have identical O-AGCs are discussed in the Discussion section. Indels
or exchange of one or more genes was also shown to explain the dif-
ferences between O135 and other members of Gp10 and members
Gp11-Gp16, which otherwise carried highly conserved orthologous
genes (summarized in Fig. 1). Simple insertions of insertion sequence
(IS) elements containing one or two transposase genes were found in
three groups without any gene disruption: an 1S629 insertion in
O18ab of Gp12, ISEc11 in 0164 of Gp13, and IS1 in 062 of
Gp14. IS element-associated replacement of the right-end portion of
the O-AGC had occurred in three groups, Gp14, Gp15, and Gp16, re-
sulting in the replacement (or deletion) of glycosyltransferase gene(s).
Exchange of the wzx gene had also occurred in Gp16. These data sug-
gest that IS elements are important drivers for generating O-antigen
biosynthesis gene replacement and therefore diversity.

3.3. Diversity and specificity of the wzx/wzy or wzm/wzt
genes among the E. coli O-AGCs

As previously proposed,'* most wzx/wzy or wzmlwzt orthologues
showed high levels of sequence diversity and their sequences were un-
ique to each O-AGC or O-AGC group described above (Fig. 2 and
Supplementary Fig. S2). DNA sequence identities of the closest pairs
were <70%, except for the 096/0170 pair, the wzx genes of which
showed 86% DNA sequence identity. Within the 16 O-AGC groups,
the orthologous wzx/wzy or wzm/wzt genes also showed high se-
quence conservation (>95% DNA sequence identity, but mostly
>97% identity), except for Gp16 that shared only the wzy gene
(Fig. 2).

3.4. Phylogenetic relationships of E. coli O-serogroup
reference strains

Based on the concatenated nucleotide sequences of seven housekeep-
ing genes used for MLST, we determined the evolutionary relation-
ships of all E. coli O-serogroup reference strains (Fig. 3). This
analysis revealed that the members of five groups sharing the common
0O-AGCs (Gp8, Gp10, Gp11, Gp14, and Gp15) and two members
(017 and O77) of Gp9 were found in closely related lineages. How-
ever, the members of other groups (and three members of Gp9) were
found in distinct evolutionary lineages. For example, 020 and 0137,
both carrying the Gp1 O-AGC, were found in two distinct lineages,
each belonging to phylogroups A and E/D, respectively, and five ser-
ogroups (017/077, 044, O73, and O106) belonging to Gp9 were
found in multiple lineages (A, E/D, and B1).

The systematic phylogenetic analysis of all E. coli O-serogroup ref-
erence strains further revealed that one-quarter of the reference strains
(46/184) belonged to a single clonal group (>99.9% sequence iden-
tity), which was represented by sequence type (ST) 10 and its very
close relatives in phylogroup A (Fig. 3 and Supplementary Fig. S3).
Additionally, three clonal groups containing five or more reference
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Figure 1. Sixteen Escherichia coli O-AGC groups identified in this study. Group
members have different O serogroups in each group, but these share nearly
identical or highly similar genetic organizations. Group names (Gp) are
indicated at the left side. DNA sequence identities (%) between group
members are indicated in each group.

Figure 2. Phylogenetic analysis of homologues of (A) Wzx and Wzy and (B)
Wzm and Wzt from Escherichia coli O-serogroup reference strains based on
the amino acid sequences. The group names are indicated outside of trees.
The pair or groups of homologues with high DNA sequence identity (>95%,
mostly >97%) are indicated in red. The Wzx homologues of 096 and 0170,
which are indicated in blue and by an asterisk, showed 86% DNA sequence
identity, but in all other proteins showed low-sequence homologies to each
other (<70% identity). Note that while the DNA sequence identity between
the wzx_046 and wzx_0134 in Gp6 is 99.7%, the wzx_046 has a 2-bp
deletion at the 3'-region, causing a frame shift.

strains were also identified in phylogroups A (ST34 and ST57) and B1
(ST300) (Fig. 3). The phylogenetic analysis also showed that the types
of sugar synthesis gene sets and processing gene sets (wzx/wzy and
wzmlwzt) were not limited to a specific lineage (Fig. 3).
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concatenated sequences of seven housekeeping genes from all 184 E. coli O-serogroup reference strains. The group names of O-AGCs (Gp1-Gp16) are
indicated in the outermost region. Members in groups indicated in green were found to belong to the same or very closely related lineage, whereas members
of the groups indicated in blue were found in distinct lineages. The outer circle next to the O serogroup names indicates the distribution of sugar synthesis gene
sets identified in each O-AGC. The inner circle indicates the type of O-antigen processing system (wzx/wzy or wzm/wzt). Phylogenetic groups (A, B1, B2, D, and E)
were determined by comparing the sequences of the strains tested with the known sequences from the ECOR collection (http:/mlst.warwick.ac.uk/mlst/dbs/Ecoli).

3.5. Relationships of the E. coli and Shigella O-AGCs

Shigella and E. coli belong to the same species complex** and many
Shigella O antigens are known to be serologically and genetically iden-
tical or very similar to some E. coli O antigens, as summarized by Liu
et al.*® In addition to the 21 previously shown relationships, we found
two additional O-AGC groups shared by E. coli and Shigella; O38
and Shigella dysenteria type 8 (SD8), and 0O169/0183 and Shigella
boydii type 6/10 (SB6/SB10) (Supplementary Fig. S4). The
0183-AGC was highly similar to the S. boydii types 10 cluster (shar-
ing 98.2% DNA sequence identity). In our previous study,>® we pro-
visionally named a novel O serogroup for a group of Shiga
toxin-producing E. coli strains as OSB10, which cross-reacted with
S. boydii type 10. Sequence comparisons in this study revealed that

OSB10 is not only serologically but also genetically identical to the
new serogroup 0183 of Gp16.

4. Discussion

Much of what we know about E. coli is defined at some level by O
serogroups. To link genomic information to the wealth of data held
in public databases, in our collective knowledge, outbreak, and disease
reports and elsewhere, we endeavoured to determine whether molecu-
lar O-serogroup identification, targeting O-serogroup-specific genes
(or unique sequences), was a valuable method to capture this informa-
tion and maintain this important link. Not only do we show evidence
supporting the effectiveness of molecular O-typing, but also we open
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up the possibility of generating a molecular O-typing scheme and re-
late O serogroups to the underlying phylogeny of this bacterium.

By determining and comparing the sequences of O-AGCs from all
known E. coli O serogroups, we newly defined the sequence and gene
content of 145 unique O-AGCs and showed that O-AGCs from 37 O
serogroups could be placed into 16 groups based on members in each
group sharing nearly identical or highly similar O-AGCs. It is clear
from these data that many of the grouped O-AGCs (Gp1-16) were
found in distinct phylogenetic lineages indicating that these O-AGCs
have been spread across this species by horizontal gene transfer. More-
over, several lineages that contained multiple O serogroups, ST10,
ST34,STS57,and ST300, show that frequent exchange occurs between
and within lineages. ST10 and its close relatives are particularly
interesting as one-quarter of E. coli O-serogroup reference strains
fell within this clonal group. ST10 and its clonal complex are clinically
very important being recently found to include ESBL-producing E.
coli from human and animals in Spain, Italy and Denmark,>®
China,*” and the Netherlands,?® and in various intra-intestinal patho-
types of E. coli, such as enteroaggregative E. coli,””*® enterotoxigenic
E. coli,”*>" and EHEC.>'**? In most cases, the O serogroups of these
ST10 or ST10-related strains are unusual compared with the typical
O serogroups that represent that pathotype.

Acquisition of O-antigen modification genes located on the gen-
omes of serotype-converting bacteriophages or plasmids is also an im-
portant strategy for diversifying O-antigen structures. This mechanism
has been well investigated in Shigella flexneri®>>** In E. coli, the
O-serogroup conversion by a prophage-like element has been reported
for 017 and 044,'” which belong to Gp9 defined in this study. An-
other possible mechanism to generate the variation of O antigens is
the mutations in the genes of the O-AGC as observed for 0107 and
0117,'® which belong to Gp8. In this case, point mutations in a gly-
cosyltransferase gene are responsible for the alteration of O-antigen
structure (and thus that of O serogroup).'® Five O-AGC groups in-
cluding Gp2, Gp3, Gp7, Gp12, and Gp13 also contained differences
in the amino acid sequence of their glycosyltransferases. O serogroup
differences in these groups may be generated by the point mutations in
glycosyltransferase genes. On the other hand, all glycosyltransferase
genes in Gp1, Gp3, Gp4, Gp6, and Gp1l1; four strains from Gp9
(017, 044, 073, and O77) and two from Gp10 (O13 and O129)
showed 100% amino acid sequence identity. These results suggest
that the serological differences between the members of these seven
groups have been generated by acquisition of modification genes out-
side of the O-AGC as shown for 017 and 044 of Gp9.'”

We believe that the remarkable sequence diversity observed in the
wzx/wzy and wzmlwzt O-AGC genes of all known E. coli O ser-
ogroups appears to be sufficiently discriminative from one another
to make identification of each of the known O serogroups possible.
Therefore, our sequence data will serve as a valuable resource for
the development of rationally designed molecular methods for
O-typing as well as for detecting novel O serogroups.

In conclusion, our study provides a complete sequence set of
0O-AGCs of all known E. coli O serogroups and thus offers a full
view on the genetic diversity of O-AGCs of this bacterium. In addition,
the results presented suggest that horizontal gene transfer has been in-
volved in the O serogroup diversification in E. coli more frequently and
in a more biased or lineage-dependent fashion than previously thought.
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