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Abstract: Shiga toxin (Stx)-producing Escherichia coli strains are foodborne pathogens that can
cause severe human diseases, such as haemorrhagic colitis and haemolytic-uraemic syndrome. Stxs
are encoded by bacteriophages (Stx phages) which show remarkable variations in genome
composition and harbour several genes of unknown function. Recently, a gene encoding a sialate
O-acetylesterase (NanS-p) was identified in some relevant Stx2a phages and it was suggested that it
could provide advantages for bacterial growth in the gut. The aim of this study was to analyse the
presence and sequence of nanS-p genes in available Stx2a phage genomes. A total of 59 DNA
sequences of Stx2a phages were extracted from the NCBI GenBank database with the BLAST
program using the stx2. sequence from phage 933W as query sequence, either as complete phage
genomes (45) or from bacterial genomes by subsequent analysis with PHASTER web server (14).
Comparative analysis revealed that nanS-p was located downsteam stx2a in all genomes. Twenty
different amino acid sequences of NanS-p were identified. Specifically, catalytic esterase domains
showed only 11 possible sequences, with differences mainly observed in nine amino acid positions.
Sequences corresponding to the N-terminal domain (DUF1737) showed three possible sequences,
two of them closely related, while C-terminal domain was highly variable giving place to four
groups with structural differences. Since sialate O-acetylesterase activity has been determined from
particular Stx2a phages, new studies are necessary to evaluate if the NanS-p subtypes identified in
the present study also differ in their biological activity.
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1. Introduction

Shiga toxin-producing Escherichia coli (STEC) strains are zoonotic foodborne pathogens that can
cause severe human diseases, including haemorrhagic colitis (HC) and haemolytic uraemic
syndrome (HUS), a leading cause of acute renal failure in children [1,2]. The main sources of STEC
infections are bovine meat, milk, dairy products, tap water, vegetables and fruit [3].

STEC strains produce Shiga toxins (Stx), which are one of the most potent bacterial toxins
known [4]. There are 2 major types of Stx (Stx1 and Stx2) and several subtypes [5]. STEC strains
harbouring the stx2. subtype have shown the highest rates of HUS, hospitalization and bloody
diarrhea [3].

The genes encoding the Stx toxins are carried by bacteriophages integrated into the bacterial
chromosome, and these bacteriophages (Stx phages) play an important role in the regulation of toxin
production, the dissemination of stx, and the emergence of new STEC strains [6-9]. Stx2 phages are
called lambda-like because they carry several genes homologous with bacteriophage lambda.
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However, they also carry many genes of unknown function. Additionally, the members of Stx phage
family are highly variable in genome composition [10-12].

Niibling et al. [13] described the function of a large open reading frame (ORF) encoded directly
downstream the Stx2a operon in the reference prophage 933W from Escherichia coli O157:H7 strain
EDL933. This Stx2a prophage-encoded protein was able to hydrolyse acetic acid from bovine
submaxillary gland mucin and 5-N-acetyl-9-O-acetyl neuraminic acid (Neu5,9Ac2). This enzyme
was designated NanS-p due to its homology to the bacterial NanS and the fact that it is prophage
encoded [14]. Later studies demonstrated the function of NanS-p encoded by Stx prophages and
other prophages from 0157 EDL933 and 0104 LB226692 strains in Neu5,9Ac2 utilization, suggesting
that NanS-p could provide advantages for bacterial growth in the gut [14,15].

The aim of this study was to perform a comprehensive analysis of the presence and sequence of
nanS-p genes in sequenced Stx2a phages.

2. Materials and Methods

We searched the scientific literature for sequenced Stx2 phages and the GenBank DNA database
for Stx2a sequences by using the BLASTN program (https://blast.ncbi.nlm.nih.gov/) with the stx2a
sequence from the phage 933W (X07865) as query sequence.

DNA sequences of Stx2a phages were retrieved from available complete phage genomes or
from bacterial genomes by subsequent analysis with PHAge Search Tool Enhanced Release
(PHASTER) web server (http://phaster.ca) [16]. The localization of nanS-p in the prophage genomes

was determined by BLAST analysis of stx flanking regions, using the corresponding region of 933W
as query sequence, and by examination of the sequence annotations at GenBank.

The nanS-p ORFs were translated into their respective amino acid sequences using the
Molecular Evolutionary Genetics Analysis (MEGA) software version 7 [17]. Conserved domains
were recognized in the 933W NanS-p sequence (AAD25447.1) using the Conserved Domain Search
Service (CD-Search) (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) [18] and InterProScan
(https://www.ebi.ac.uk/interpro/search/sequence/) [19] tools. Sequence alignments and phylogenetic
trees were constructed using MEGA 7 software [17].

3. Results

A total of 59 DNA sequences of Stx2a phages/prophages (including 933W) were extracted from
the GenBank database, either as complete phage genomes (45) or from bacterial genomes (14).
Comparative analyses revealed that nanS-p was located downsteam stx2a in all analysed phage
genomes and identified the presence of 20 different amino acid sequences of NanS-p.

The regions corresponding to the two domains identified in 933W NanS-p (Figure 1) were used
for a detailed analysis of the different NanS-p sequences. The sequences corresponding to the
N-terminal domain (DUF1737, IPR013619/PF08410) showed less variation with three possible
sequences, two of them closely related, while those matching the catalytic esterase domain (SASA,
IPR005181/PF03629) were grouped in 11 sequences (Figure 2), with differences mainly observed in
nine amino acid positions (Figure 1). The comparison of the C-terminal sequences showed high
variability, giving place to four different groups with structural variations.
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Figure 1. Graphical view of domains identified in NanS-p sequences. Numbers refer to the amino
acid positions in the 933W NanS-p sequence (AAD25447.1). Red diamonds indicate the main variable
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positions in SASA domain. The scheme of the protein was generated with ExPASy PROSITE
MyDomains Image Creator (http://prosite.expasy.org/mydomains/).
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Figure 2. Phylogenetic tree of SASA domains of NanS-p proteins encoded by the 59 Stx phages
included in the present study. Identical sequences were grouped and the molecular analysis
involved 11 representative sequences. The evolutionary history was inferred by using the Maximum
Likelihood method. Numbers in parentheses indicate the number of identical sequences in each
group. Amino acid differences were concentrated at nine positions, except for one highly dissimilar
sequence (group 11).

4. Discussion

Stx phages play key roles in STEC virulence because they not only carry Shiga toxin-encoding
genes but also control their expression. However, little is known about the function of other phage
encoded proteins and how they impact on the host [12,20].

Previous studies have characterized NanS-p O-acetylesterases encoded by Stx2a-phages in
0157 EDL933 and 0104 LB226692 STEC strains that may contribute to bacterial growth in
Neu5,9Ac2 rich environments, such as mucus [13-15]. Our study showed that NanS-p sialate
O-acetylesterase was carried by all studied Stx2a phages suggesting an important role for Stx2a
phage biology or for its bacterial host. Although its genome location was conserved, sequence
differences were observed. Particularly, nine positions in the catalytic domain were shown to be
variable. Further studies are necessary to evaluate if the NanS-p subtypes identified in the present
study also differ in their biological activity.

5. Conclusions
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Carriage of the nanS-p gene was observed in all the Stx2a phages analysed, being found at the
same genomic location. The corresponding protein sequences showed a conserved domain
organization, however, sequence differences were detected.
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