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Excess A-subunits of Shiga toxin 2a
are produced in enterohemorrhagic
Escherichia coli

Katrin Neudek?®, Theresa Kunz', Holger Barth? & Herbert Schmidt*™*

Shiga toxins (Stx) produced by Shiga toxin-producing Escherichia coli (STEC) and enterohemorrhagic
E. coli (EHEC) are ribosome-inactivating AB, proteins that consist of one enzymatic active A-subunit
(StxA) and a pentamer of non-covalently linked B-subunits (StxB). The description of Stx as an AB,
protein and the observation that A-subunits without their corresponding B-subunits also intoxicate
eukaryotic cells, led to the question whether A- and B-subunits are produced in the bacteria in a

1:5 ratio or whether the A-subunit of the clinically most prominent subtype Stx2a is transcribed in
excess revealing free A-subunits released in the bacterial environment. The aim of this study was
therefore, to investigate the genetic and protein-based background for this observation in six Stx2a-
encoding STEC and EHEC wildtype strains. For this purpose, transcriptional analysis of the Stx2a
subunit genes, stxA2a and stxB2a, was performed by quantitative real-time PCR in one foodborne
0113:H21 STEC isolate (strain TS18/08) and five HUS-associated EHEC strains with the serotypes
0157:H7/H- (HUSEC003, HUSEC004), 0103:H- (HUSEC008), 026:H11 (HUSEC018), and 0104:H4
(LB226692). Contrary to the hypothesis that the A- and B-subunit genes are expressed in a ratio of 1:5
comparable to the holotoxin structure or in a ratio of 1:1 based on the operon structure, the results
showed that stxA2a was expressed 1.90 + 0.55-times stronger than the gene encoding the B-subunit,
possibly indicating the presence of free A-subunits. In addition, strain-specific differences regarding
the mRNA fold-changes of the A-subunit gene were observed. By use of native polyacrylamide gel
electrophoresis and subsequent Western blot analysis, those single A-subunits were indeed detected
in the culture supernatants of all six strains. To investigate whether the transcription ratios between
A- and B-subunits observed are in a similar range as the amount of subunit proteins present after
translation, a quantitative ELISA specific for StxA2a and StxB2a was established. Quantification of the
subunits on protein level by use of ELISA revealed that the subunit ratio of StxA2a:StxB2ais 1.10+0.20
for the strains HUSEC003, HUSEC004 and HUSEC008, but 4.63 +0.31 for the strains T518/08,
LB226692, and HUSEC018. The results of this study demonstrated that on both, the transcriptional
and the translational level, the established 1:5 subunit ratio is not present in all investigated strains. In
addition, the ratios observed after translation indicate that in some strains StxA2a subunits are even
produced in higher amounts than B-subunits.
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Shiga toxin-producing Escherichia coli (STEC) can be categorized as a group of pathogenic E. coli capable to
produce one or more Shiga toxins (Stx), and which may cause human disease'. Most isolates were found in
human and animal feces, food and water?”. The term enterohemorrhagic E. coli (EHEC) has been introduced
for those STEC that cause serious symptoms in humans such as abdominal pain, watery to bloody diarrhea
and hemorrhagic colitis®~!!. In 5-10% of infections, patients develop the hemolytic-uremic syndrome which is
characterized by hemolysis, thrombocytopenia, and glomerular kidney lesion®!2-15.

The major pathogenicity factor of EHEC is the production of one or more Stx. Generally, Stx can be classified
into two groups: Stx1 and Stx2. The toxins within both groups vary in their amino acid sequence and toxicity
to different cell lines and animal models'®-2!. Within these groups, Stx can be further divided into different
subtypes. The more homogenous Stx1 group comprises the subtypes Stxla, Stxlc, Stx1d and Stxle (the latter
has been described in Enterobacter cloacae)?*~?’. All those subtypes are similar to the toxin produced by Shigella
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dysenteriae type 1. The Stx2 group is a more heterogenous group and comprises the subtypes Stx2a-Stx2m?8-3,
While Stx1 only rarely leads to severe symptoms, members of the Stx2 group, especially Stx2a and Stx2c, are
more often associated with severe diseases'>%.

Stx are AB.-type protein toxins consisting of one enzymatically active A-subunit and a pentamer of non-
covalently linked B-subunits**~*3, The A-subunit consists of two domains: the catalytic A and the A, domain, the
latter consisting of an a-helix responsible for holotoxin assembly. Both domains are linked via a disulfide bond**.
The catalytic domain exhibits a rRNA-N-glycosidase activity, resulting in the depurination of the 28S ribosomal
subunit at the position 4324 in eukaryotic cells*>*®. As a consequence, the binding of amino-acyl-tRNAs to
the ribosome is inhibited leading to ribocytotoxic stress and apoptosis of the target cell*>*”. The pentameric
B-subunit is responsible for binding to the receptor globotriaosylceramide (Gb3), which is located on the plasma
membrane of target cells such as microvascular endothelial cells present in kidneys, brain and other organs*-%.

The Stx2a subunits are encoded by the genes stxA2a and stxB2a in an operon structure within the genome of
lambdoid prophages. In the most prominent stx2a phage 933W both genes are located downstream of the gene
encoding the antiterminator Q, the promoter pR; the terminator tR, and the genes encoding the methionyl-
tRNA and the arginyl-tRNA>"2. Downstream of the subunit genes, the nanS-pI gene and the genes encoding
the phage lysis cassette, namely S, R and Rz are located®!. The transcription of the genes in the late-regulated
phage region depends on the expression of the antiterminator gene Q (Fig. 1)>*-°. When the bacteria grow
under normal conditions, the antiterminator Q is not expressed and transcription of the late-regulated phage
region takes place from the promoter pR’ to the terminator tR, resulting in a short transcript with no genetic
information (Fig. 1)*°. Upon induction (e.g., UV-radiation), the antiterminator Q is expressed (Fig. 1), and
allows the RNA polymerase to read through the terminator, resulting in the expression of the Stx subunit genes
and the lysis of the bacterial host cell®*. This appears to be a general regulatory structure present in many Stx-
phages®”8.

Stx has been assumed in the literature to act as holotoxin in its AB, assembled structure®-92, However,
Heinisch et al.®* showed that the subunit StxA2a is cytotoxic to HeLa, Vero B4, and HCT-116 cells even in
absence of its corresponding B-subunits. The same was shown by Funk et al.** for the subtilase cytotoxin, which
is also an E. coli AB, protein toxin. In addition, Sessler et al.®* observed that the A-subunit of AB, protein toxins
can be taken up into target cells and retrogradely transported to the endoplasmic reticulum in the absence of
B-subunits. Since all those studies were performed with purified toxin subunits, the aim of the present study
was to clarify whether there is a genetic and protein-based background for these observations in STEC and
EHEC wildtype strains. Based on the AB, structure of the holotoxin it was assumed that both subunit genes
are transcribed and translated in a 1:5 ratio. In contrast, the operon structure of the Stx region might lead to a
polycistronic transcript, resulting in a 1:1 ratio. Such a polycistronic transcript was also suggested by Sung et al..
To investigate this hypothesis, EHEC strains with a strong clinical background were used. Most of these strains
derived from the HUSEC strain collection containing representative strains from HUS patients®”. Moreover, the
highly pathogenic 0104:H4 outbreak strain from 2011 and a food isolate were used”.

Results

Unexpectedly, the Stx2a subunit genes stxA2a and stxB2a are not transcribed in a 1:5 or 1:1
ratio

To investigate Stx2a subunit gene expression, transcriptional analysis was performed for six Stx2a-encoding
STEC and EHEC wildtype strains by quantitative real-time PCR (qPCR). The gene expression of the subunit
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Fig. 1. Scheme of the genomic structure of the late-regulated region in the stx2a-phage 933W. Region consists
of the antiterminator gene Q (blue), and the stx, operon with the subunit genes stxA2a and stxB2a, the
nanS-p1 gene and the genes encoding the phage lysis cassette S, R, and Rz (orange). Transcription starts at the
promoter pR’ (gray). Upon induction of bacterial SOS response, expression of the antiterminator Q allows the
RNA polymerase to read through the terminator tR’ (grey) and thereby transcription of the stx2a operon®>2.
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genes stxA2a and stxB2a was analyzed and normalized to the expression of the house-keeping reference gene
rrsB. For each strain, gene expression of the norfloxacin-induced culture was compared to the corresponding
gene expression values of the non-induced culture. In order to assess the subunit ratio on mRNA level more
precisely, the ratio between mRNA-fold change of stxA2a and stxB2a was calculated for each strain respectively
(Fig. 2, Table S1).

Overall, the mRNA fold-change values showed differences between the investigated strains (Fig. 2a, Table S1).
Escherichia coli O26:H11 strain HUSECO018 and E. coli O157:H" strain HUSEC004 showed highest expression
of both subunit genes (~450-fold and ~ 250-fold higher expression of stxA2a;~200-fold and ~ 100-fold higher
expression of stxB2a, respectively) when compared to the non-induced culture (Fig. 2a). In contrast, strains
HUSEC003, HUSEC008 and the 2011 outbreak strain LB226692 showed only slightly higher expression of Stx
subunit genes upon induction (Fig. 2a). For the STEC strain TS18/08, an approximately 60-fold higher expression
of stxA2a and a ~ 25-fold higher expression of stxB2a was observed (Fig. 2a). Regarding the subunit gene ratios,
the strains HUSEC004, TS18/08, and HUSECO018 showed the highest with values >2.00 (2.60+0.37, 2.42+0.20,
and 2.26 +£0.16, respectively), meaning that the gene encoding StxA2a was significantly higher expressed (n=3,
p<0.01) than the gene encoding StxB2a (Fig. 2b). The other strains showed values between 1.22+0.16 for strain
LB226692 and 1.58 £0.26 for strain HUSECO008 (Fig. 2b). Here, a higher stxA2a expression but no significant
difference was observed. The results obtained by qPCR revealed that the overall expression levels of the Stx
subunit genes differed among the investigated Stx2a-encoding STEC and EHEC strains. Calculation of the
transcription ratio of stxA2a:stxB2a showed a higher expression of stxA2a in all six Stx2a-encoding strains with
a mean transcription ratio of 1.90 +0.55.

Free Stx subunits are detectable in culture supernatants of STEC and EHEC wildtype strains
The results of the transcriptional analysis demonstrated a higher expression of stxA2a in all investigated strains,
raising the question whether the subunit protein levels of StxA2a are also higher. For this purpose, culture
supernatants of all strains were collected 24 h after induction with norfloxacin and concentrated. Subsequently,
native PAGE and subsequent Western blot analysis were performed.

The Shiga toxin 2A monoclonal antibody (11E10) detected the single A-subunits (~ 35 kDa) in all six Stx2a-
encoding STEC and EHEC strains, with higher protein levels for E. coli strains TS18/08, LB226692, HUSEC003
and HUSECO018 (Fig. 3). Detection with the anti-SCH-SKY antibody revealed holotoxin complexes with a size
of ~70 kDa, but also dimers (~ 15 kDa), trimers (~ 20 kDa), pentamers (~ 35 kDa) and possible other StxA2a-
StxB2a subunit complexes (~ 40 kDa and 50 kDa) (Fig. 3). Overall, the Western blot analysis showed that single
Stx A-subunits are present in the culture supernatants of the investigated STEC and EHEC wildtype strains
and that most B-subunits are bound in holotoxin (AB,) complexes. However, as Western blot analysis is not
a quantitative method, and the subunit ratio may have been influence by the concentration of the culture
supernatants, an ELISA enabling specific quantification of StxA2a and StxB2a was established.
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Fig. 2. Relative normalized expression (a) and expression ratio (b) of stxA2a and stxB2a in E. coli strains
TS18/08, LB226692, HUSEC003, HUSEC004, HUSEC008, and HUSECO018. Relative normalized transcription
is shown as fold-change relative to the level of the respective non-induced cultures. Expression ratio was
calculated from mRNA fold-change of stxA2a and stxB2a. Gene expression was investigated under inducing
(100 ng/mL norfloxacin) and non-inducing growth conditions using qPCR. Quantification was performed
using rrsB as an endogenous control. Data are means + standard deviation of the experiments performed in
three biological replicates (n=3). Statical analysis was performed with the following tests: Shapiro-Wilk test,
Tukey test and Bonferroni test. Significance in (b) indicates comparison to stxB2a:stxB2a ratio. Asterisks (**)
indicate significance in subunit gene expression (p <0.01).

Scientific Reports |

(2025) 15:16712 | https://doi.org/10.1038/s41598-025-01342-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Protein Ladder
purified StxA,

kDa
250

130
100

70
55

35 -.
25

15 .

10

purified StxB,

anti-StxA2a anti-StxB2a
™ e ™ O
< ©
o 8 8 9 e 5 o § 8 S 8 3
S © 0O 8 K 0O ©S 33 & & 8
o © O O S © O O
P H D28 9 5 I S R
-~ = I T % B e - = % % =
N ¥ K~ L LT - NS~ —
£r T T L T T 8 o o £ T T I I T
- e B g <D o+ N N O =
r 2288 R XX T 2w v o @
O 00 0 O O - 2%2 o000 0 O
3 3 T T 8 B T OO0 5 =S = 5 5 5
8§ 8 8 8 8 8 2= 8 88 8 8 8
W oW w u w u WDa T 23 WU uWwuuw
250
130
100 '
70
55
.-. - —A
35
25 &,
- 15 e —B,
10 —B

Fig. 3. Western blot analysis of culture supernatants of E. coli strains TS18/08, LB226692, HUSEC003,
HUSEC004, HUSEC008, and HUSEC018. Samples were collected using centrifugal filter units (MWCO:
3000 Da). PageRuler Plus Prestained Protein ladder (Thermo Fisher Scientific), purified StxA, and StxB, and
concentrated culture supernatants were applied to Bolt 4-12% Bis—Tris Plus gels. Western blot was detected
with subunit-specific antibodies (Shiga toxin 2A monoclonal antibody (11E10) and anti-SCH-SKY antibody).

The subunit ratio (StxA2a:StxB2a) differs between STEC and EHEC wildtype strains

To quantify the protein concentration and the number of A- and B-subunits in the culture supernatants of the
six Stx2a-encoding STEC and EHEC wildtype strains, a quantitative ELISA, specific for StxA2a and StxB2a was
established (see supplementary material). For this purpose, culture supernatants of all strains were collected at
24 h after induction with norfloxacin and used unconcentrated in the ELISA. For quantification of the subunits
in the STEC and EHEC culture supernatants, samples were denatured at 80 °C for 1 h prior to coating to ensure
that all subunits are present in their monomeric form. For each strain, the protein concentration of StxA2a
and StxB2a was determined and used to calculate the number of subunits (Tables 1 and S2). To assess the
stoichiometric ratio, the ratio between StxA2a and StxB2a was calculated for each strain by dividing the number
of StxA2a subunits by the number of StxB2a subunits, respectively.

Regarding the protein concentration and the number of StxA2a and StxB2a, differences were observed
between the six investigated Stx2a-encoding STEC and EHEC wildtype strains. Highest concentration of StxA2a
and highest number of subunits was determined for E. coli O26:H11 strain HUSECO018 and E. coli O157:H7
strain HUSEC003 with 1.58 pg/mL (corresponds to 2.98 x 10!® subunits) and 1.29 pg/mL (corresponds to
2.42x 10" subunits) respectively (Table 1). For STEC isolate O113:H21 strain TS18/08 and E. coli O104:H4
strain LB226692 concentrations of approximately 0.9 pg/mL were determined (Table 1). Lowest concentration
and number of subunits of StxA2a was measured for strains HUSEC004 and HUSECO008 (Table 1). For StxB2a,
the highest concentration and number of subunits was observed with 0.28 pg/mL and 0.09 pg/mL for the strains
HUSEC003, HUSEC004 and HUSECO008 respectively (Table 1). In the culture supernatants of the other strains,
concentrations between 0.05 pg/mL (strain LB226692) and 0.08 ug/mL (strain HUSEC018) were determined
(Table 1). Regarding the subunit ratio (StxA2a:StxB2a), the strains HUSEC003, HUSEC004 and HUSEC008
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protein concentration | number of subunits per
[pg/mL]* mL [x 102]* subunit ratio [-]

Strain StxA2a StxB2a StxA2a StxB2a StxA2a:StxB2a
TS18/08 0.91+£0.13 | 0.05+0.00 | 17.06+2.38 | 4.07+0.02 | 4.19+0.59

LB226692 | 0.96+0.09 | 0.05+0.00 | 17.99£1.76 | 3.74+0.29 | 4.19+0.59
HUSECO003 | 1.29+0.38 | 0.28+0.01 | 24.19+7.11 |21.88+0.82 | 1.12+0.37
HUSEC004 | 0.49+0.06 | 0.09+0.01 | 9.27+1.12 | 7.09+0.72 | 1.34+0.30
HUSECO008 | 0.33+£0.03 | 0.09+0.01 | 6.27+0.51 | 7.40+0.46 | 0.85+0.12
HUSECO018 | 1.58£0.29 | 0.08+0.02 | 29.79+5.46 | 6.59+1.52 | 4.82+1.47

Table 1. Protein concentration, number of subunits of StxA2a and StxB2a, and subunit ratios in E. coli strains
TS18/08, LB226692, HUSEC003, HUSEC004, HUSEC008, and HUSECO018. *Protein concentration, number
of subunits, and subunit ratios were investigated under inducing growth conditions (100 ng/mL norfloxacin)
using quantitative ELISA. Quantification was performed using a StxA2a and StxB2a standard within the range
of 7.8 ng/mL and 1000 ng/mL. Data are means + standard deviation of the experiments performed in three
biological replicates (n=3).

showed equal subunit ratios with a mean of 1.10 £0.20 (Fig. 4, Table S2). Surprisingly, strains TS18/08, LB226692
and HUSECO018 showed values between 4.19£0.59 (TS18/08) and 4.88+0.86 (LB226692) demonstrating that
significantly more A-subunits (n=3, p<0.01) are present in the culture supernatants of those strains (Fig. 4,
Table S2).

Discussion

The formation of one or more Stx is considered to be a major determinant of EHEC-associated pathogenesis.
These AB, protein toxins inhibit the protein biosynthesis in the eukaryotic target cells, leading to apoptosis of
these cells*>*7~%, While Stx is described to act as an AB, protein, the studies by Heinisch and Krause et al. and
Funk et al.5*%4 have shown that the A-subunit of both, Stx and subtilase cytotoxin (SubAB), another E. coli AB
protein toxin, is cytotoxic to different eukaryotic cell lines even in absence of their corresponding B-subunits.
Therefore, the aim of the current study was to investigate the genetic and protein-based background for Stx
transcription and translation in STEC and EHEC strains and explain the putative occurrence of free A-subunits.
For this purpose, five representative Stx2a-encoding EHEC wildtype strains with different serotypes from the
HUSEC collection were selected, since Stx2a is most frequently implicated in severe diseases'? and associated
with high cytotoxicity and low effective and lethal doses in human cells and animal models'®2!. Strain TS18/08
was included as a foodborne Stx-producing strain without clinical background.

To analyze the expression of stxA2a and stxB2a, transcriptional analysis was performed with quantitative real-
time PCR and the expression ratios of both genes were calculated. The hypothesis was that the genes encoding
the Stx subunits are expressed either in a 1:5 ratio, in concordance with the AB, holotoxin structure, or in a 1:1
ration, due to the operon structure and data from other authors suggesting that the late phase phage genes of
lambdoid phages are transcribed in a single mRNA®-73, Contrary to this initial hypothesis, the results showed
that the stxA2a mRNA could be detected in 1.22-2.60-fold excess, when compared to the stxB2a mRNA in the
investigated strains (Fig. 2). Similar results were obtained in the study by Herold et al.”. In this study, the authors
showed that the StxA2a subunit gene is more efficiently transcribed than the StxB2a subunit gene in E. coli
0157:H7 strain EDL933 and observed transcription ratios of 3.88 and 2.09 (stxA2a:stxB2a) using microarray
analysis and qPCR, respectively. Using the same strain, Kijewski et al.” also showed in a recent study by use
of transcriptome analysis that transcription of stxA2a is ~ 3.5-times higher compared to stxB2a. Contrarily to
those results, Sy et al.”® observed in their RNA-seq study a slightly higher transcription of stxB2a compared to
stxA2a for strain E. coli O157:H7 Sakai. Nevertheless, the results of this study together with those of the other
studies raise the question whether the genes for both subunits are indeed located on a single mRNA transcript,
as polycistronic mRNA, or whether there is a separate transcript for each subunit. The latter might be a possible
explanation for the unequal ratio after transcription. However, Sung et al.® demonstrated in their study that
both Stx2 subunit genes are transcribed as a polycistronic transcript with a size of approximately 1.6 kb.

The subunit ratios observed in the current study after Stx transcription might indicate that free A-subunits
occur in the bacterial environment of STEC and EHEC strains. However, the differences in gene expression
might be balanced by processes during translation. Therefore, the presence of free Stx subunits and the ratio of
StxA2a:StxB2a in the culture supernatants of the six wildtype strains were examined by Western blot analysis
and quantitative ELISA. Results of the Western blot analysis revealed that using the anti-StxA antibody, free
A-subunits, with a molecular weight of ~ 35 kDa but no holotoxin complexes were detected in the supernatants
of all six strains (Fig. 3). When comparing the bands of the wildtype strains to that of the control, differences in
the molecular weights can be observed. Similar differences were shown by Smith et al.””. The bands at a higher
molecular weight most likely represent the full-length StxA2a with intact signal sequence while the band of the
control (purified StxA2a) most likely represents the mature toxin without signal sequence””. It is not clear why the
Shiga toxin 2A monoclonal antibody used cannot bind to the holotoxin complex. However, the study by Smith et
al.”” which examined the epitope of the antibody, was also unable to detect any purified Stx2 holotoxin complexes
in the Western blot analysis. Regarding the B-subunits, Western blot analysis showed that most B-subunits are
bound in holotoxin complexes with a size of~72 kDa or exists in various StxA2a-StxB2a subunit complexes
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Fig. 4. Subunit ratio of StxA2a and StxB2a in E. coli strains TS18/08, LB226692, HUSEC003, HUSEC004,
HUSEC008, and HUSECO018. Subunit ratio was calculated from number of subunits of StxA2a and StxB2a,
investigated under inducing growth conditions (100 ng/mL norfloxacin) using quantitative ELISA.
Quantification was performed using a StxA2a and StxB2a standard within the range of 7.8 ng/mL and 1000 ng/
mL. Data are means * standard deviation of the experiments performed in three biological replicates (n=3).
Statical analysis was performed with the following tests: Shapiro-Wilk test, Tukey test and Bonferroni test.
Significance in (b) indicates comparison to StxB2a:StxB2a ratio. Asterisks (**) indicate significance in subunit
gene expression (p<0.01).

with sizes of ~40 kDa and ~ 50 kDa (Fig. 3). According to the study of Donohue-Rolfe et al.”® those molecular
weights correspond to A-1B, A-2B, A-3B, and A4B complexes. Where these different multimer conformations
come from and whether they are products of holotoxin assembly or dissociation could not be determined with
the methodology used here. Several studies showed that the Stx2B pentamer assembly is strongly dependent on
temperature, subunit concentration, and ionic strength”-32. Kitova et al.®> demonstrated in their study, that at
low concentrations, as observed in this study with approximately 36 pM StxB2a for strain HUSEC003, Stx2B
exists preferentially as monomer and dimer. In the same study the authors could not detect free A-subunits
originating from the dissociation of the AB, holotoxin®. This might mean that the free A-subunits detected with
the anti-StxA antibody are not products of the dissociation of the holotoxin complexes. However, since Kitova et
al.82 used electrospray ionization mass spectrometry and in vitro conditions, the results of their study cannot be
directly transferred to interpret those of this study.

To investigate the number of StxA2a and StxB2a subunits in more detail, an ELISA enabling specific
quantification of both subunits was established. The results of the ELISA showed strain-specific differences in
the concentration of StxA2a and StxB2a, and the corresponding number of subunits. For the strains HUSEC004,

Scientific Reports|  (2025) 15:16712 | https://doi.org/10.1038/s41598-025-01342-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

and HUSECO008 only low concentrations of StxA2a were observed (Table 1). In contrast, considerably higher
concentrations ranging from 0.91 to 1.58 ug/mL were detected in the culture supernatants of strains TS18/08,
LB226692, HUSEC003, HUSEC004, and HUSECO018 (Table 1). Regarding StxB2a, highest concentrations were
observed for strain HUSEC003 and HUSECO008. In the culture supernatants of the other strains, concentrations
below 0.09 pg/mL were determined (Table 1). Thibaut de Sablet et al.3 also investigated Stx concentrations in
the culture supernatants of Stx2a-encoding strains using ELISA. In their study, concentrations of 5-100 ug/mL
were determined in LB broth, 3 h after induction with mitomycin C83. However, since induction with mitomycin
C causes a significantly greater change in Stx2a production than ciprofloxacin®, a fluoroquinolone similar to
norfloxacin, the values cannot be directly compared. Interestingly, the concentration and number of Stx subunits
determined after translation do not correlate with the mRNA fold-changes observed after transcription. Strains
that showed low fold-changes and subunit ratios on mRNA level showed high concentrations on protein level
(strains HUSEC003 and LB226692). On the other hand, a low protein concentration was determined for
EHEC strain HUSEC004, which showed to have a high mRNA fold-change. Only for the strainsTS18/08 and
HUSECO018, both, the mRNA fold-change and the protein concentration correlate with each other and were in
the high range.

Based on the calculated number of StxA2a and StxB2a, the subunit ratio after translation was calculated for
each strain and here also, the strain-specific differences were apparent. While three of the strains showed equal
subunit ratios with a mean of 1.10 +0.20 (StxA2a:StxB2a), a ratio 0of 4.63 +0.31 was observed for E. coli O113:H21
strain TS18/08, E. coli 0104:H4 strain LB226692 and E. coli 026:H11 strain HUSECO018 (Fig. 4). Kijewski et al.”
also investigated the fold-changes of StxA2a and StxB2a in E.coli O157:H7 strain EDL933 by proteomic analysis.
In their study, they observed a fold-change of 3.8 and 6.3 for StxA2a and 9.4 and 56.1 for StxB2a, 3 h and 12 after
induction with ciprofloxacin, respectively. Those values result in subunit ratios of approximately 1:1.5 and 1:6
(StxA2a:StxB2a)”>. The reasons for the differences in the subunit ratios on protein level might be due differences
in the type of sample and the timepoint of sampling. While only culture supernatants of the STEC and EHEC
strains were examined in this study, Kijewski et al.”> used both, the cell lysates and the supernatants. In addition,
the samples used in this study were taken 24 h after induction with norfloxacin and not 3 h and 12 h after
induction with ciprofloxacin. However, the large differences in the fold-change of StxB2a shown by Kijewski et
al.”> between 3 h and 12 h after induction might mean that considerable differences could also arise after further
12 h of incubation.

For two of the strains used in this study, namely E. coli 0104:H4 strain LB226692 and E. coli 026:H11 strain
HUSECO018, the subunit ratios determined in the culture supernatants were not surprising. The strain LB226692
is a hybrid of enteroaggregative E. coli and EHEC and the outbreak strain of the EHEC outbreak in Germany in
2011 causing over 830 cases of HUS and 46 deaths®®%°. However, strains of the serotype O104:H4 are generally
not associated with the development of severe disease®®®>. Escherichia coli strains of the serotype 026:H11, on
the other hand, are most frequently reported in association with HUS in the EU'>* and are highly cytotoxic
compared to strains of other serotypes?!. For the E. coli strain TS18/08, the results of transcriptional analysis and
quantitative ELISA were rather unexpected. This strain was isolated from minced meat in the study by Slanec
et al.” and has not yet caused any disease in humans. However, the study by Hauser et al.*® showed that the
cytotoxicity of strain TS18/08 towards Vero B4 cells was comparable to that of E. coli O157:H7 strain EDL933.
In general, strains of the serotype O113:H21 are increasingly detected in food and other environmental samples
and no clear differences between pathogenic and environmental strains can be observed®”=%.

In conclusion, both, transcriptional analysis and quantitative ELISA showed that the Stx2a subunits are
neither expressed nor produced in the expected 1:5 ratio. The reasons for the strain-specific discrepancy
between the findings on transcriptional level and those on translational level are not fully understood but may
be related in part to the different regulatory mechanisms on mRNA and protein level and to the unique Stx loci
and genomic profiles of the investigated strains. The ratios observed after translation, strongly indicate that
free A-subunits are present in the culture supernatants of the six investigated Stx2a-encoding STEC and EHEC
strains, which do not find B-subunits for holotoxin assembly. Several mechanisms that might be responsible
for the overproduction of StxA2a can be discussed. At the transcriptional level, promoters that exist in the stx-
operon in addition to pR’ might influence the transcription levels of the single subunit genes. In the sit-I-operon
(syn. stx1), Habib et al.®! identified an additional independent promoter for sit-IB in the upstream region of
the subunit gene. Furthermore, they observed in addition to the bicistronic slt-I mRNA a monocistronic sit-IB
mRNA that is most likely transcribed from this second promoter’!. Contrarily, Sung et al.®® performed similar
experiments using slt-II (syn. stx2) encoding strains and were not able to identify a monocistronic slt-IIB mRNA
or an independent promoter for the B-subunit gene. However, they reported a second promoter for the slt-II
operon 118 bases upstream of the sit-IIA gene®. Based on these observations, the question arises whether there
exist additional promoters putatively varying in strength that influence the differences in transcription levels of
the subunit genes in the six wildtype strains investigated in this study. However, Wagner et al.>> showed in their
study by deletion of the antiterminator Q—pR’ region that pR’ is nonetheless the promoter which most strongly
influences the Stx2 production. Besides additional promoters, the stability of the mRNA transcripts might affect
the transcription levels of stxA2a and stxB2a. In E. coli the median mRNA half-life is~3 min, when bacteria
are grown at optimal conditions®**3. However, several studies reported the stabilization of overall mRNA or
specific transcripts as a consequence on various stressors such as anaerobic conditions, carbon starvation and
the stationary phase®*~°.

At translational level, small regulatory RNAs (srRNA) or microRNAs might influence the protein levels of
the single subunits. Nejman-Fulenczyka et al.” identified in their study a 20-nt microRNA after induction of the
Stx2-converting bacteriophage ¢24B. This microRNA decreased the efficiency to lysogenize and led to a faster
prophage induction after activation of the bacterial SOS response”’. Sy et al.”® reported a srRNA in the stx-operon
of both Stx1- and Stx2-converting bacteriophages which is processed from the transcript that arises in absence
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of the antiterminator Q and represses Stx1 production under lysogenic conditions. Since such antiterminated
phage promoters are a generous source of srRNAs, the presence and effect of stRNAs should be also investigated
in further studies using the six wildtype strains investigated in this study. Additional factors on translation
level influencing the translation efficiency are the mRNA secondary structure and the accessibility of ribosome
binding sites (RBS). Concerning those factors, Betley et al.”® reviewed for the cholera toxin, another AB; protein
toxin, that the RBS adjacent to ctxB is more efficiently than the RBS upstream of ctxA and that differences in
the secondary structure of the ctx-mRNA between the A- and B- subunit regions could also result in unequal
translation rates. For slt-I, similar results were observed by Habib et al.?!. In their study, they identified a stem-
loop structure surrounding the slt-IB RBS that influenced the level of B-subunit production, but no potential for
secondary structure-formation in the nucleotides upstream of slt-IA°!. However, by computer analysis, they also
showed that the mRNA sequence surrounding the slt-IIB gene RBS has no potential for formation of a stem-
loop structure®*. Nevertheless, the mechanisms involved in the control of translation initiation on polycistronic
transcripts are still unknown, but there is evidence that both, translation initiation and re-initiation is dependent
on mRNA secondary structure®.

To be able to elucidate the mechanisms responsible for the strain-specific Stx expression and translation
observed in this study and to clarify whether free A-subunits are involved in Stx-mediated pathogenicity of
STEC and EHEC strains, further studies focusing on the genomic features involved in Stx transcription and
translation as well as on factors determining translation efficiency are needed. These findings should help to geta
more global understanding about the genetic and protein-based background of Stx production and to overcome
the limitations of this study caused by the unique profiles of the wildtype strains used in this study.

Materials and methods

Bacterial strains

Bacterial strains used in this study are shown in Table 2. Strains were grown in Luria-Bertani (LB) broth (1.0%
(w/v) tryptone, 0.5% (w/v) yeast extract, 1.0% (w/v) sodium chloride, adjusted to pH 7.0). Preparation of
overnight cultures was performed by inoculating 10 mL LB broth (in 100 mL Erlenmeyer flask) with a single
colony of the respective strain. Overnight cultures were incubated at 37 °C and 180 rounds per minute for ~ 16 h.

RNA isolation

Twenty-four mL LB broth in a 250 mL Erlenmeyer flask was inoculated with an overnight culture of the
respective strain to an initial optical density measured at 600 nm (ODy, ) of 0.05. Two main cultures were
prepared per strain and incubated at 37 °C with 180 rounds per minute until an OD,,  of ~0.3 was obtained.
Atan ODgy, —of 0.3, one culture was induced with 100 ng/mL norfloxacin using a 1.25 mg/mL norfloxacin
stock solution (Sigma-Aldrich). The other culture was not induced and used as control. After further 2 h of
incubation at 37 °C with 180 rounds per minute, the final OD,  was measured and the samples were adjusted
to an OD; of 1.0 (~1x 10° cells) with LB broth. A volume of 500 pL of the adjusted cell suspension was
transferred to 1 mL of RNAprotect Bacterial Reagent (QIAGEN). The suspensions were mixed for 5 s and
incubated at room temperature for 5 min. Centrifugation of the suspensions was performed at 5000 g for
10 min and the supernatants were discarded. The pellets were stored at —70 °C until further processing. RNA
isolation and purification were performed according to the manufacturer’s manual of the RNAprotect Bacterial
Reagent (January 2020, QIAGEN), RNeasy Mini Kit (October 2019, QIAGEN) and RNase-free DNase Set (June
2018, QIAGEN), following the protocol for enzymatic lysis and proteinase K digest (protocol 4), subsequent
purification of total RNA (protocol 7) and 2-times on column DNase digestion (appendix B). The concentration
and purity of the RNA was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific)
and RNA integrity was verified using denaturing agarose gel electrophoresis.

DNase digest of isolated RNA and cDNA synthesis

Prior to complementary DNA (cDNA) synthesis, residual DNA was degraded by use of the DNA-free Kit (Thermo
Fisher Scientific) following the manufacturer’s manual (Publication Number 1907M, Revision G). Reverse
transcription was performed using iScript Select cDNA Synthesis Kit (Bio-Rad Laboratories) and a 1:1 blend of
oligo(dT),,, and random primer. For this purpose, 500 ng of isolated RNA was used and incubated according to
the manufacturer’s manual. To detect residual DNA in the further procedure, a reverse transcription-negative
control was prepared for each of the samples. The concentration and purity of the cDNA was determined with a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific).

Strain Pathotype Serotype | Relevant genotype Reference
HUSEC003 | EHEC O157:H7 | stx2a*, subAB~, eae*, hlyA*, efal”, iha*, sfpA’, IpfO26~, IpfO1137, IpfO157-O1141%, IpfO157-O1154%, saa™, terE* | ¢/
HUSEC004 | EHEC O157:H" | stx2a*, subAB’, eae*, hlyA*, efal*, iha™, sfpA*, IpfO26~, IpfO1137, IpfO157-0I141%, IpfO157-OI154", saa™, terE~ 67
HUSECO008 EHEC O103:H™ | stx2a*, subAB", eae*, hlyA~, efal*, iha™, sfpA~, IpfO26", IpfO1137, IpfO157-011417, IpfO157-011547, saa”, terE~ 67
HUSEC018 | EHEC O26:H11 | stx2a*, subAB~, eae*, hlyA*, efal”, iha*, sfpA~, IpfO26*, IpfO113*, IpfO157-01141, IpfO157-O1154, saa™, terE* | ¢
LB226692 EHEC 0104:H4 ;?;X:: ;Z‘Zﬁg;,ef?f)’iyﬁlgﬂ’, iha*, sfpA~, IpfO26*, IpfO113*, IpfO157-011417, IpfO157-O1154", saa™, terE*, aatA*, | g
TS18/08 STEC O113:H21 | stx2a*, subAB", eae’, hlyA*, efal™, iha*, sfpA~, IpfO26*, IpfO113*, IpfO157-011417, IpfO157-011547, saa*, terE* |7
C600(933W) | K-12 derivate F-, A-, thr-1, leuB6, lacY1, supE44, rfoD1, thi-1, mcrAl, cyn-1, carrying the Stx2a-encoding prophage 933W 100

Table 2. E. coli strains used in this study.
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oligonucleotide | nucleotide sequence (5’-3’ direction) | PCR product size | PCR conditions
rrsB-for GCATAACGTCGCAAGACCAAA

91 bp 95 °C, 10 s; 60.5 °C, 30 s; 72 °C, 10 s; 40 cycles
rrsB-rev GCCGTTACCCCACCTACTAGCT
upper-stx TCATATCTGGCGTTAATGGAGTTC

99 bp 95°C, 10s; 52.4°C, 30 s; 72 °C, 10 s; 40 cycles
lower-stx GCGTAAGGCTTCTGCTGTG
stxB2-for TGAAGAAGATGTTTATGGCGG

183 bp 95°C, 10s; 55.8 °C, 30 s; 72 °C, 10 s; 40 cycles
stxB2-rev GAGCACTTTGCAGTAACGG

Table 3. Oligonucleotides used in this study with respective PCR product size and PCR conditions.

Transcriptional analysis of Stx subunit gene expression

Expression of the Stx subunit genes stxA2a and stxB2a was investigated by transcriptional analysis using a
CFX96 system (Bio-Rad Laboratories) following the procedure described previously by Hauser et al.®. Briefly,
10 pL SsoAdvanced universal SYBR green supermix (Bio-Rad Laboratories), 2.8 ng of cDNA, 0.75 L of each
primer (10 pmol/pL), and nuclease-free water (Thermo Fisher Scientific) to a final volume of 20 pL were used
to prepare the samples for gPCR. Oligonucleotides and respective PCR program are shown in Table 3. For data
analysis, the 2724€T method described by Pfaffl'%! was used. For this purpose, gene expression of stxA2a and
stxB2a was normalized to expression of the endogenous control gene rrsB. The AC, values of samples of induced
culture were normalized to those of the samples of the non-induced culture (AAC.) using the following formula,

ACGOI
GOI
ACTHKG
HKG

Relativenormalized expression =

where E is the converted primer efficiency, C, is the threshold cycle, GOI is the gene of interest and HKG is the
housekeeping gene.

The data were analyzed for each strain independently. For all target genes, standard curves were used to
determine amplification efficiency (Table S3). For this purpose, a decimal dilution series of cDNA from the
strain E. coli C600(933W) with concentrations between 0.0014 and 14 ng/uL was prepared and used as template
in qPCR approach. No-template controls and reverse transcription-negative controls were used in each approach
and showed C. values of 34-40 (data not shown). Transcriptional analysis for each strain was performed in
technical duplicates, and RNA isolation was performed in three biological replicates.

Collection of culture supernatants

For the detection and quantification of free Stx subunits in the culture supernatants of the STEC and EHEC
wildtype strains (Table 2), cultures (25 mL LB broth in 250 mL Erlenmeyer flask) were inoculated with overnight
cultures of the respective strains to an initial OD,,  of 0.05 and grown at 37 °C and 180 rounds per minute
toan ODy, of~0.3. At an OD,  of 0.3, cultures were induced with norfloxacin (100 ng/mL f.c.) (Sigma-
Aldrich). After induction, strains were incubated for further 24 h (37 °C, 180 rounds per minute) and culture
supernatants were collected and sterile filtered using a 0.22 pm PVDF syringe filter (Carl Roth). For subsequent
native PAGE and Western blot analysis, culture supernatants were concentrated with Amicon Ultra Centrifugal
Filter Units (MWCO: 3000 Da, Merck) to a final volume of 5 mL. For the determination of the number of
subunits in the culture supernatant, unconcentrated samples were used. Culture supernatants of the STEC and
EHEC wildtype strains were collected in three biological replicates.

Native PAGE and Western blot analysis

To detect free Stx subunits in the culture supernatants, native polyacrylamide gel electrophoresis (nPAGE) with
subsequent Western blot analysis was performed. For this purpose, culture supernatants and purified StxA2a
and StxB2a were loaded on Bolt 4-12% Bis-Tris Plus gels (Thermo Fisher Scientific), and electrophoresis
was conducted at 200 V for 50 min. After electrophoresis, nPAGE gels were blotted at 50 mA for 1 h on a
polyvinylidene fluoride (PVDF) immunoblot membrane (Bio-Rad Laboratories). After blotting, membranes
were washed with TBS-T (0.1% (v/v) Tween-20 in TBS) and blocked with blocking buffer (5% (w/v) milk
powder (Carl Roth) in TBS-T) for 4 h at room temperature, gently rocking. For detection of StxA2a, Shiga toxin
2A Monoclonal Antibody (11E10, 1:5000, Thermo Fisher Scientific) and horseradish conjugated secondary
antibody goat anti-mouse IgG (H+L), (1:5000, Thermo Fisher Scientific) was used. StxB2a was detected using
anti-SCH-SKY antibody (1:5000, Davids Biotechnologie) and horseradish conjugated secondary antibody goat
anti-rabbit IgG(H + L) (1:5000, Thermo Fisher Scientific). The anti-SCH-SKY antibody was synthesized for this
study based on the following StxB2a-specific amino acid sequence: SKYNEDDTFTVKVDGKEY. Prior to use
the specificity of this antibody was tested (see supplementary material). Incubation with the primary antibodies
was performed at 4 °C, overnight and incubation with the secondary antibodies at RT for 4 h. Detection was
performed using a 1:10 dilution of the SuperSignal West Atto Ultimate Sensitivity Substrate (Thermo Fisher
Scientific) and a ChemiDoc XRS +device (Bio-Rad Laboratories) and the Image Lab Software for PC Version
6.1 (Bio-Rad Laboratories, https://www.bio-rad.com/de-de/product/image-lab-software?ID=KRE6P5E8Z#frag
ment-6).
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Stx-ELISA
For quantification of the number of StxA2a and StxB2a a quantitative ELISA was established. This ELISA was
based on immobilized subunits being bound by the capture antibody and a horseradish conjugated detection
antibody. The establishment of this ELISA is described in the supplementary material. For coating with the
StxA2a and StxB2a standard, stock solutions with a final concentration of 1000 ng/mL were prepared using
purified subunits. The purified subunits were obtained as described by Heinisch and Krause et al.%. Briefly,
StxA2a was recombinantly expressed and purified using E. coli strain BL21(DE3) C41/pET45b(+)-stxA2a and
anion exchange chromatography with a CaptoQ column for purification. For StxB2a, E. coli strain BL21(DE3)
C41/pET22b(+)-stxB2a and immobilized metal affinity chromatography with a HisTrap HP column were used.
The concentrations of the purified subunits were determined by Bradford assay as previously described by
Bradford!%2. Briefly, the protein assay dye (Bio-Rad Laboratories) and a standard curve of bovine serum albumin
(BSA; Carl Roth) was used. Detection was performed at 595 nm using a Tecan Infinite M200 device (Tecan).
StxA2a and StxB2a stock solutions were serial diluted (1:2) with 1 x PBS to obtain a protein standard in a range
of 7.8 ng/mL and 1000 ng/mL. Coating of the 96-well plates (2HB, Thermo Fisher Scientific) was performed at
4 °C, overnight, gently rocking using the StxA2a and StxB2a standard, the culture supernatants of the STEC and
EHEC wildtype strains in an appropriate dilution, and a PBS blank. To ensure that the Stx subunits are present in
all samples in their monomeric form both, StxA2a and StxB2a stock solutions and the culture supernatants were
denatured at 80 °C for 1 h prior before use. After the 96-well plates were washed three times with PBS-T (0.1%
(v/v) Tween20 in PBS), 200 pL of blocking buffer (5% (w/v) milk powder (Carl Roth) in PBS-T) was added and
the plates were incubated at room temperature for 1 h. Subsequently, plates were again washed three times with
PBS-T and 100 pL of the respective antibody was added. For detection of StxA2a, Shiga toxin 2A Monoclonal
Antibody (11E10, 1:1000) and horseradish conjugated secondary antibody goat anti-mouse IgG (H+L),
(1:5000) was used. StxB2a was detected using anti-SCH-SKY antibody (1:1000) and horseradish conjugated
secondary antibody goat anti-rabbit IgG(H + L) (1:5000). Incubation with the primary and secondary antibody
was performed at room temperature for 2 h. In between and after incubation with the secondary antibody, plates
were washed three times with PBS-T. For detection, a 1:10 dilution of the SuperSignal™ ELISA Femto Substrate
(Thermo Fisher Scientific) and a Tecan Infinite M200 device (Tecan) was used. Chemiluminescent signal was
measured at 428 nm, after shaking the plate for 60 s (orbital, amplitude 2). Quantification of the number of
subunits was performed for each strain in three biological replicates with two technical replicates.

Statistical analysis

For transcriptional analysis and Stx-ELISA, means calculated from the three biological replicates were used for
statistical analysis. Data were analyzed for normal distribution using the Shapiro-Wilk test. To compare the
datasets for the different strains, one-way analysis of variance (ANOVA) was performed using Tukey test and
Bonferroni test (p=0.01). The homogeneity of variance was tested using Levene’s test (p=0.01).

Data availability

All data generated or analyzed during this study are included in this published article and its supplementary in-
formation files. Bacterial strains are available from the authors. Contact: Professor Dr. Herbert Schmidt, Institute
of Food Science and Biotechnology, Department of Food Microbiology, University of Hohenheim, Garbenstrafle
28, 70599 Stuttgart, Germany; herbert.schmidt@uni-hohenheim.de; phone: +49 711 459 22305.

Received: 31 October 2024; Accepted: 6 May 2025
Published online: 14 May 2025

References

1. Scheutz, F. Taxonomy meets public health: The case of Shiga toxin-producing Escherichia coli. Microbiol. Spectr. https://doi.org/1
0.1128/microbiolspec. EHEC-0019-2013 (2014).

2. Alconcher, L. E, Rivas, M., Lucarelli, L. ., Galavotti, ]. & Rizzo, M. Shiga toxin-producing Escherichia coli in household members
of children with hemolytic uremic syndrome. Eur. J. Clin. Microbiol. Infect. Dis. 39, 427-432. https://doi.org/10.1007/s10096-01
9-03738-1 (2020).

3. Espinosa, L., Gray, A., Duffy, G., Fanning, S. & McMahon, B. ]. A scoping review on the prevalence of Shiga-toxigenic Escherichia
coli in wild animal species. Zoonoses Public Health 65, 911-920. https://doi.org/10.1111/zph.12508 (2018).

4. Gigliucci, F. et al. Metagenomic characterization of the human intestinal microbiota in fecal samples from STEC-infected patients.
Front. Cell. Infect. Microbiol. 8, 25. https://doi.org/10.3389/fcimb.2018.00025 (2018).

5. Gill, A, Carrillo, C., Hadley, M., Kenwell, R. & Chui, L. Bacteriological analysis of wheat flour associated with an outbreak of
Shiga toxin-producing Escherichia coli O121. Food Microbiol. 82, 474-481. https://doi.org/10.1016/j.fm.2019.03.023 (2019).

6. Lascowski, K. M. S. et al. Shiga toxin-producing Escherichia coli in drinking water supplies of north Parand State, Brazil. J. Appl.
Microbiol. 114, 1230-1239. https://doi.org/10.1111/jam.12113 (2013).

7. Slanec, T, Fruth, A., Creuzburg, K. & Schmidt, H. Molecular analysis of virulence profiles and Shiga toxin genes in food-borne
Shiga toxin-producing Escherichia coli. Appl. Environ. Microbiol. 75, 6187-6197. https://doi.org/10.1128/ AEM.00874-09 (2009).

8. Burger, R. Improving Food Safety Through a One Health Approach: Workshop Summary. EHEC O104:H4 in Germany 2011:
Large outbreak of bloody diarrhea and haemolytic uraemic syndrom by Shiga toxin-producing E. coli via contaminated food
(2012). https://doi.org/10.25646/1235.

9. Matano, S. et al. Encephalopathy, disseminated intravascular coagulation, and hemolytic-uremic syndrome after infection with
enterohemorrhagic Escherichia coli O111. J. Infect. Chemother. 18, 558-564. https://doi.org/10.1007/s10156-011-0336-9 (2012).

10. Verweyen, H. M., Karch, H., Allerberger, F. & Zimmerhackl, L. B. Enterohemorrhagic Escherichia coli (EHEC) in pediatric
hemolytic-uremic syndrome: A prospective study in Germany and Austria. Infection 27, 341-347. https://doi.org/10.1007/s1501
00050040 (1999).

11. Ullrich, S. et al. Symptoms and clinical course of EHEC 0104 infection in hospitalized patients: A prospective single center study.
PLoS ONE 8, e55278. https://doi.org/10.1371/journal.pone.0055278 (2013).

12. European Centre for Disease Prevention and Control. STEC infection - Annual Epidemiological Report for 2022. (ECDC, 2024).

Scientific Reports|  (2025) 15:16712 | https://doi.org/10.1038/s41598-025-01342-2 nature portfolio


https://doi.org/10.1128/microbiolspec.EHEC-0019-2013
https://doi.org/10.1128/microbiolspec.EHEC-0019-2013
https://doi.org/10.1007/s10096-019-03738-1
https://doi.org/10.1007/s10096-019-03738-1
https://doi.org/10.1111/zph.12508
https://doi.org/10.3389/fcimb.2018.00025
https://doi.org/10.1016/j.fm.2019.03.023
https://doi.org/10.1111/jam.12113
https://doi.org/10.1128/AEM.00874-09
https://doi.org/10.25646/1235
https://doi.org/10.1007/s10156-011-0336-9
https://doi.org/10.1007/s150100050040
https://doi.org/10.1007/s150100050040
https://doi.org/10.1371/journal.pone.0055278
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

13.
14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

The European Union One Health 2022 Zoonoses Report (2023).

Corrigan, J. J. & Boineau, F. G. Hemolytic-uremic syndrome. Pediatr. Rev. 22, 365-369. https://doi.org/10.1542/pir.22-11-365
(2001).

Stewart, C. L. & Tina, L. U. Hemolytic uremic syndrome. Pediatr. Rev. 14, 218-224. https://doi.org/10.1542/pir.14-6-218 (1993).
Scheutz, E et al. Multicenter evaluation of a sequence-based protocol for subtyping Shiga toxins and standardizing Stx
nomenclature. J. Clin. Microbiol. 50, 2951-2963. https://doi.org/10.1128/jcm.00860-12 (2012).

Lee, J. E. et al. Phylogenetic analysis of Shiga toxin 1 and Shiga toxin 2 genes associated with disease outbreaks. BMC Microbiol.
7, 109. https://doi.org/10.1186/1471-2180-7-109 (2007).

Fuller, C. A, Pellino, C. A., Flagler, M. ], Strasser, J. E. & Weiss, A. A. Shiga toxin subtypes display dramatic differences in potency.
Infect. Immun. 79, 1329-1337. https://doi.org/10.1128/IAL.01182-10 (2011).

Bauwens, A. et al. Differential cytotoxic actions of Shiga toxin 1 and Shiga toxin 2 on microvascular and macrovascular endothelial
cells. J. Thromb. Haemost. 105, 515-528. https://doi.org/10.1160/TH10-02-0140 (2011).

Stella, A. E., Luz, D., Piazza, R. M. E. & Spira, B. ppGpp and cytotoxicity diversity in Shiga toxin-producing Escherichia coli (STEC)
isolates. Epidemiol. Infect. 145, 2204-2211. https://doi.org/10.1017/50950268817001091 (2017).

Shen, J. et al. Virulence characterization of non-O157 Shiga toxin-producing Escherichia coli isolates from food, humans and
animals. Food Microbiol. 50, 20-27. https://doi.org/10.1016/j.fm.2015.02.007 (2015).

Probert, W. S., McQuaid, C. & Schrader, K. Isolation and identification of an Enterobacter cloacae strain producing a novel
subtype of Shiga toxin type 1. J. Clin. Microbiol. 52, 2346-2351. https://doi.org/10.1128/JCM.00338-14 (2014).

Zhang, W., Bielaszewska, M., Kuczius, T. & Karch, H. Identification, characterization, and distribution of a Shiga toxin 1 gene
variant (stx(1c)) in Escherichia coli strains isolated from humans. J. Clin. Microbiol. 40, 1441-1446. https://doi.org/10.1128/JCM.
40.4.1441-1446.2002 (2002).

Huang, A., Friesen, ]. & Brunton, J. L. Characterization of a bacteriophage that carries the genes for production of Shiga-like toxin
1 in Escherichia coli. J. Bacteriol. 169, 4308-4312. https://doi.org/10.1128/jb.169.9.4308-4312.1987 (1987).

Calderwood, S. B., Auclair, F,, Donohue-Rolfe, A., Keusch, G. T. & Mekalanos, J. J. Nucleotide sequence of the Shiga-like toxin
genes of Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 84, 4364-4368. https://doi.org/10.1073/pnas.84.13.4364 (1987).

Jackson, M. P, Newland, J. W, Holmes, R. K. & O’Brien, A. D. Nucleotide sequence analysis of the structural genes for Shiga-like
toxin I encoded by bacteriophage 933] from Escherichia coli. Microb. Pathog. 2, 147-153. https://doi.org/10.1016/0882-4010(87)
90106-9 (1987).

Biirk, C. et al. Identification and characterization of a new variant of Shiga toxin 1 in Escherichia coli ONT:H19 of bovine origin.
J. Clin. Microbiol. 41, 2106-2112. https://doi.org/10.1128/JCM.41.5.2106-2112.2003 (2003).

Yang, X. et al. Genomic characteristics of Stx2e-producing Escherichia coli strains derived from humans, animals, and meats.
Pathogens 10, 1551. https://doi.org/10.3390/pathogens10121551 (2021).

Yang, X. et al. Escherichia coli strains producing a novel Shiga toxin 2 subtype circulate in China. Int. J. Med. Microbiol. 310,
151377. https://doi.org/10.1016/1.ijmm.2019.151377 (2020).

Schmidt, H. et al. A new Shiga toxin 2 variant (Stx2f) from Escherichia coli isolated from pigeons. Appl. Environ. Microbiol. 66,
1205-1208. https://doi.org/10.1128/aem.66.3.1205-1208.2000 (2000).

O’Brien, A. O,, Lively, T. A., Chen, M. E., Rothman, S. W. & Formal, S. B. Escherichia coli O157:H7 strains associated with
haemorrhagic colitis in the United States produce a Shigella dysenteriae 1 (Shiga) like cytotoxin. Lancet 1, 702. https://doi.org/10
.1016/50140-6736(83)91987-6 (1983).

Gobius, K. S., Higgs, G. M. & Desmarchelier, P. M. Presence of activatable Shiga toxin genotype (stx(2d)) in Shiga toxigenic
Escherichia coli from livestock sources. J. Clin. Microbiol. 41, 3777-3783. https://doi.org/10.1128/JCM.41.8.3777-3783.2003
(2003).

Gill, A. et al. Characterization of atypical Shiga toxin gene sequences and description of Stx2j, a new subtype. J. Clin. Microbiol.
60, €0222921. https://doi.org/10.1128/jcm.02229-21 (2022).

Leung, P. H. M. et al. A newly discovered verotoxin variant, VT2g, produced by bovine verocytotoxigenic Escherichia coli. Appl
Environ. Microbiol. 69, 7549-7553. https://doi.org/10.1128/ AEM.69.12.7549-7553.2003 (2003).

Lacher, D. W,, Gangiredla, J., Patel, I, Elkins, C. A. & Feng, P. C. H. Use of the Escherichia coli identification microarray for
characterizing the health risks of Shiga toxin-producing Escherichia coli isolated from foods. J. Food Prot. 79, 1656-1662. https://
doi.org/10.4315/0362-028X.JFP-16-176 (2016).

Yang, X. et al. Genomic characterization of Escherichia coli O8 strains producing Shiga toxin 21 subtype. Microorganisms 10, 1245.
https://doi.org/10.3390/microorganisms10061245 (2022).

Bai, X, Scheutz, F, Dahlgren, H. M., Hedenstrom, I. & Jernberg, C. Characterization of clinical Escherichia coli strains producing
a novel Shiga toxin 2 subtype in Sweden and Denmark. Microorganisms 9, 2374. https://doi.org/10.3390/microorganisms9112374
(2021).

Lindsey, R. L. et al. Identification and characterization of ten Escherichia coli strains encoding novel Shiga toxin 2 subtypes, Stx2n
as well as Stx2j, Stx2m, and Stx2o, in the United States. Microorganisms https://doi.org/10.3390/microorganisms11102561 (2023).
European Food Safety Authority and European Centre for Disease Prevention and Control. The European Union One Health
2022 zoonoses report. EFSA J. 21, e8442. https://doi.org/10.2903/j.efsa.2023.8442 (2023).

Fraser, M. E., Chernaia, M. M., Kozlov, Y. V. & James, M. N. Crystal structure of the holotoxin from Shigella dysenteriae at 2.5 A
resolution. Nat. Struct. Mol. Biol. 1, 59-64. https://doi.org/10.1038/nsb0194-59 (1994).

Fraser, M. E. et al. Structure of shiga toxin type 2 (Stx2) from Escherichia coli O157:H7. J. Biol. Chem. 279, 27511-27517. https://
doi.org/10.1074/jbc.M401939200 (2004).

Ling, H. et al. Structure of the Shiga-like toxin I B-pentamer complexed with an analogue of its receptor Gb3. Biochemistry 37,
1777-1788. https://doi.org/10.1021/bi971806n (1998).

Stein, P. E., Boodhoo, A., Tyrrell, G. J., Brunton, J. L. & Read, R. J. Crystal structure of the cell-binding B oligomer of verotoxin-1
from E. coli. Nature 355, 748-750. https://doi.org/10.1038/355748a0 (1992).

Fraser, M. E. et al. Binding of adenine to Stx2, the protein toxin from Escherichia coli O157:H7. Acta Crystallogr. Sect. F Struct.
Biol. Cryst. Commun. 62, 627-630. https://doi.org/10.1107/51744309106021968 (2006).

Obrig, T. G., Moran, T. P. & Brown, J. E. The mode of action of Shiga toxin on peptide elongation of eukaryotic protein synthesis.
Biochem. ]. 244, 287-294. https://doi.org/10.1042/bj2440287 (1987).

Endo, Y. et al. Site of action of a Vero toxin (VT2) from Escherichia coli O157:H7 and of Shiga toxin on eukaryotic ribosomes.
RNA N-glycosidase activity of the toxins. Eur. J. Biochem. 171, 45-50. https://doi.org/10.1111/j.1432-1033.1988.tb13756.x (1988).
Smith, W. E. et al. Shiga toxin 1 triggers a ribotoxic stress response leading to p38 and JNK activation and induction of apoptosis
in intestinal epithelial cells. Infect. Immun. 71, 1497-1504. https://doi.org/10.1128/IA1.71.3.1497-1504.2003 (2003).

Waddell, T., Head, S., Petric, M., Cohen, A. & Lingwood, C. Globotriosyl ceramide is specifically recognized by the Escherichia
coli verocytotoxin 2. Biochem. Biophys. Res. Commun. 152, 674-679. https://doi.org/10.1016/S0006-291X(88)80091-3 (1988).
Lindberg, A. A. et al. Identification of the carbohydrate receptor for Shiga toxin produced by Shigella dysenteriae type 1. J. Biol.
Chem. 262, 1779-1785. https://doi.org/10.1016/S0021-9258(19)75706-8 (1987).

Shimizu, H., Field, R. A., Homans, S. W. & Donohue-Rolfe, A. Solution structure of the complex between the B-subunit
homopentamer of verotoxin VT-1 from Escherichia coli and the trisaccharide moiety of globotriaosylceramide. Biochemistry 37,
11078-11082. https://doi.org/10.1021/bi980946 (1998).

Scientific Reports|  (2025) 15:16712

| https://doi.org/10.1038/s41598-025-01342-2 nature portfolio


https://doi.org/10.1542/pir.22-11-365
https://doi.org/10.1542/pir.14-6-218
https://doi.org/10.1128/jcm.00860-12
https://doi.org/10.1186/1471-2180-7-109
https://doi.org/10.1128/IAI.01182-10
https://doi.org/10.1160/TH10-02-0140
https://doi.org/10.1017/S0950268817001091
https://doi.org/10.1016/j.fm.2015.02.007
https://doi.org/10.1128/JCM.00338-14
https://doi.org/10.1128/JCM.40.4.1441-1446.2002
https://doi.org/10.1128/JCM.40.4.1441-1446.2002
https://doi.org/10.1128/jb.169.9.4308-4312.1987
https://doi.org/10.1073/pnas.84.13.4364
https://doi.org/10.1016/0882-4010(87)90106-9
https://doi.org/10.1016/0882-4010(87)90106-9
https://doi.org/10.1128/JCM.41.5.2106-2112.2003
https://doi.org/10.3390/pathogens10121551
https://doi.org/10.1016/j.ijmm.2019.151377
https://doi.org/10.1128/aem.66.3.1205-1208.2000
https://doi.org/10.1016/s0140-6736(83)91987-6
https://doi.org/10.1016/s0140-6736(83)91987-6
https://doi.org/10.1128/JCM.41.8.3777-3783.2003
https://doi.org/10.1128/jcm.02229-21
https://doi.org/10.1128/AEM.69.12.7549-7553.2003
https://doi.org/10.4315/0362-028X.JFP-16-176
https://doi.org/10.4315/0362-028X.JFP-16-176
https://doi.org/10.3390/microorganisms10061245
https://doi.org/10.3390/microorganisms9112374
https://doi.org/10.3390/microorganisms11102561
https://doi.org/10.2903/j.efsa.2023.8442
https://doi.org/10.1038/nsb0194-59
https://doi.org/10.1074/jbc.M401939200
https://doi.org/10.1074/jbc.M401939200
https://doi.org/10.1021/bi971806n
https://doi.org/10.1038/355748a0
https://doi.org/10.1107/S1744309106021968
https://doi.org/10.1042/bj2440287
https://doi.org/10.1111/j.1432-1033.1988.tb13756.x
https://doi.org/10.1128/IAI.71.3.1497-1504.2003
https://doi.org/10.1016/S0006-291X(88)80091-3
https://doi.org/10.1016/S0021-9258(19)75706-8
https://doi.org/10.1021/bi980946
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Plunkett, G., Rose, D. J., Durfee, T. J. & Blattner, E R. Sequence of Shiga toxin 2 phage 933W from Escherichia coli O157:H7: Shiga
toxin as a phage late-gene product. J. Bacteriol. 181, 1767-1778. https://doi.org/10.1128/]JB.181.6.1767-1778.1999 (1999).

Karch, H., Schmidt, H., Janetzki-Mittmann, C., Scheef, J. & Kroger, M. Shiga toxins even when different are encoded at identical
positions in the genomes of related temperate bacteriophages. Mol. Gen. Genet. 262, 600-607. https://doi.org/10.1007/s0043800
51122 (1999).

Roberts, J. W. et al. Antitermination by bacteriophage lambda Q protein. Cold Spring Harb. Symp. Quant. Biol. 63, 319-325.
https://doi.org/10.1101/sqb.1998.63.319 (1998).

Tyler, J. S., Mills, M. ]. & Friedman, D. I. The operator and early promoter region of the Shiga toxin type 2-encoding bacteriophage
933W and control of toxin expression. J. Bacteriol. 186, 7670-7679. https://doi.org/10.1128/]B.186.22.7670-7679.2004 (2004).
Wagner, P. L. et al. Role for a phage promoter in Shiga toxin 2 expression from a pathogenic Escherichia coli strain. ]. Bacteriol.
183, 2081-2085. https://doi.org/10.1128/JB.183.6.2081-2085.2001 (2001).

Wagner, P. L. et al. Bacteriophage control of Shiga toxin 1 production and release by Escherichia coli. Mol. Microbiol. 44, 957-970.
https://doi.org/10.1046/j.1365-2958.2002.02950.x (2002).

Rodriguez-Rubio, L., Haarmann, N., Schwidder, M., Muniesa, M. & Schmidt, H. Bacteriophages of Shiga toxin-producing
Escherichia coli and their contribution to pathogenicity. Pathogens 10, 404. https://doi.org/10.3390/pathogens10040404 (2021).
Hayashi, T. et al. Complete genome sequence of enterohemorrhagic Escherichia coli O157:H7 and genomic comparison with a
laboratory strain K-12. DNA Res. 8, 11-22. https://doi.org/10.1093/dnares/8.1.11 (2001).

Melton-Celsa, A. R. Shiga Toxin (Stx) classification, structure, and function. Microbiol. Spectr. https://doi.org/10.1128/microbiol
spec. EHEC-0024-2013 (2014).

Torgersen, M. L., Lauvrak, S. U. & Sandvig, K. The A-subunit of surface-bound Shiga toxin stimulates clathrin-dependent uptake
of the toxin. FEBS J. 272, 4103-4113. https://doi.org/10.1111/j.1742-4658.2005.04835.x (2005).

Creydt, V. P, Silberstein, C., Zotta, E. & Ibarra, C. Cytotoxic effect of Shiga toxin-2 holotoxin and its B subunit on human renal
tubular epithelial cells. Microb. Infect. 8, 410-419. https://doi.org/10.1016/j.micinf.2005.07.005 (2006).

Kim, S.-H. et al. Instability of toxin A subunit of AB(5) toxins in the bacterial periplasm caused by deficiency of their cognate B
subunits. Biochim. Biophys. Acta 1808, 2359-2365. https://doi.org/10.1016/j.bbamem.2011.06.016 (2011).

Heinisch, L., Krause, M., Roth, A., Barth, H. & Schmidt, H. Cytotoxic effects of recombinant StxA2-His in the absence of its
corresponding B-Subunit. Toxins https://doi.org/10.3390/toxins13050307 (2021).

Funk, J. et al. Cytotoxic and apoptotic effects of recombinant subtilase cytotoxin variants of Shiga toxin-producing Escherichia
coli. Infect. Immun. 83, 2338-2349. https://doi.org/10.1128/IA1.00231-15 (2015).

Sessler, K. et al. The enzyme subunit SubA of Shiga toxin-producing E. coli strains demonstrates comparable intracellular
transport and cytotoxic activity as the holotoxin SubAB in HeLa and HCT116 cells in vitro. Arch. Toxicol. 95, 975-983. https://d
0i.org/10.1007/s00204-020-02965-2 (2021).

Sung, L. M, Jackson, M. P,, O’Brien, A. D. & Holmes, R. K. Transcription of the Shiga-like toxin type II and Shiga-like toxin type
II variant operons of Escherichia coli. J. Bacteriol. 172, 6386-6395. https://doi.org/10.1128/jb.172.11.6386-6395.1990 (1990).
Mellmann, A. et al. Analysis of collection of hemolytic uremic syndrome-associated enterohemorrhagic Escherichia coli. Emerg.
Infect. Dis. 14, 1287-1290. https://doi.org/10.3201/eid1408.071082 (2008).

Bielaszewska, M. et al. Characterisation of the Escherichia coli strain associated with an outbreak of haemolytic uraemic syndrome
in Germany, 2011: A microbiological study. J. Bacteriol. 11, 671-676. https://doi.org/10.1016/S1473-3099(11)70165-7 (2011).
Waldor, M. K. & Friedman, D. I. Phage regulatory circuits and virulence gene expression. Curr. Opin. Microbiol. 8, 459-465.
https://doi.org/10.1016/j.mib.2005.06.001 (2005).

Friedman, D. I. & Court, D. L. Bacteriophage lambda: alive and well and still doing its thing. Curr. Opin. Microbiol. 4, 201-207.
https://doi.org/10.1016/s1369-5274(00)00189-2 (2001).

Friedman, D. L. et al. Interactions of bacteriophage and host macromolecules in the growth of bacteriophage lambda. Microbiol.
Rev. 48, 299-325. https://doi.org/10.1128/mr.48.4.299-325.1984 (1984).

Roberts, J. W. Transcription termination and late control in phage lambda. Proc. Natl. Acad. Sci. U. S. A. 72, 3300-3304. https://d
oi.org/10.1073/pnas.72.9.3300 (1975).

Skalka, A. Regional and temporal control of genetic transcription in phage lambda. Proc. Natl. Acad. Sci. U. S. A. 55, 1190-1195.
https://doi.org/10.1073/pnas.55.5.1190 (1966).

Herold, S., Siebert, J., Huber, A. & Schmidt, H. Global expression of prophage genes in Escherichia coli O157:H7 strain EDL933
in response to norfloxacin. Antimicrob. Agents Chemother. 49, 931-944. https://doi.org/10.1128/AAC.49.3.931-944.2005 (2005).
Kijewski, A. C. R. et al. Transcriptomic and proteomic analysis of the virulence inducing effect of ciprofloxacin on
enterohemorrhagic Escherichia coli. PLoS ONE 19, €0298746. https://doi.org/10.1371/journal.pone.0298746 (2024).

Sy, B. M, Lan, R. & Tree, J. ]. Early termination of the Shiga toxin transcript generates a regulatory small RNA. Proc. Natl. Acad.
Sci. USA (Proc. Natl. Acad. Sci. U. S. A.) 117, 25055-25065. https://doi.org/10.1073/pnas.2006730117 (2020).

Smith, M. J. et al. Monoclonal antibody 11E10, which neutralizes Shiga toxin type 2 (Stx2), recognizes three regions on the Stx2A
subunit, blocks the enzymatic action of the toxin in vitro, and alters the overall cellular distribution of the toxin. Infect. Immun.
77, 2730-2740. https://doi.org/10.1128/IA1.00005-09 (2009).

Donohue-Rolfe, A., Jacewicz, M. & Keusch, G. T. Isolation and characterization of functional Shiga toxin subunits and renatured
holotoxin. Mol. Microbiol. 3, 1231-1236. https://doi.org/10.1111/j.1365-2958.1989.tb00273.x (1989).

Conrady, D. G. et al. Molecular basis of differential B-pentamer stability of Shiga toxins 1 and 2. PLoS ONE 5, e15153. https://do
i.org/10.1371/journal.pone.0015153 (2010).

Tamaki, Y., Harakuni, T. & Arakawa, T. Shiga toxin type 2 B subunit protects mice against toxin challenge when leashed and
bundled by a stable pentameric coiled-coil molecule. Vaccine 42, 1757-1767. https://doi.org/10.1016/j.vaccine.2024.01.102
(2024).

Kitova, E. N. et al. Stability of the homopentameric B subunits of Shiga toxins 1 and 2 in solution and the gas phase as revealed
by nanoelectrospray fourier transform ion cyclotron resonance mass spectrometry. . Am. Soc. Mass Spectrom. 16, 1957-1968.
https://doi.org/10.1016/j.jasms.2005.07.016 (2005).

Kitova, E. N. et al. Assembly and stability of the Shiga toxins investigated by electrospray ionization mass spectrometry.
Biochemistry 48, 5365-5374. https://doi.org/10.1021/bi9003155 (2009).

de Sablet, T. et al. Differential expression of stx2 variants in Shiga toxin-producing Escherichia coli belonging to seropathotypes A
and C. Microbiology (Reading) 154, 176-186. https://doi.org/10.1099/mic.0.2007/009704-0 (2008).

Ramstad, S. N. et al. Effects of antimicrobials on Shiga toxin production in high-virulent Shiga toxin-producing Escherichia coli.
Microb. Pathog. 152, 104636. https://doi.org/10.1016/j.micpath.2020.104636 (2021).

Mellmann, A. et al. Prospective genomic characterization of the German enterohemorrhagic Escherichia coli 0104:H4 outbreak
by rapid next generation sequencing technology. PLoS ONE 6, €22751. https://doi.org/10.1371/journal.pone.0022751 (2011).
Hauser, E. et al. Subtilase contributes to the cytotoxicity of a Shiga toxin-producing Escherichia coli strain encoding three different
toxins. Int. J. Food Microbiol. 217, 156-161. https://doi.org/10.1016/j.ijfoodmicro.2015.10.023 (2016).

Feng, P. C. H. et al. Genetic diversity and virulence potential of shiga toxin-producing Escherichia coli O113:H21 strains isolated
from clinical, environmental, and food sources. Appl. Environ. Microbiol. 80, 4757-4763. https://doi.org/10.1128/ AEM.01182-14
(2014).

Scientific Reports|  (2025) 15:16712

| https://doi.org/10.1038/s41598-025-01342-2 nature portfolio


https://doi.org/10.1128/JB.181.6.1767-1778.1999
https://doi.org/10.1007/s004380051122
https://doi.org/10.1007/s004380051122
https://doi.org/10.1101/sqb.1998.63.319
https://doi.org/10.1128/JB.186.22.7670-7679.2004
https://doi.org/10.1128/JB.183.6.2081-2085.2001
https://doi.org/10.1046/j.1365-2958.2002.02950.x
https://doi.org/10.3390/pathogens10040404
https://doi.org/10.1093/dnares/8.1.11
https://doi.org/10.1128/microbiolspec.EHEC-0024-2013
https://doi.org/10.1128/microbiolspec.EHEC-0024-2013
https://doi.org/10.1111/j.1742-4658.2005.04835.x
https://doi.org/10.1016/j.micinf.2005.07.005
https://doi.org/10.1016/j.bbamem.2011.06.016
https://doi.org/10.3390/toxins13050307
https://doi.org/10.1128/IAI.00231-15
https://doi.org/10.1007/s00204-020-02965-2
https://doi.org/10.1007/s00204-020-02965-2
https://doi.org/10.1128/jb.172.11.6386-6395.1990
https://doi.org/10.3201/eid1408.071082
https://doi.org/10.1016/S1473-3099(11)70165-7
https://doi.org/10.1016/j.mib.2005.06.001
https://doi.org/10.1016/s1369-5274(00)00189-2
https://doi.org/10.1128/mr.48.4.299-325.1984
https://doi.org/10.1073/pnas.72.9.3300
https://doi.org/10.1073/pnas.72.9.3300
https://doi.org/10.1073/pnas.55.5.1190
https://doi.org/10.1128/AAC.49.3.931-944.2005
https://doi.org/10.1371/journal.pone.0298746
https://doi.org/10.1073/pnas.2006730117
https://doi.org/10.1128/IAI.00005-09
https://doi.org/10.1111/j.1365-2958.1989.tb00273.x
https://doi.org/10.1371/journal.pone.0015153
https://doi.org/10.1371/journal.pone.0015153
https://doi.org/10.1016/j.vaccine.2024.01.102
https://doi.org/10.1016/j.jasms.2005.07.016
https://doi.org/10.1021/bi9003155
https://doi.org/10.1099/mic.0.2007/009704-0
https://doi.org/10.1016/j.micpath.2020.104636
https://doi.org/10.1371/journal.pone.0022751
https://doi.org/10.1016/j.ijfoodmicro.2015.10.023
https://doi.org/10.1128/AEM.01182-14
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

88. Feng, P, Delannoy, S., Lacher, D. W, Bosilevac, J. M. & Fach, P. Characterization and virulence potential of serogroup O113 Shiga
toxin-producing Escherichia coli strains isolated from beef and cattle in the United States. J. Food Prot. 80, 383-391. https://doi.o
rg/10.4315/0362-028X.JFP-16-325 (2017).

89. Sanso, A. M. et al. Molecular epidemiology of Shiga toxin-producing O113:H21 isolates from cattle and meat. Zoonoses Public
Health 65, 569-577. https://doi.org/10.1111/zph.12467 (2018).

90. Ballem, A. et al. Prevalence and serotypes of Shiga toxin-producing Escherichia coli (STEC) in dairy cattle from Northern
Portugal. PLoS ONE 15, €0244713. https://doi.org/10.1371/journal.pone.0244713 (2020).

91. Habib, N. E & Jackson, M. P. Identification of a B subunit gene promoter in the Shiga toxin operon of Shigella dysenteriae 1. ].
Bacteriol. 174, 6498-6507. https://doi.org/10.1128/jb.174.20.6498-6507.1992 (1992).

92. Trinquier, A., Durand, S., Braun, E & Condon, C. Regulation of RNA processing and degradation in bacteria. Biochim. Biophys.
Acta Gene Regul. Mech. 1863, 194505. https://doi.org/10.1016/j.bbagrm.2020.194505 (2020).

93. Chen, H,, Shiroguchi, K., Ge, H. & Xie, X. S. Genome-wide study of mRNA degradation and transcript elongation in Escherichia
coli. Mol. Syst. Biol. 11, 781. https://doi.org/10.15252/msb.20145794 (2015).

94. Georgellis, D., Barlow, T., Arvidson, S. & von Gabain, A. Retarded RNA turnover in Escherichia coli: A means of maintaining gene
expression during anaerobiosis. Mol. Microbiol. 9, 375-381. https://doi.org/10.1111/j.1365-2958.1993.tb01698.x (1993).

95. Esquerré, T. et al. Dual role of transcription and transcript stability in the regulation of gene expression in Escherichia coli cells
cultured on glucose at different growth rates. Nucleic Acids Res. 42, 2460-2472. https://doi.org/10.1093/nar/gkt1150 (2014).

96. Morin, M., Enjalbert, B., Ropers, D., Girbal, L. & Cocaign-Bousquet, M. Genomewide stabilization of mRNA during a “feast-to-
famine” growth transition in Escherichia coli. mSphere https://doi.org/10.1128/mSphere.00276-20 (2020).

97. Nejman-Faleniczyk, B. et al. A small, microRNA-size, ribonucleic acid regulating gene expression and development of Shiga
toxin-converting bacteriophage ®24B. Sci. Rep. 5, 10080. https://doi.org/10.1038/srep10080 (2015).

98. Betley, M. ], Miller, V. L. & Mekalanos, J. ]. Genetics of bacterial enterotoxins. Annu. Rev. Microbiol. 40, 577-605. https://doi.org
/10.1146/annurev.mi.40.100186.003045 (1986).

99. Chemla, Y. et al. A possible universal role for mRNA secondary structure in bacterial translation revealed using a synthetic
operon. Nat. Commun. 11, 4827. https://doi.org/10.1038/s41467-020-18577-4 (2020).

100. Appleyard, R. K. Segregation of new lysogenic types during growth of a doubly lysogenic strain derived from Escherichia coli K12.
Genetics 39, 440-452. https://doi.org/10.1093/genetics/39.4.440 (1954).

101. Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29, e45. https://doi.o
rg/10.1093/nar/29.9.e45 (2001).

102. Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 72, 248-254. https://doi.org/10.1016/0003-2697(76)90527-3 (1976).

Acknowledgements

The authors thank Prof. Dr. Alexander Mellmann and Prof. Dr. Helge Karch from the Institute of Hygiene, Uni-
versity of Miinster, Miinster, Germany, and Prof. Dr. Martina Bielaszewska (now Statni zdravotni dstav, Prague,
Czech Republic), for providing EHEC strains.

Author contributions

K.N.: Conceptualization, Methodology, Investigation, Validation, Data curation, Formal analysis, Writing—
original draft, Writing—review and editing, Visualization; T.K.: Investigation, Data curation; H.B.: Conceptual-
ization, Supervision, Validation, Writing—review and editing, Project administration; H.S.: Conceptualization,
Supervision, Validation, Writing—review and editing, Project administration.

Funding
Open Access funding enabled and organized by Projekt DEAL.
This work was funded by the Deutsche Forschungsgemeinschaft (DFG)—Schm1360/11-2 and BA2087/6-2.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-01342-2.

Correspondence and requests for materials should be addressed to H.S.
Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:16712 | https://doi.org/10.1038/s41598-025-01342-2 nature portfolio


https://doi.org/10.4315/0362-028X.JFP-16-325
https://doi.org/10.4315/0362-028X.JFP-16-325
https://doi.org/10.1111/zph.12467
https://doi.org/10.1371/journal.pone.0244713
https://doi.org/10.1128/jb.174.20.6498-6507.1992
https://doi.org/10.1016/j.bbagrm.2020.194505
https://doi.org/10.15252/msb.20145794
https://doi.org/10.1111/j.1365-2958.1993.tb01698.x
https://doi.org/10.1093/nar/gkt1150
https://doi.org/10.1128/mSphere.00276-20
https://doi.org/10.1038/srep10080
https://doi.org/10.1146/annurev.mi.40.100186.003045
https://doi.org/10.1146/annurev.mi.40.100186.003045
https://doi.org/10.1038/s41467-020-18577-4
https://doi.org/10.1093/genetics/39.4.440
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1038/s41598-025-01342-2
https://doi.org/10.1038/s41598-025-01342-2
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Excess A-subunits of Shiga toxin 2a are produced in enterohemorrhagic ﻿Escherichia coli﻿
	﻿Results
	﻿Unexpectedly, the Stx2a subunit genes ﻿stxA2a﻿ and ﻿stxB2a﻿ are not transcribed in a 1:5 or 1:1 ratio
	﻿Free Stx subunits are detectable in culture supernatants of STEC and EHEC wildtype strains
	﻿The subunit ratio (StxA2a:StxB2a) differs between STEC and EHEC wildtype strains

	﻿Discussion
	﻿Materials and methods
	﻿Bacterial strains
	﻿RNA isolation
	﻿DNase digest of isolated RNA and cDNA synthesis
	﻿Transcriptional analysis of Stx subunit gene expression
	﻿Collection of culture supernatants
	﻿Native PAGE and Western blot analysis
	﻿Stx-ELISA
	﻿Statistical analysis

	﻿References


