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SUMMARY

Shiga toxin-producing Escherichia coli (STEC) is a known food pathogen, which main reservoir
is the intestine of ruminants. The abundance of different STEC lineages in nature reflect a
heterogeneity that is characterised by the differential expression of certain genotypic
characteristics, which in turn are influenced by the environmental conditions to which the
microorganism is exposed. Bacterial homeostasis and stress response are under the control of the
alarmone guanosine tetraphosphate (ppGpp), which intrinsic levels varies across the E. coli
species. In the present study, 50 STEC isolates from healthy sheep were evaluated regarding their
ppGpp content, cytotoxicity and other relevant genetic and phenotypic characteristics. We found
that the level of ppGpp and cytotoxicity varied considerably among the examined strains.
Isolates that harboured the szx2 gene were the least cytotoxic and presented the highest levels of
ppGpp. All stx2 isolates belonged to phylogroup A, while strains that carried szx1 or both stxl
and szx2 genes pertained to phylogroup Bl. All but two stx2 isolates belonged to the stx2b
subtype. Strains that belonged to phylogroup B1 displayed on average low levels of ppGpp and
high cytotoxicity. Overall, there was a negative correlation between cytotoxicity and ppGpp.
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INTRODUCTION subtypes of Stx1 and several subtypes of Stx2 exist and
can come out in many different combinations [1, 2]. E.
coli survival in the animal digestive tract and in foods
relies on the ability to respond to environmental stresses,
which in turn depends on the expression of hundreds of
genes [3]. Knowledge about the molecular properties
that allow pathogenic bacteria to thrive and survive in
different conditions is valuable to improve their control
during the food chain processing.

The nucleotides guanosine tetra and penta-

phosphate, collectively known as (p)ppGpp or simply
* Author for correspondence: B. Spira, Departamento de

Microbiologia, Instituto de Ciéncias Biomédicas Universidade de ppGpp,'af:cumulate n res'ponse'to adverse eI.1V1r0nmen-
Sio Paulo, Sio Paulo-SP, Brazil. (E-mail: benys@usp.br) tal conditions, such as amino acid, carbon, nitrogen and

Shiga toxin (Stx)-producing Escherichia coli (STEC)
expresses and secretes a potent cytotoxin that can cause
serious diseases in humans, such as bloody diarrhoea
and HUS (haemolytic uraemic syndrome). Illness due
to STEC has been linked to the consumption of different
types of food, mostly of animal origin. Natural isolates of
STEC can produce Stx1, Stx2, or both toxins; some
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phosphate starvation [4]. ppGpp accumulation is
accompanied by the stringent response, a metabolic
adjustment characterised by a dramatic reduction in
the synthesis of stable RNA and ribosomes and gen-
eral protein inhibition [5]. In E. coli, ppGpp is synthe-
sised by two proteins — RelA and SpoT. RelA
responds to amino acid starvation when uncharged
tRNAs bind to the A site of the ribosome, initiating
thus the synthesis of ppGpp. SpoT is a bifunctional
enzyme that displays a strong hydrolase and a weak
synthetase activity, owe to the presence of two func-
tional domains [6]. SpoT responds to several stresses
(but not to amino acid shortage) by inhibiting the
hydrolase activity, resulting in the stabilisation of
pprGpp [7]. ppGpp is associated with diverse cellular
functions, such as rRNA synthesis, mRNA elong-
ation, amino acids, carbohydrate and lipid metabol-
ism, DNA replication and repair and bacterial
virulence [4, 8, 9]. The hallmark of the stringent
response is the general inhibition of protein synthesis
caused by a strong reduction in the synthesis of
ribosomes. Genes that promote cell catabolism and
replication are also negatively regulated by this
alarmone [5]. On the other hand, some genes are posi-
tively affected by ppGpp, including those involved in
amino acid biosynthesis [5] and genes related to cell
survival and protection, such as rpoS that encodes
the sigma factor that coordinates the general stress
response [10].

The mechanism through which ppGpp exerts so
many pleiotropic effects is not entirely clear. It can
be partially explained by the fact that ppGpp interacts
directly with RNA polymerase, shifting the affinity of
the core enzyme towards alternative sigma factors [11].
ppGpp is positively associated with bacterial virulence
in several species [8]. In E. coli pathotypes, such as
EHEC, UPEC and EPEC ppGpp modulates the
expression of virulence factors, such as the synthesis
of adhesins and fimbriae important for bacterial
attachment to the host cell [12-14]. However, it has
been shown that ppGpp inhibits the lytic development
and DNA replication of Stx bacteriophages, which
suggests a negative role for ppGpp in the expression
of virulence in bacteria that carry toxin-encoding
phages such as STEC [15-17]. In the present study,
we correlated bacterial cytotoxicity and ppGpp in a
group of fifty STEC strains isolated from sheep.
The levels of both ppGpp and cytotoxicity were not
constant among the different isolates, and a
negative correlation between ppGpp and cytotoxicity
was observed.
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METHODS
Bacterial strains and growth conditions

E. coli strains were isolated from rectal swabs of 23
healthy sheep in the southwest of the state of Goias,
Brazil, and plated on MacConkey agar. Colonies
were biochemically identified as belonging to the spe-
cies E. coli based on lactose fermentation, indole pro-
duction, Voges—Proskauer assay, citrate utilisation,
absence of urease and production of hydrogen sul-
phide. All isolates were analysed by multiplex PCR
and classified into different phylogenetic groups as
described by Clermont et al. [18]. The isolates were
then tested for the presence of stxl, stx2 and eae
genes by PCR, as described by [19]. Strains that
carry one or both stx genes have been considered as
belonging to the STEC pathotype. Strains EDL933
(O157:H7, stx1", stx2", eae’) and E2348/69 (eae™)
were used as positive controls for the PCR character-
isation. Strains that harboured the stx2 gene were fur-
ther analysed by PCR subtyping essentially as
described [1].

LB was the standard bacterial rich medium [20].
TGP is a minimal medium composed of T-salts [21]
supplemented with 0-2% glucose and either 1 mM or
02mM KH,PO,. Vero cells were cultivated in
Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% Fetal Bovine Serum (FBS).

ppGpp assay

ppGpp was assayed essentially as described [22].
Briefly, bacteria were grown until the exponential
phase in non-limited TGP minimal medium, at
which point cells were resuspended in TGP containing
a limited concentration of phosphate (0-2mM
KH,PO, and 100 pCi/mI**?). Samples were harvested
after 60 and 240 min, mixed with 2 M cold formic acid
and stored overnight at —20 °C. On the next day, the
cell extracts were centrifuged to precipitate debris and
5 ul of each sample were applied to PEI-cellulose thin
layer chromatography (TLC) plates. The labelled
nucleotides were resolved by one-dimensional TLC
using 1-5M KH,PO, as solvent. The amounts of
ppGpp on the chromatograms were estimated by
measuring the radioactivity content in the ppGpp
and GTP spots in a Phosphor-Imager (Molecular
Dynamics). The level of ppGpp was calculated
according to the formula: ppGpp = ppGpp/(GTP +
prGpp) [23]. ppGpp values represent the mean of
three assays performed with three independent bacter-
ial cultures.
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Cytotoxicity assay

Cytotoxicity assay was performed as described [24].
Vero cells (1 x 10° cells/ml) were grown in 96-well plates
in DMEM medium in the presence of 10% FBS for 24
h, at 37°C, and 5% CO,. Bacteria cytotoxicity was
assayed by incubating the Vero cells in the presence
of a 1/10 dilution of the bacterial culture supernatant
in DMEM with 2% FBS for 72 h at 37 °C and 5%
CO,. The supernatant was obtained by growing the
strains overnight in LB, followed by centrifugation at
1690 g for 5min. MTT (Sigma-Aldrich) was used to
determine cell viability according to the manufacturer’s
instructions. Strains EDL933 and DHS5-a (a commensal
K12 strain) were respectively used as positive and nega-
tive controls. Cytotoxicity of the isolates was normal-
ised against the cytotoxic activity of strain EDL933.
At least three independent assays were performed for
each bacterial strain.

Statistical analysis

The standard error of the mean was calculated accord-
ing to the formula SEM = (SD/./n), where s.D. is the
standard deviation [25]. The coefficient of variation of
the mean was calculated as follows: CV can = (SEM/
mean). Data were evaluated for statistical significance
using a two-tailed heteroscedastic Student’s #-test.

RESULTS

Fifty STEC strains were isolated from healthy sheep
and identified as described in the Methods section.
Of the 50 isolates, 27 were characterised as stx1*, 8
as stx2" and 15 as stx1” stx2™ (Table 1). Subtyping
of the strains carrying s¢x2 revealed that all but two
belong to the stx2b subgroup. The two remaining
strains did not match any known subtype. No isolate
carried the eae gene that encodes the adhesin intimin
usually found in enterohaemorrhagic E. coli. The iso-
lates were also submitted to multiplex PCR to deter-
mine their phylogenetic relationships. Most isolates
belonged to phylogroup B1 (41/50) and the remainder
to phylogroup A (08/50). One strain displayed an
unknown phylogenetic profile. All isolates that
belonged to phylogroup A carried only the gene for
stx2, while phylogroup B1 was composed of bacteria
carrying both stx1 and szx2 or only szx1. Bacterial
virulence was evaluated by assaying cytotoxicity
against Vero cells. The supernatant of overnight
grown bacteria was collected and added to a
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monolayer of Vero cells, followed by incubation for
72 h, at which time cell survival was recorded
(Table 1). On average, the stx2 isolates were the
least cytotoxic (mean of 8§ strains =48-0% £ 9-8 dead
cells). The stx1+2 isolates (mean of 15 strains=
73-9% + 3-8 dead cells) and the stx1 isolates
(mean of 27 strains = 86-1% * 3-2 dead cells) displayed
considerably higher cytotoxicity. These values are
relative to the cytotoxic effect of the EDL933 strain,
that was used as a positive control. Two-tailed
Student’s #-test analyses showed that the cytotoxicity
means differed significantly, with P-values of
0-000025 (stx1 against stx2 isolates), 0-022 (stxl
against stx1+2) and 0-035 (stzx1+2 against stx2).
Figure 1A displays a graphical analysis of the cytotox-
icity of each group.

It has been reported that the alarmone ppGpp inhi-
bits DNA replication and lytic development of Stx
phages [15]. It has also been shown that the intrinsic
levels of ppGpp in the species E. coli are not constant
[26]. We thus asked whether the intrinsic variability in
ppGpp concentration in STEC isolates would influ-
ence the virulence of the strains. If that is the case,
strains that display high levels of ppGpp are expected
to be less cytotoxic than low-ppGpp ones and vice-
versa. To test this assumption ppGpp was assayed in
all 50 STEC isolates under two different growth con-
ditions (exponential phase and stationary phase eli-
cited by phosphate starvation). Supplementary
Figure S1 shows a representative thin-layer chromato-
gram of labelled nucleotides isolated from strains
AS1, AS2 and AS3. The average ppGpp basal level
across all strains (under exponential growth phase)
was 0-14 units, ranging from 0-076 to 0-30 units
(Table 1). Under phosphate-starvation, the mean
ppGpp level increased to 0-28 units (ranging from
0-17 to 0-42). Mean ppGpp basal and induced levels
are significantly different (P <107°). These results
are in agreement with the finding that phosphate star-
vation induces the accumulation of ppGpp in E. coli
[27]. Strains of the stx2 group displayed a significantly
higher ppGpp basal and induced (phosphate-starved)
levels than those in group stx1 (P =0-0013 for basal
levels and P=0-0018 for induced levels) or in group
stx17stx2 (P =0-022 for basal levels and P =0-0036
for induced levels) (Fig. 1B and C). Overall, there
was a moderate, but persistent inverse correlation
between cytotoxicity and ppGpp at both basal and
induced levels (Fig. 2). Taken together, these results
are consistent with the idea that ppGpp plays a nega-
tive role in the virulence of STEC natural isolates.
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Table 1. Genetic and phenotypic profiles of 50 STEC isolates

ppGpp and cytotoxicity in STEC 2207

ppGpp basal

ppGpp induced

Cytotoxicity * S.E.M. level * s.E.M. level £ s.E.m.

Strain Phylogroup stx1 S1x2 eae (CVmean)™® (CVmean)™ (CV mean)™®
ASI1 A — + - 851 22:5(26) 0-22£0:026 (12) 0-41£0-012 (3)
AS2 A - + - 96+ 65 (9) 0-30 £ 0-019 (6) 0-41 £ 0-008 (2)
AS3 A - +(b) - 267 % 66 (35) 0-27 £ 0-020 (7) 0-42 % 0-002 (1)
AS4 A - +(b) - 32:3+70(28) 0-30 £ 0-015 (5) 0-33+0-003 (1)
AS5 A - +(b) - 38:8 £9-7 (35) 0-28 £ 0-006 (2) 0-38 £0-007 (2)
AS6 A - +(b) — 22+6:1 (27) 0-14 £ 0-003 (2) 0-:30 £0-014 (5)
AS7 A - +(b) — 49-9+10-8 (28) 0-18 £ 0-007 (4) 0-31£0-013 (4)
ASS8 A - +(b) — 33-2%£7-5(29) 0-18 £0-029 (17) 0-30 £ 0-025 (8)
AS9 Bl + +(b) - 90 + 14-7 (16) 0-12+0-001 (1) 0-29 £ 0-025 (9)
AS10 Bl + +(b) - 74+ 177 (24) 0-13 £ 0-005 (4) 0-31+0-009 (3)
ASI11 Bl + +(b) — 651261 (40) 0-13 £ 0-007 (6) 0-:32£0-010 (3)
ASI12 Bl + +(b) — 399+ 5-8 (19) 0-13 £ 0-004 (3) 0-34 £ 0-005 (2)
ASI13 Bl + +(b) - 72+ 168 (23) 0-12£0-004 (4) 0-31£0-019 (6)
AS14 Bl + +(b) - 96 + 14-8 (16) 0-10 £ 0-002 (2) 0-25£0-020 (8)
AS15 Bl + +(b) - 79 +19-9 (25) 0-10 £ 0-006 (7) 0-28 +0-016 (6)
AS16 Bl + +(b) - 84 + 84 (13) 0-10 £ 0-007 (8) 0-20 +0-029 (15)
AS17 Bl + +(b) — 62156 (9) 0-11£0-003 (3) 0-27£0-012 (5)
ASI8 Bl + +(b) — 69 +21-3 (31) 0-09 £ 0-011 (13) 0-17 £ 0-016 (10)
ASI9 B1 + +(b) - 651329 (5) 0-08 = 0-004 (5) 0-29 £ 0-004 (1)
AS20 B1 + +(b) - 71 +£22-1 (31) 0-08 = 0-003 (4) 0-29 £ 0-006 (2)
AS21 Bl + +(b) - 88 +19-6 (22) 0-08 £ 0-005 (8) 0-27 +0-006 (2)
AS22 Bl + +(b) - 63 +20-8 (33) 0-09 £ 0-001 (2) 0-27 £0-003 (1)
AS23 Bl + +(b) — 9142 (5) 0-09 £ 0-004 (5) 0-:32£0-006 (2)
AS24 Bl + — — 77+ 133 (17) 0-13£0-016 (13) 0-23£0-014 (6)
AS25 Bl + - - 91+ 181 (20) 0-09 £ 0-009 (11) 0-26 = 0-006 (3)
AS26 B1 + — — 65+ 17-1 (26) 0-10 £ 0-002 (3) 0-30 £ 0-011 (4)
AS27 Bl + - - 72+19-5 (27) 0-11 £ 0-005 (5) 0-29 £ 0-000 (0-1)
AS28 Bl + - - 66 +25-2 (38) 0-08 = 0-008 (10) 0-31£0:016 (5)
AS29 Bl + - - 88 + 14-4 (16) 0-11 £0-003 (3) 0-21 +0-032 (15)
AS30 B1 + — — 113+ 144 (13) 0-11£0-007 (7) 0-18 £0-002 (1)
AS31 Bl + - — 95+ 282 (30) 0-10 = 0-006 (6) 0-22+0-015 (7)
AS32 B1 + - - 100 £ 139 (14) 0-11 £0-001 (1) 0-22£0-011 (5)
AS33 Bl + - - 83 +254 (31) 0-12 %+ 0-005 (4) 0-28 + 0024 (9)
AS34 Bl + - - 87+ 18:0 (21) 0-13+0-021 (16) 0-23+0-013 (6)
AS35 Bl + — - 79 +23-8 (30) 0-18 £ 0-008 (5) 0-28 £0-014 (5)
AS36 Bl + — — 83+ 19-0 (23) 0-19 £ 0-009 (5) 0-28 £0-009 (3)
AS37 Bl + - - 86 +30-0 (35) 0-15x0-011 (7) 0-27 £0-007 (3)
AS38 Bl + - - 96 +8-5(9) 0-08 = 0-008 (10) 0-26 = 0-007 (3)
AS39 B1 + - - 90+ 11-3 (13) 0-11+£0-014 (14) 0-28 £ 0-009 (3)
AS40 Bl + - - 91 +£22-8 (25) 0-10 £ 0-012 (12) 0-28 +0-014 (5)
AS41 Bl + — - 59 +22-0 (37) 0-12 £ 0-005 (5) 0-31£0-011 (4)
AS42 Bl + — — 79+ 134 (17) 0-11£0-003 (3) 0-:32£0-014 (4)
AS43 Bl + - - 50 + 19-7 (40) 0-11 +0-004 (4) 0-22 +0-026 (12)
AS44 Bl + - - 115+7-8 (7) 0-12+0-008 (7) 0-22+0-011 (5)
AS45 B1 + - - 74 £ 87 (12) 0-17 £ 0-009 (5) 0-29 £ 0-007 (2)
AS46 Bl + - - 116 £ 12-2 (11) 0-14 £ 0-004 (3) 0-27 +0-008 (3)
AS47 Bl + — — 93+21-7 (23) 0-15%0-000 (0-3) 0-28 £0-016 (4)
AS48 Bl + - - 110 + 142 (13) 0-16 = 0-002 (2) 0-27 £ 0-022 (8)
AS49 Unknown + — — 89 +30-3 (34) 0-17 £ 0-004 (3) 0-25%0-010 (4)
AS50 Bl + — — 77+ 168 (22) 0-20 = 0-009 (5) 0-36 £ 0-022 (6)

# Each values represents the mean t s.e.M. (standard error of the mean) of three independent experiments.

® Cytotoxicity against Vero cells relative to the cytotoxicity displayed by strain EDL933.

“ppGpp level of exponentially growing cells.

4 ppGpp level of phosphate-starved cells.
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Fig. 1. Cytotoxicity and ppGpp levels in 50 STEC
isolates. stx1, stx2 and stx1+2 respectively correspond to
strains carrying the szx1 gene, the stx2 gene or both stxl
and stx2 genes. (a) Cytotoxicity against Vero cells; (b)
ppGpp basal level and (¢) ppGpp induced by phosphate
starvation. In all three assays, the szx2 group of strains
was significantly different from the other two groups (stx1
and stx1+2) with P <0-05 by Students’ ¢-tests.

DISCUSSION

Bovines and ovines are natural reservoirs of STEC
strains. Both O157 and non-O157 STEC strains were
implicated in human disease outbreaks [28, 29]. The
main virulence factor of STEC is the production of
Shiga toxins, encoded by stx1 and stx2 [2, 30-32].
The majority of STEC strains isolated in the present
study carried stx1 or stx1+2 genes and belonged to
phylogroups Bl or A. All stx2 strains were in phy-
logroup A and all szx1 and s¢zx1+2 were in phylogroup
B1. These results are in agreement with another study
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with STEC obtained from Brazilian sheep in which B1
was the prevalent phylogroup and that all STEC iso-
lates belonging to phylogroup A were positive for
stx2 and negative for stx1 [33]. Other studies have
also shown similar distributions of stx alleles and phy-
logroups [34, 35].

Cytotoxicity was strongly related to the type of stx
present in each isolate, strains harbouring stx1 were
generally more cytotoxic than those carrying szx2.
The results presented here agree with other studies
that have shown that the Stx1 toxin is 10 times more
potent than Stx2 against Vero cells, while the LD
of Stx2 in mice is 100-fold lower than that of Stxl
[36, 37]. The stx1+2 isolates were less cytotoxic than
the isolates carrying only szx1. An explanation for
this surprising result is that different phages in the
same strain can negatively interfere with each other,
as reported elsewhere [38, 39]. It is worth mentioning
that the two stx2 isolates that did not match a known
subtype, AS1 and AS2, displayed high levels of cyto-
toxicity and ppGpp, contrasting with the inverse rela-
tion between these traits generally observed in the
other strains.

STEC strains are lysogenic for Shiga toxin-
converting lambdoid bacteriophages. The production
and release of Stx is preceded by the induction of the
bacteriophage, which will ultimately result in cell lysis
[15, 40]. Hence, the level of Stx directly depends on
the level of phage induction. Under nutrient starvation
or in slow-growing bacteria, ppGpp accumulates and
the production of lambda phage progeny is hampered
[16, 17, 41], resulting in less Stx toxin secretion [15].

The negative effect of ppGpp on prophage induc-
tion and phage DNA replication has hitherto been
tested only in a single strain, into which re/4 and
relA spoT mutations were introduced [15, 17].
However, ppGpp levels are potentially non-uniform
in E. coli under identical growth conditions, meaning
that natural isolates differ in their intrinsic ppGpp
levels [22, 26]. This species-wide variation has signifi-
cant implications for bacteria growth and metabolism,
because ppGpp controls many metabolic genes as well
as gene expression networks [5]. We hypothesised that
the inconstancy of ppGpp across E. coli strains would
have an impact on the level of Stx production in a ran-
dom assortment of STEC strains. Particularly, strains
that exhibit high levels of ppGpp would produce less
toxin than the ones that display low concentrations
of this alarmone.

Here, we confirmed that cytotoxicity, which is dir-
ectly influenced by the production of Stx, is inversely
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Fig. 2. Correlation between cytotoxicity and ppGpp level. ppGpp basal (dark grey circles) and induced levels (light grey
circles) were plotted against the cytotoxicity of the 50 isolates. The correlation coefficient (r) of cytotoxicity against ppGpp

basal and induced levels was 0-32 and 0-43, respectively.

correlated to ppGpp in natural STEC isolates. The
correlation is not as strong as would appear from
studies with isogenic strains because variations in
ppGpp level among natural isolates are never as
high as the difference between a relA™ spoT" strain
and its isogenic mutants [15]. In fact, the difference
between the strain with the highest and the lowest
ppGpp basal level was fourfold, while under
ppGpp-inducing conditions this difference was only
2-5-fold. Besides, cytotoxicity is influenced by several
inputs, ppGpp being only one of them. Even if
ppGpp would be the most relevant factor in Stx pro-
duction, its effect in an individual strain would also
depends on the strain genetic background. For
instance, some phenotypes previously attributed solely
to ppGpp, such as growth rate control, glycogen accu-
mulation and others actually result from an interplay
between ppGpp and RpoS, which is subject to strain
variation even stronger than that observed for
ppGpp [22].

ppGpp is implicated in the virulence of several bac-
terial species [8], usually in a positive fashion. In most
cases ppGpp is required to fully induce genes asso-
ciated with virulence [12-14]. Interestingly, STEC
stands out as a rare case in which virulence is nega-
tively affected by ppGpp. This divergent result is
due to the fact that the main virulence factor of
STEC - toxin production, is coupled to phage induc-
tion, which is inhibited by ppGpp. By inhibiting phage
induction and preventing, thus, cell lysis, ppGpp fulfil
its role as a promoter of cell survival under adverse
conditions [42].
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In conclusion, a set of 50 STEC strains isolated
from healthy sheep was evaluated for cytotoxicity,
ppGpp and phylogenetic association. As expected
for a diverse non-clonal population, there was a high
variability in the parameters tested. Most importantly,
both cytotoxicity and ppGpp levels displayed a high
degree of variation, which were inversely correlated
to some extent. In particular, szx2 isolates correlated
with a low degree of cytotoxicity and high ppGpp.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be
found at https://doi.org/10.1017/S0950268817001091
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