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ARTICLE INFO ABSTRACT

Staphylococcal enterotoxin C (SEC) can cause staphylococcal food poisoning, one of the most prevalent food-
borne intoxications. It is produced by Staphylococcus aureus during growth in the food matrix. While the sur-
rounding bacteria in food matrices usually repress the growth of S. aureus, the organism possesses a
remarkable growth advantage under stressful conditions encountered in many foods. Examples for such food
matrices are pastry and bakery products with their high sugar content that lowers water availability. While
S. aureus can still grow in these challenging environments, it remains unclear how these conditions affect
SEC expression. Here, the influence of 30% glucose on sec mRNA in a qPCR assay and SEC protein expression
was investigated for the first time in an ELISA. In addition, regulatory knockout mutants Aagr, AsarA, and AsigB
were generated to investigate regulatory gene elements in glucose stress. In five out of seven strains, glucose
stress led to a pronounced decrease in sec mRNA transcription and SEC protein levels were substantially lower
under glucose stress. It could be shown that key regulatory elements Aagr, AsarA, and AsigB in strain SAI48 did
not contribute to the pronounced downregulation under glucose stress. Based on these findings, glucose effec-
tively lowers SEC synthesis in the food matrix. However, the mechanism by which it acts on toxin expression
and regulatory elements in S. aureus remains unclear. Future studies on other regulatory elements and tran-
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scriptomics may shed light on the mechanisms.

Staphylococcus aureus is one of the most common causative agents
of foodborne intoxications. The EU reported 74 staphylococcal food
poisoning (SFP) outbreaks resulting in 1,400 cases and 141 hospital-
izations in 2019 (EFSA, 2021). SFP is caused by staphylococcal entero-
toxins (SEs) that are preformed in the food matrix during growth of S.
aureus (Fisher et al., 2018). Typical symptoms include the onset of vio-
lent vomiting shortly after ingestion of contaminated foodstuff, diar-
rhea, nausea, abdominal pain, fever, and fatigue (Argudin et al.,
2010). Since most symptoms fade after 12-24 h, cases are likely under-
reported (Hennekinne et al., 2012). Foods commonly associated with
SFP are diverse such as meat and dairy products, convenience, bakery
and pastry foods, seafood, fish, and vegetables (EFSA, 2018). While the
surrounding bacteria in food matrices usually repress growth of S. aur-
eus, the organism possesses a remarkable growth advantage under
stressful conditions encountered in many foods such as low a,, values
(Fetsch & Johler, 2018; Oberhofer & Frazier, 1961). Only limited data
are available on how these stress conditions influence SE expression.
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Reduced seb promoter activity and slightly reduced sed mRNA tran-
scription were previously described under food-related low a,, condi-
tions achieved by addition of 30% glucose (Sihto et al., 2017, 2016).
However, results from other SEs cannot be extrapolated.

Currently, 25 SEs including the classical SEA-SEE and the newly
described SEG-SEIZ have been characterized (Etter et al., 2020;
Fetsch & Johler, 2018). SEC is of particular interest because this toxin
is produced in up to 10 times higher amounts than other SEs
(Spaulding et al., 2013). In addition, SEC exists in four human
(SEC;.4) and two animal variants (SECgyine, SEChovine), further compli-
cating the characterization of SEC expression (Etter et al., 2020). The
expression of SEC is regulated by multiple and often overlapping path-
ways. S. aureus uses a combination of quorum-sensing and other two-
component systems as well as trans-acting regulatory proteins to
respond to alterations in the environment. SEC is regulated by the
quorum-sensing system of the accessory gene regulator (Agr) that uses
autoinducing peptides (AIPs). It acts on toxin transcription indirectly
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via RNAIII that represses the repressor of toxins (Rot) (Bronesky et al.,
2016; Hsieh et al., 2008; Novick et al., 1995; Regassa & Betley, 1993;
Regassa et al., 1991). Additionally, SarA, SigB, and SaeRS play a role
in the regulation of SEB and SEC when environmental factors change
(Fisher et al., 2018; Liu et al., 2016; Regassa & Betley, 1993).

In this study, the SEC expression of seven strains from different ori-
gins and with different SEC variants and sec gene promoters (promoter
variants vl-v4, Table 1) at mRNA and protein level under 30% glucose
stress as encountered in foods high in sugar such as pastry or bakery
products was investigated. The objectives were to 1) quantify SEC
expression under glucose stress using qPCR and an ELISA assay; 2)
determine the influence of three regulatory elements Agr, SarA, and
SigB on sec expression under glucose stress in strain SAI48.

Materials and Methods

Bacterial strains, growth conditions, and sample collection for
sec mRNA and SEC protein quantification. All S. aureus strains and
their respective SEC variants in this study are listed in Table 1. The
strains were grown in LB medium (BD) (nonstress control conditions)
and in LB supplemented with 30% glucose (Sigma-Aldrich). All media
were sterile filtered and stored at 4°C. Strains BW10, NB6, SAI3,
SAI48, SAR1, SAR38, and OV20 were grown and sampled according
to procedures previously described (Etter et al., 2021). All experiments
were performed in biological triplicates and technical duplicates.

RNA extraction. RNA extraction was performed with the RNeasy
mini Kit Plus (Qiagen) as previously described (Sihto et al., 2014)
and quantified with Quantifluor (Promega). Quality control was per-
formed by the Agilent 2100 Bioanalyzer (Agilent Technologies). Sam-
ples were included in the study if they met the inclusion criteria of
RNA integrity numbers >6.0. RNA integrity numbers ranged from
6.1 to 9.1.

Reverse transcription and quantitative real-time PCR. All RNA
samples were subjected to reverse transcription and qRT-PCR as previ-
ously described (Etter et al., 2021). Relative expression of the target
gene sec was normalized using the housekeeping genes rho and rplD
(Sihto et al., 2014). Ct values were determined using the Lightcy-
cler®Software version 1.1.0.1320 (Roche). Data were expressed as
Act values (target-reference).

Protein quantification. An Enzyme-linked Immunosorbent Assay
(ELISA) was performed as previously described (Etter et al., 2021).
The protocol was based on Poli et al. (2002) with some modifications
according to Wallin-Carlquist et al., 2010. Antibodies and reference
toxins were obtained from Toxin Technology Inc.

Generation of knockout mutants. Knockout mutants were gener-
ated using 80a bacteriophages. RN4220 deletion mutants served as
donor strains for Aagr::tet, AsarA::tet, and AsigB::erm. RN4220 mutants
were obtained from previous study (Sihto et al., 2015). Transduction
protocols (Krausz & Bose, 2016; Olson, 2016) were adapted as follows
for phage transduction to transfer knockout elements from donor
strain RN4220 to SAI48.
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Overnight RN4220 strains were resuspended in 3 mL TSB (Sigma-
Aldrich) with 5 mM CaCl, (Sigma-Aldrich). Titer determination and
phage propagation were performed on the RN4220 strain using the
double-layer agar technique. Phages were harvested and soft agar
and cell residues were removed by centrifugation and filtration
through 0.2 um filters (Huberlab). Phage infection was performed on
a liquid culture of the donor strain with 1 mL CaCl, and 10 pL
(10%°) 80« phages and incubated for 4-5 h at 30°C while shaking
and then left overnight at room temperature. The suspension was then
filtered through 0.2 um filters. Liquid overnight cultures of recipient
strain SAI48 were centrifuged and resuspended in TSB, 10 mg/mL
CaCl, and 500 pL of phage solution. The mix was incubated at room
temperature for 10 min, then at 30°C for 35 min without shaking.
One mL Na-citrate (0.02 M) was added to the culture before centrifu-
gation (4,500 x g, 10 min) and washing two times in 5 mL TSB. The
bacteria were subsequently incubated for 1.5 h at 37°C at 125 rpm.
After centrifugation (4,500 X g, 10 min) and the addition of 0.5 mL
TSB, 0.1 mL of bacterial phage suspension was plated on TSA plates
containing 10 pg/uL erythromycin (Sigma-Aldrich Chemie GmbH)
and grown at 37°C for 48 h.

Replication and statistical analysis. RNA and protein analysis
experiments were always carried out in biological triplicates and tech-
nical duplicates. mRNA and protein data were log transformed and
analyzed via two-way ANOVA and posthoc Tukey’s multiple compar-
isons (RStudio 1.3.1093 and GraphPad Prism 9.2.0). Results were
regarded as significant if p < 0.05.

Results and Discussion

Glucose stress lowers sec mRNA transcription. At exponential
(4 h), early stationary (10 h), and late stationary phase (24 h), sec
mRNA levels were measured across seven S. aureus strains (Fig. 1)
and expressed normalized to growth of the respective strain (Supple-
mentary Fig. 1). SFP and human isolates BW10, NB6, SAI48 (all
SEC,, v1), and SAI3 (SEC;, v3) had significantly decreased sec mRNA
transcription at all time points (Fig. 1). Ovine strain OV20 (SECoyine,
v4) only exhibited decreased sec mRNA levels at 10 h. Transcription
of sec mRNA was not affected in both bovine isolates SAR1 and
SAR38 (both SEChovine, v2) by glucose stress. Interestingly, the reduc-
tion of sec mRNA transcription was most pronounced in the two high-
level SEC producers BW10 and SAI48 (see control conditions, Table 2).

In the early 1990s, first experiments were conducted to measure sec
expression in the presence of glucose (Regassa et al., 1991). However,
very low sugar concentrations of between 14 and 20 mg/mL (1.4-2%)
were used that did not lead to osmotic stress. In addition, sec expres-
sion was measured in northern blots and the SEC variants were not
specified. The study revealed reduced sec expression and agr activity
when low amounts of glucose were present in the medium at pH 5.5
(Regassa et al.,, 1991). When 30% glucose stress was previously
applied to two reference strains, seb promoter activity was significantly
reduced (Sihto et al., 2017). Another study showed decreased sed
expression in late stationary phase for one strain (RKI2) under 30%

Table 1

Overview of S. aureus strains used in this study including their SEC variants, origin, and assignment to clonal complexes
Strain Protein variant Sec promoter variant Origin Clonal complex Reference
BW10 SEC, secp, v1 SFP CC45 (Johler et al., 2011)"
NB6 SEC, sec, v1 SFP CC45 (Johler et al., 201 1)?
SAI3 SEC, sec, v3 (H-EMRSA-15) Human infection CC8 (Wattinger et al., 2012)
SAI48 SEC, sec,, v1 (79.510) Human infection CC5 (Wattinger et al., 2012)
SAR1 SEChovine sec, v2 bovine mastitis milk CC151 (Johler et al., 2011)
SAR38 SEChovine secp, v2 bovine mastitis milk CC151 (Johler et al., 2011)
0ovV20 SECovine sec, v4 ovine CC133 (Guinane et al., 2010)

! BW10 = SFP18.
2 NB6 = SFP12.
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Figure 1. Effect of glucose stress on sec mRNA levels in seven S. aureus strains (BW10, NB6, SAI3, SAI48, SAR1, SAR38, and OV20) measured by qRT-PCR. gPCR
Act values in exponential (4 h), early stationary (10 h), and late stationary phase (24 h) in LB and LB + 30% glucose for each time point and strain (n = 3). Control
conditions in black, glucose stress conditions in blue. Target mRNA (sec) was normalized to two reference genes rho and rplD. Statistically significant changes
identified by ANOVA with Tukey’s multiple comparisons in sec mRNA levels in LB + 30% glucose compared to LB (p < 0.05) are marked by brackets and asterisks
(*p < 0.05, “p < 0.01, “"p < 0.001, “p < 0.0001). Act = 0 is indicated by a dotted line.

Table 2

Effect of glucose on SEC protein expression as measured by an ELISA assay. Values are given in ng/mL and the effect of glucose is calculated in % relative to the control

condition (n = 3)

Strains BW10 NB6 SAI3 SAI48 SAR1 SAR38 0Vv20
SEC produced under glucose stress 4 h control  461.8 + 307.3 6.9 £ 29 55 * 1.6 379.9 + 220.4 16.3 = 1.8 15.3 = 9.9 6.9 = 2.6
(ng/mL) 10h 3324.8 + 360.1 57.6 + 29.3 39.9 * 9.9 5987.5 * 1317.4 212.7 + 86.7 227.6 = 27.3 3283 * 87.5

Control
24 h 3410.3 = 561.9 54.5 = 12.3 114.5 = 59.5 9867.7 = 4687.8 189.1 + 64.7 253.6 = 7.4 344.9 + 335
Control
4hglucose 2.1 + 0.1 0.5+ 0.1 02 *0 1.7 £ 0.3 51.4 + 6.2 84.1 £ 148 0.7 = 0.4
10h 9.7 = 3.4 3.3+ 26 0.1 = 0.1 74 =21 12.7 = 2.1 18.1 = 1.2 1.5 = 09
glucose
24 h 6.3 + 0.8 14.4 + 9.1 1.4 + 0.6 16 + 2 234 +109 185 * 4.1 121 + 6.5
glucose

Effect of glucose [%] 4h —99.54 —93.36 —95.6 —99.54 216.24 448.8 —89.27
10h -99.71 -94.19 -99.73 —99.88 —94.04 -92.04 —99.54
24 h —99.82 —73.53 —98.76 —99.84 —87.61 -92.72 -96.5
Sum —299.07 —261.08 —294.09 —299.25 34.59 264.03 —285.3

glucose stress (Sihto et al., 2016). One of three strains included by
Sihto and coworkers, SAI48 that harbors sec and sed, was also used
in the experiments presented in this study. For this strain, the reduc-
tion of sec under glucose stress was much more pronounced, while
sed was not significantly affected by this stress condition. Conse-
quently, it was shown for the first time that each SE can respond dif-
ferently to an applied stressor and strains expressing multiple SEs
may up- and downregulate them at the same time. This suggests the
involvement of multiple regulatory mechanisms (Zeaki et al., 2019).
Comparison of different SEs might enhance our understanding of the
complex and intertwined network of regulators involved in their
expression.

Glucose stress effectively reduces SEC protein concentration.
In addition to sec mRNA transcript levels, SEC protein concentrations
were measured by an in-house ELISA in exponential (4 h), early sta-
tionary (10 h), and late stationary phase (24 h). Consistent with the
transcriptional reduction, glucose stress led to an overall decrease in
SEC concentration for most strains (Fig. 2, Table 2). SFP strains
BW10, NB6 (both SEC2, v1), human infection isolates SAI3 (SEC,,
v2), SAI48 (SEC,, v1), and ovine mastitis strain OV20 (SECgyine, V4)
had significantly lower SEC concentrations under glucose stress in
all growth phases. Only bovine strains SAR1 and SAR38 (both
SEChovines V3) showed an increase in SEC protein expression at 4 h
before SEC levels were significantly reduced, as well. There was no
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Figure 2. Effect of glucose stress on SEC protein levels in seven S. aureus strains (BW10, NB6, SAI3, SAI48, SAR1, SAR38, and OV20) measured by ELISA. log10
values of protein concentration in ng/mL in exponential (4 h), early stationary (10 h), and late stationary phase (24 h) in LB and LB + 30% glucose for each time
point and strain (n = 3). Control conditions in black, glucose stress conditions in blue. Statistically significant changes identified by ANOVA with Tukey’s multiple
comparisons in SEC protein levels in LB + 30% glucose compared to LB (p < 0.05) are marked by brackets and asterisks (*p < 0.05, "p < 0.01, ""p < 0.001,

s

relation between the higher SEC concentration in SAR1 and SAR38 at
4 h and their sec mRNA transcription patterns. Except for these two
isolates, protein expression data reflected the downregulation in sec
mRNA.

Older studies had demonstrated a decrease in SEB and SEC via
western blot in two strains when glucose (approx. 1.8%) was present
in the growth medium, while SEA production was not affected by glu-
cose (Jarvis et al., 1975). As stated in the previous paragraph, this
could indicate that each SE reacts differently on protein level, as well.
Another study found that cultures containing amounts of 1.4-2% glu-
cose exhibited less extracellular SEC compared with control cultures
(Regassa et al., 1991). However, the glucose concentrations used were
significantly lower than 30% and absolute quantification was lacking.
Therefore, direct comparison of the data is challenging. SEC expression
under 30% glucose stress conditions has not been assessed before.

Overall, the addition of glucose seems to provide a suitable strategy
to reduce SEC concentration in foods as it showed a pronounced effect
on all the investigated strains.

Agr, SarA, and SigB are not responsible for the lower sec
expression under glucose stress. To determine the effect of the
three regulatory genes (agr, sarA, and sigB), sec expression of SEC-
overproducer wild type strain SAI48 was compared to sec expression
of the three knockout mutants (Fig. 3). While the effect of agr had
already been investigated by Regassa et al., (1991) in a limited num-
ber of strains with no information on the respective SEC variants, no
other regulators have ever been targeted in regulatory experiments
regarding enterotoxin expression under glucose stress. In all experi-
ments, expression patterns of knockouts deviated from the wild type,
but to different extents. For Aagr and AsarA, significant differences to

p < 0.0001). Log(1) is indicated by a dotted line to signify when protein concentrations fell below 1 mg/mL.

the wild type were only seen under control conditions. Compared to
the wild type, Aagr showed significantly reduced sec expression dur-
ing early stationary growth, while AsarA exhibited significantly
higher sec mRNA levels in late stationary phase. The late exponential
decrease in sec expression in the Aagr mutant is consistent with the
conclusion of Regassa et al., (1991) that maximal sec expression in
S. aureus requires an intact agr gene. In contrast, under glucose stress,
no significant differences were found for Aagr and AsarA mutants
compared to the SAI48 wild type. Contrary to control conditions,
these regulatory elements lose importance under glucose stress, high-
lighting that other regulatory processes might bypass them. An intact
agr was also not required for the glucose-related effect seen by
Regassa et al., 1991. An Agr-strain produced more SEC and had more
steady-state sec+ mRNA when grown in medium that lacked glucose
compared with medium that contained glucose (Regassa et al.,
1991).

For the AsigB mutant, on the other hand, significant changes were
only observed under glucose stress, with sec expression being signifi-
cantly higher during early exponential and late stationary phases. This
finding underscores the important role of SigB during stress response
(Jenul & Horswill, 2019). The significantly increased sec levels in
the late exponential and late stationary phases indicate a downregulat-
ing effect, which may arise partly from its antagonistic action to Agr
(Bischoff et al., 2001).

In conclusion, each of the three regulators studied has a significant
influence on sec mRNA expression in SAI48, but none is solely respon-
sible for the strong reduction in expression that was observed under
glucose stress. This suggests that either a combination of or other reg-
ulatory mechanisms must be at work.
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Figure 3. Effect of glucose stress on sec mRNA expression, expressed in terms of ACt in SAI48 wild type and Aagr, AsarA, and AsigB knockout mutants in
exponential (4 h), late exponential/early stationary (10 h), and late stationary phase (24 h). Control conditions in blue, glucose stress conditions in red. mRNA
values of sec were normalized to reference genes rho and rplD. Statistically significant differences (a = 0.05) between glucose stress and control conditions are

indicated with asterisks ("p < 0.01).

Conclusions

The fact that bovine isolates SAR1 and SAR38 (both SECyuyine,
v2, CC151) were not affected under glucose stress could point to
strain-specific differences in SEC regulation. Possibly, the strain
background contributes to the resilience of these strains under glu-
cose stress. A larger strain set of diverse origins including more
bovine and nonbovine isolates could shed light on the influence
of the strain origin of this behavior. Investigation of strain SAI48
expressing multiple toxins revealed differential expression of toxins
under the same stress condition. It is likely that an intricate inter-

play of multiple regulatory mechanisms is controlling SE expression
under stress conditions encountered in food. Only SAR1 and SAR38
showed elevated protein levels at 4 h, before SEC levels were
decreased in later growth phases. Again, this could point toward
a strain-specific resilience toward glucose stress. Considering the
pronounced reduction of SEC under glucose stress, this food ingre-
dient seems a suitable compound to reduce SEC in foods. None of
the studied regulatory gene elements were able to explain the pro-
nounced downregulation of sec expression. Likely, a combination or
other regulatory circuits or posttranscriptional modifications are
involved in this process. Transcriptomic analyses might uncover
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some of these processes in the future. These findings contribute to
a better understanding of matrix-pathogen interaction and shed
light on regulatory mechanisms involved in enterotoxin regulation
under stress conditions.
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