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The activity of BcsZ of
Salmonella Typhimurium
and its role in Salmonella-
plants interactions

Ilana S. Fratty, Dina Shachar, Marina Katsman
and Sima Yaron*

Faculty of Biotechnology and Food Engineering, Technion — Israel Institute of Technology, Haifa, Israel

Salmonella enterica is one of the most common human pathogens associated
with fresh produce outbreaks. The present study suggests that expression of
BcsZ, one of the proteins in the bcs complex, enhances the survival of Salmonella
Typhimurium on parsley. BcsZ demonstrated glucanase activity with the
substrates carboxymethylcellulose and crystalline cellulose, and was
responsible for a major part of the S. Typhimurium CMCase activity. Moreover,
there was constitutive expression of BcsZ, which was also manifested after
exposure to plant polysaccharides and parsley-leaf extract. In an in-planta
model, overexpression of BcsZ significantly improved the epiphytic and
endophytic survival of S. Typhimurium on/in parsley leaves compared with the
wild-type strain and bcsZ null mutant. Interestingly, necrotic lesions appeared on
the parsley leaf after infiltration of Salmonella overexpressing BcsZ, while
infiltration of the wild-type S. Typhimurium did not cause any visible symptoms.
Infiltration of purified BcsZ enzyme, or its degradation products also caused
symptoms on parsley leaves. We suggest that the BcsZ degradation products
trigger the plant's defense response, causing local necrotic symptoms. These
results indicate that BcsZ plays an important role in the Salmonella-plant
interactions, and imply that injured bacteria may take part in these interactions.

KEYWORDS

food safety, salmonella enterica, foodborne pathogens, plant-salmonella
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Introduction

Non-typhoidal Salmonellae (NTS) serotypes cause foodborne illness worldwide, with
increasing risk of severe diseases in the two extremes of age, and high mortality rates in
the elderly (Solnik- Isaac et al., 2007; Zaidenstein et al., 2010; Weinberger et al., 2011;
Alegbeleye et al., 2018). Since NTS serotypes are widespread in nature, and have the
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ability to adapt to various environmental conditions, they are
found in many foods, including leafy greens, fruits and
vegetables. Consequently, NTS have been rated as the leading
cause of bacterial foodborne diseases and outbreaks associated
with consumption of fresh produce (Fisher et al., 2015).
Microbial contamination of produce may occur at any stage
from farm to fork (European Food Safety Authority, 2017).
Furthermore, studies have indicated that some serotypes like S.
enterica serotype Typhimurium are capable of surviving in leafy
greens until harvest and during processing (Brandl, 2006; Kisluk
and Yaron, 2012; Szpinak et al., 2022). The inefficacy of
disinfectants in removal or inactivation of attached or invaded
S. Typhimurium (Shirron et al., 2009), and the absence of visual
signs for contamination on plants (Lapidot et al., 2006), further
contribute to the relative high number of outbreaks (Montano
et al., 2020).

Irreversible adhesion of S. Typhimurium on the plants’
edible parts was demonstrated on lettuce, basil, parsley,
peppers, tomatoes, and more (Lapidot and Yaron, 2009;
Kroupitski et al., 2011; Shaw et al., 2011, Kisluk and Yaron,
2012). The attachment to the phyllosphere may be followed by
either colonization and biofilm formation on the surface
(Lapidot et al., 2006), entry into the host tissue (Kroupitski
etal, 2011), or invasion into the plant cells (Schikora et al., 2008;
Shirron and Yaron, 2011). Endophytic survival helps the bacteria
to escape from the hostile and instable environment on the leaf
surface, but forces the bacteria to cope with new challenges like
the plant defense response.

The frequent cases of NTS outbreaks associated with fresh
produce, together with experimental evidence strongly suggest that
NTS acquired mechanisms for survival in plants (Martinez-Vaz
et al, 2014). Despite extensive research about the attachment,
invasion, and survival of Salmonella on plants, the mechanisms
by which Salmonella survives, and especially the ways it interacts
with the plant defense systems, have not been fully understood.
Identification of strategies that enhance the survival of S.
Typhimurium in plants can be obtained by comparing between S.
Typhimurium and known phytopathogens. S. Typhimurium and
phytopathogens share genes involved in host-pathogen interactions
such as genes encoding aggregative fimbriae and curli, Type 3
secretion systems, secreted effector proteins, and polysaccharides
producing enzymes, which commonly function in similar ways
during colonization in the relevant host (Barak et al., 2005; Jeter and
Matthysse, 2005; Barak et al., 2007; Shirron and Yaron, 2011). Key
factors that play an essential role in the survival of phytopathogens
in their host, but have not been fully addressed in human pathogens
colonizing plants, are cell wall degrading enzymes (CWDEs). A
major part of CWDEs demonstrate -glucanase activity, meaning
they hydrolyze polysaccharides made up of B-linked
monosaccharides, like cellulose and xylan. Phytopathogens’
CWDE:s take part in the bacteria-host interactions, because they
help to overcome the barrier of the plant cell wall during entery and
spread, increase the availability of nutrients and energy during
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colonization and survival, and improve the ability of the pathogens
to translocate effector proteins and toxins to the host cells (Walton,
1994; Kubicek et al,, 2014). S. Typhimurium produces at least one
carboxymethylcellulase (CMCase), BcsZ (also known as CelC). This
enzyme contains conserved motifs, which indicate its belonging to
glycoside hydrolases family 8 (GH8) (Yoo et al,, 2004). Moreover,
BcsZ has a strong homology to CWDEs found in phytopathogens
such as Cellulomonas uda (Romling and Galperin, 2015), Erwinia
chrysanthemi (Solano et al., 2002), and Agrobacterium tumefaciens
(Matthysse et al., 1995). Therefore, the main objective of this study
was to study the role of BesZ in the plant-Salmonella interactions.

Results
Glucanase activity of BcsZ

The first objective of the study was to investigate if S.
Typhimurium expresses enzymes with glucanase activity.
Carboxymethylcellulose (CMC), which has extensively been
used to study glucanase activity, served as a substrate in this
assay. CMC is a soluble cellulose derivative with carboxymethyl
groups bound to some of the hydroxyl groups of its
glucopyranose monomers. CMC degradation activity of S.
Typhimurium colonies was investigated on CMC agar plates
using the Congo red staining method. Clear halos are expected
to appear on the CMC ager plates after Congo red staining, in
the presence of an extracellular CMCase activity (Teather and
Wood, 1982; Yoo et al.,, 2004; Xia et al.,, 2016). When the S.
Typhimurium wild type (w.t.) strain was grown on CMC plates
and stained with Congo red, no CMC degradation was observed.
In fact, the bacteria were colored, with dark red color and red
halos around them, probably due to bacterial cellulose synthesis
(Figure S1A). Considering BcsZ’s periplasmic location (Ahmad
et al., 2016), we repeated the experiment using bacterial lysates
(Figure 1). The w.t. lysate had a slight bright halo, indicating a
weak CMCase activity (Figure 1A). To further determine if the
CMCase activity is related to BesZ, the experiment was repeated
with lysate of the ABcsZ mutant. ABcsZ had no halo zone around
the bacterial lysate (Figure 1C), revealing that CMCase activity
of S. Typhimurium is dominating by BesZ. The CMCase activity
of bacteria that overexpress BcsZ was investigated, to study the
potential activity under conditions that induce the expression of
this protein, or in strains that naturally produce higher amounts
of BesZ. S. Typhimurium pBcsZ, had a strong halo zone, more
notable than that of the w.t. (Figure 1B). S. Typhimurium w.t.
strain harboring the pCAI114 plasmid without gene insertion
demonstrated the same activity as the w.t strain, indicating high
CMCase activity in the BcsZ overexpressing strain. A similar
result was obtained with the complemented mutant, in which
ABcsZ was transformed with pBesZ plasmid (Figure S1B).

To measure the enzyme activity quantitatively, we amplified the
besZ gene of S. Typhimurium by PCR, cloned the gene in an
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FIGURE 1

Degradation of carboxymethylcellulose (CMC) on CMC agar plates by bacterial lysate. Overnight grown cultures were sonicated and
centrifuged, and the supernatant was spotted on CMC agar plates. The plates were stained with 0.1% Congo red and washed with 1M NaCl
Bright halos indicate CMC degradation. (A) Bacterial lysate of S. Typhimurium (w.t.), a light halo is observed, circulating the bacterial lysate.

(B) Bacterial lysate of S. Typhimurium pBcsZ (overexpressing BcsZ), a bright and strong halo is observed (C) Bacterial lysate of S. Typhimurium

ABcsZ (lacking the ability to produce BcsZ), no halo is observed.

expression vector, expressed the recombinant BesZ protein (r-BesZ)
in E. coli, and purified it. The activity of the recombinant enzyme
was measured using the BCA assay (Kongruang et al.,, 2004) with
1% CMC or 1% crystalline cellulose (Avicel), and on CMC agar
plates. The CMC’s amorphous structure makes it a suitable
substrate for endoglucanases, whereas crystalline cellulose such as
Avicel is degraded primarily by exoglucanases. The enzyme caused
a clear yellow zone on CMC agar plates (Figure 2A), and showed a
stronger activity on CMC compared with Avicel (Figures 2B).

Activity of the bcs operons in the
presence of polysaccharides and extract
of parsley leaves

The besABZC and besEFG operons are located in the bacterial
cellulose synthesis site, in close positions with opposite orientations
(Solano et al,, 2002). We used the GFP as a reporting protein to
study the activity of both promoters in the presence of plant
carbohydrates. The gfp gene was fused to each promoter, cloned
in the pCS21 plasmid, and the resultant plasmids were transformed
to w.t. S. Typhimurium. The bacteria harboring pCS21/pbcsABZC-
gfp and pCS21/pbcsEFG-gfp were grown in a minimal medium
containing either CMC, xylan, or extract of parsley leaf, and the
normalized GFP fluorescence was measured. The basal GFP
fluorescence level under the besABZC promoter was significantly
higher compared with the expression levels under the bcsEFG
promoter (Figure 3). Fluorescence of GFP fused to the besEFG
promoter increased in the presence of CMC and parsley extract
after 1 and 4 hours, and in the presence of all three supplemented
substances after 24 hours. Whereas GFP expression under the
besABZC promoter did not change in the presence of the
polysaccharides nor the leaves extract after 1 and 4 hours, and
decreased significantly with xylan and parsley extract after 24 hours.
Still, fluorescence of GFP under the besABZC promoter was much
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higher, with and without the supplemented substances (Figure 3),
(P < 0.05, based on T-Test statistical analysis).

Role of BcsZ in survival of S.
Typhimurium on and in parsley leaves

To examine the role of BcsZ in bacterial survival on plants,
parsley plants were irrigated with water containing S. Typhimurium
w.t, pBcsZ, and ABcsZ strains. Bacterial survival on leaves was
tested 4 hours (time zero) and 7 days post irrigation (dpi), and
bacterial reduction was calculated. No significant differences were
observed in initial numbers of all three strains (Table 1), indicating
that BesZ does not affect the initial adhesion to the leaf. After 7 days,
the bacterial counts of all strains decreased, meaning that none of
them grew on the leaves. However, the BcsZ overexpressing strain
exhibited the highest counts after 7 days (P<0.001 compared with
both strains), indicating that this strain adapted to leaf conditions
better than the others. Leaves irrigated with ABcsZ had the lowest
bacterial survival (P=0.0618, compared with the w.t.) (Table 1).

The effect of BesZ on the bacterial endophytic survival was in
line with the epiphytic survival. All investigated strains survived in
similar levels in the first days, and demonstrated more than 2 log
reduction. However, the survival rates of pBcsZ, examined 7 and 14
dpi, were significantly higher comparing with the w.t. or ABcsZ
strains (P<0.01), while bacterial counts of ABcsZ were significantly
lower also compared with the w.t. (P<0.05) (Figure 4).

Plant response to BcsZ

When we infiltrated the leaves with all strains, we did not
observe noteworthy differences in plants growth between the
control group and plants infiltrated with the bacteria. However,
we noticed that, symptoms of local necrotic lesions started to appear
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The activity of the purified enzyme r-BcsZ. (A) r-BcsZ enzyme was expressed in E. coli, purified, and spotted on CMC agar plates. The plates
were stained with 0.1% Congo red and washed with 1M NaCl. A bright halo is observed, indicating CMC degradation. (B) Glucanase specific
activity of r-BcsZ measured with BCA assay using CMC and Avicel as substrates.

in the pBcsZ-inoculated leaves 4 dpi, while leaves infected with the
w.t. strain or ABcsZ looked healthy with no or minor signs of
necrosis or damage even after 7 days or more. Images of
representative leaves 7 dpi are shown (Figures 5B-D). Symptoms
were scored according to their severity (Figure S2), and as can be
seen in Figures 5A, the BcsZ overexpressing bacteria caused
significant necrosis damages compared with the w.t. and the
knockout mutant (P <0.001). To test if BscZ is responsible for the
damage, we infiltrated the purified recombinant protein to the
parsley leaves. Indeed, r-BesZ caused local necrotic lesions 7 dpi
(Figure 5E). As a control we infiltrated the buffer solution
(excluding r-BesZ) into parsley leaves and did not observe any
necrotic spot (Figure 5F).

The BcsZ degradation products induce
the plant response

It was not clear which factor is responsible for triggering the
plant response: the infiltrated proteins, their activity against the cell

Frontiers in Cellular and Infection Microbiology

04

wall, or their degradation products. To address this question, r-BcsZ
was mixed with 1% CMC and incubated to produce degradation
products. Then, the solutions were separated by centrifugal
concentrator to obtain two phases, the first phase contained
substances larger than 10kD (including the enzymes r-BcsZ and
undegraded polysaccharides), and the second phase contained the
small molecules (including the degraded saccharides). The presence
and absence of active r-BcsZ in both phases was confirmed on CMC
agar plates. The phase with the larger molecules was then heated in
order to inactivate the enzymes (as was confirmed on CMC agar
plates stained with Congo red), and both phases were infiltrated
into parsley leaves. Only the leaves infiltrated with the phase
containing the CMC degradation products developed necrotic
lesions in parsley leaves (Figures 5G, H).

Discussion

Reports of food borne diseases caused by consumption of
contaminated fresh produce, and studies of Salmonella-plant
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FIGURE 3

The effects of plant components on the bcsEFG and bcsABZC expression. S. Typhimurium containing a plasmid with either bcsEFG or
bcsABZC promoter fused upstream to a gfp gene was grown in minimal medium in the presence of CMC, xylan or parsley extracts. The
fluorescence was measured 1, 4 and 24 hours post polysaccharides addition. (A) Normalized fluorescence measurements of GFP with
bcsEFG as promoter in the presence of CMC, xylan and parsley extracts. (B) Normalized fluorescence measurements of GFP with bcsABZC
as promoter in the presence of CMC, xylan and parsley extracts. Mean values of four experiments, each one was conducted in triplicates, are
presented. Error bars represent standard deviations. Statistical calculations are represented as a, b and c when "a” defines the significance
difference between no supplement to other treatments at the same time point, "b" defines CMC to other treatments and “c” defines the

difference between xylan and parsley extracts. P < 0.05.

TABLE 1 Survival of S. Typhimurium on parsley leaves.

Change after
7 days

4 hours post
irrigation

7 days post
irrigation

Strain Log (CFU/g) + SD* ALog (CFU/g) + SD*
w.t. 6302 28 +03 3.5+0.2

pBcsZ 61+03 3902 22+ 05*

ABesZ 6503 24404 4.1+07

“Numbers represent means of 6 repeats, with standard deviations. Bacterial reduction
addresses the delta of log S. Typhimurium counts between 4 hours and 7 dpi.

*A significant difference was observed between pBcsZ and both, w.t. and ABcsZ P < 0.001.
**A significant difference was observed between ABcsZ and w.t. P < 0.1.

interactions suggest that S. enterica serotypes are capable of
persisting on/in leaves, roots, fruits and seeds. They also support
the hypothesis that Salmonella actively utilizes diverse strategies
to adapt to the harsh environment in the plants in order to
survive (Carstens et al., 2019, Lapidot et al., 2006; Kroupitski
et al., 2009; Kisluk and Yaron, 2012; Kisluk et al., 2013; Tan et al.,
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2016; Chalupowicz et al,, 2018). Indeed, an array of bacterial
factors that impact the ability of Salmonella to attach, invade,
and colonize plants has been described (Yaron and Romling,
2014). Yet, there has been no study on the potential role of
glucanases in the Salmonella-plant interactions, even though
similar enzymes have a crucial role in the pathogenicity of
phytopathogens (Gough et al., 1988; Roberts et al., 1988). This
may relate to a previous assumption saying that members of the
Enterobacteriaceae family lack CWDEs (Teplitski et al., 2012). In
this study we demonstrated that BesZ of Salmonella has high
activity compared with other bacterial glucanases (Jha et al,
2007). Moreover, we demonstrated that BesZ affects the survival
of Salmonella in plants in long-term. Detecting active glucanases
in enteric pathogens has a great importance, because it points to
potential mechanisms of survival of the bacteria in the plants.
Phytopathogens and symbiotic bacteria produce CWDEs
(Gough et al., 1988; Roberts et al., 1988; Gibson et al., 2011),
which facilitate their survival by various mechanisms (Gough
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FIGURE 4

Endophytic survival of S. Typhimurium on parsley leaves. Parsley
leaves were infiltrated with 8 + 0.5 Log (CFU/ml) of bacterial
solution containing w.t., pBcsZ and ABcsZ. Leaves were
collected 1, 3, 7- and 14-days post infiltration, homogenized,
diluted and plated for enumeration of viable Salmonella. Mean
values of three experiments, each one was conducted in
duplicates, are presented, and were statistically analyzed using
Fisher's protected least significant difference test (**P < 0.01,

*P < 0.05). Error bars represent standard deviations.

et al., 1988; Roberts et al., 1988; Xia et al., 2016). In most cases,
microorganisms that have evolved to degrade and utilize the
plant cell wall, produce and secret an array of CWDEs with
different activities that together, allow an efficient degradation of
the diverse polymers of the cell wall (Walton, 1994; Bayer et al,
1995; Souza et al.,, 2017). According to the CAZy Database (Haft
et al,, 2003), S. Typhimurium has 95 potential carbohydrate-
active enzymes (http://www.cazy.org), but there are only few
putative glucanases, and BcsZ is the only confirmed glycoside
hydrolase of family 8 that is capable of degrading 1-4-B-
glucosidic bonds (Yoo et al.,, 2004; Mazur and Zimmer, 2011;
Ahmad et al,, 2016). The present study confirms that CMC and
Avicel can serve as substrates of BcsZ. Furthermore, the basal
expression of BcsZ was high, also in presence of polysaccharides
or parsley extracts, consistent with other studies (Ahmad et al.,
2016). Lysates of S. Typhimurium ABcsZ cells lost its glucanase
activity, hence, it can be concluded that BesZ is responsible for
the major part of the S. Typhimurium CMCase activity in-vitro.
The absence of other dominant glucanases supports the
hypothesis that S. Typhimurium is not a classical
phytopathogen (Lapidot and Yaron, 2009). Moreover, the
evidence that BcsZ is not secreted into the medium, and is not
induced by polysaccharides indicates that S. Typhimurium does
not use BesZ for obtaining a significant amount of nutrients in
the plant environment. CWDEs of some microorganisms
facilitate the adhesion of bacteria to the plant cells by
attaching to the cell wall (Bayer et al, 1995). We did not
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observe changes in the ability of Salmonella to attach to the
parsley cells in the absence of BcsZ, meaning that BesZ does not
have a dominant role in the initial attachment. On the other
hand, the results of this study demonstrate that BcsZ contributes
to the long-term survival of S. Typhimurium on the plants.

BcsZ is a component of the cellulose producing machinery,
and its role in biosynthesis of the Salmonella’s cellulose was
proposed to be in the cleavage of the translocating glucan chains
(Mazur and Zimmer, 2011). Enzymes of the cellulose production
machinery are necessary for Salmonella survival in different
hosts, including plants, mainly due to the protection effects of
the biofilm, and its importance in attachment (Barak et al., 2007;
Lapidot and Yaron, 2009; Shaw et al., 2011; Martinez-Vaz et al,,
2014; Romling and Galperin, 2015). Based on that, it could have
been suggested that BesZ contributes to the Salmonella survival
on the plants through biofilm production. However, biofilm
production does not fully explain the results of this study,
because when overexpressed, BcsZ negatively regulates
cellulose biosynthesis by downregulation of the cellulose
synthesis enzymes (Ahmad et al., 2016). It means, that less
biofilm is produced in the BcsZ overexpressing strain that also
better survives in and on the leaves. These results point to the
conclusion that BesZ functions in both, hydrolytic activity and
cellulose production, and both functions have a role in the
survival of S. Typhimurium on plants. The multifunctional
activity of enzymes from the cellulose biosynthesis machinery
in colonization of plants was demonstrated with other enzymes
of phytopathogens and symbiotic bacteria. For example, BcsZ of
Rhizobium leguminosarum takes part in cellulose synthesis, but
also degrades cellulose in the hair wall at the root tips in order to
initiate colonization (Robledo et al., 2012).

The other role of BesZ in the Salmonella-parsley interactions
is revealed by the observation that overexpression of BcsZ
induced the plant’s defense response. It has already been
shown that degradation of plant polysaccharides triggers the
plant immune response (Jha et al., 2007; Hematy et al., 2009;
Bellincampi et al., 2014). Moreover, cellulases and xylanses of X.
oryzae pv. Oryzae caused hypersensitive response (HR)
symptoms (Jha et al., 2007). Such observations correlate with
our observations, in which r-BcsZ caused necrotic areas on the
leaves. Induction of HR may occur by several triggers. Conserved
sequences of the enzymes may be recognized as pathogen-
associated molecular patterns (PUMPs) (Bellincampi et al,
2014). Loss of cell wall integrity is normally accompanied by
changes in plant cell shape and size, which can also elicit the
plant defense system (Souza et al., 2017). In addition, release of
oligosaccharides produces damage signaling in plants, that
triggers the production of plant defense hormones (Hematy
et al., 2009; Bellincampi et al.,, 2014; Xia et al., 2016).
Arabidopsis, for example, activates its immune system when
perceiving small oligomers of cellulose and cellobiose (Souza
et al,, 2017). As seen in Figure 5, infiltration of the degradation
products of BesZ resulted with the appearance of clear necrotic
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Damage gradient

FIGURE 5
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Necrotic damage on parsley leaves infiltrated with different Salmonella strains and solutions. (A) Summary of the necrotic damage intensity 7
days post infiltration. The damage in each leaf was scored according to a damage gradient described in Figure S2, and the mean scores of all
leaves were calculated. The experiment was conducted in 3 repeats and statistical calculations were performed using Kruskal-Wallis test. **P <
0.001. Error bars represent standard deviations. B-H. Images of representative leaves. (B) Parsley leaves 7 days after bacterial infiltration of w.t.,
no leaf damage was observed. (C) Parsley leaves 7 days after pBcsZ infiltration, necrotic damage on leaves was observed. (D) Parsley leaves 7
days after bacterial infiltration of ABcsZ, no damage was observed. (E) Parsley leaves infiltrated with the purified r-BcsZ, necrotic leaf damage
was observed. (F) Parsley leaves Infiltrated with buffer solution as control. (G) Parsley leaves infiltrated with degradation products of BcsZ,
necrotic leaf damage was observed. (H) Infiltration of the denaturized enzyme r-BcsZ, no damage was observed. Red arrows point to the

necrotic spots formed in the parsley leaf.

spots on the parsley leaves. According to these results, degraded
oligosaccharides in parsley are most likely sensed by the plant
immune system and cause HR symptoms, reveals that BcsZ
triggers the plant immune response indirectly by releasing
degradation products.

A further question arises from these experiments, how BcsZ
is capable of damaging parsley leaves. One possible answer is
that when BcsZ is overexpressed it is secreted from the cell. A
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more suitable suggestion is that BesZ is poured out from the
injured Salmonella cells to the extracellular space. As we have
reported in our previous studies (Lapidot and Yaron, 2009;
Kisluk and Yaron, 2012), and enforced in this study, the
number of bacterial cells considerably decreases after being
inoculated on the plants (Figure 4). In other words, more than
99% of the bacteria do not survive, and therefore BcsZ is possibly
released from the periplasm of the injured or dead bacteria, and
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encounters the adjacent plant cell wall, or the cellulose of the
bacterial biofilm, if had been formed. When BcsZ degrades the
polymers, it can provide a low amount of nutrients and enables
better bacterial penetration and spread, which may enhance the
survival of the small portion of live cells. Moreover, not only
infiltration of live and purified r-BcsZ caused the HR symptoms,
but also the infiltration of bacterial lysate expressing BcsZ.
Lysates of S. Senftenberg, for example, were also shown to
induce chlorosis in A. thaliana (Berger et al., 2011), however
the trigger was not identified, and we suggest that glucanase had
a role in this observation, as they do in phytopathogens such as
X. oryzae pv. Oryzae (Jha et al., 2007).

Here we propose that the main role of Salmonella’s BcsZ is in
the process of cellulose synthesis for biofilm formation, but
under specific circumstances, its ability to function as a
glucanase and its constitutive expression may affect the
interactions between Salmonella and the host plant. In this
study we constructed S. Typhimurium that overexpresses
BcsZ, but previous observations have shown that S. Agona,
Montevideo and Senftenberg isolates are more effective at
producing biofilms (Vestby et al, 2009). These biofilm
producers naturally produce high amount of cellulose (Solano
et al,, 2002), express higher amounts of the bacterial cellulose
synthesis proteins, and their lysates have much higher CMCase
activity, compared with the S. Typhimurium strain used in this
study (Figure S3). Hence, these strains have the potential to
degrade plant polysaccharides more effectively. Interestingly,
Salmonella isolates from fresh produce are moderate or strong
biofilm producers (Amrutha et al., 2017). In other words, it is
possible to find isolates that have higher expression of BesZ, and
these strains will be found more frequently in plants than in
mammalian hosts (Martinez-Vaz et al., 2014).

Conclusion

A new mechanism of plant-Salmonella interactions is
suggested, in which the glucanase BesZ of S. Typhimurium
affects bacterial survival on and in plants and is responsible for
triggering the plant immune response by causing HR symptoms
via partial degradation of polysaccharides. There is an argument
whether plants are true alternative hosts for Salmonella, or
whether they are just serving as an environment where
Salmonella cells persist as part of the natural life cycle, until
they move into a new host. We propose that Salmonella, which
has incredible abilities to adapt to environmental changes, also
managed to adapt to the plant’s matrices, by relying on existing
systems and enzymes important for survival in animal hosts or
in the environment. The significance of the present study is high
since we suggest, for the first time, the possibility that injured or
damaged cells also contribute to the Salmonella-plant
interactions. A further study is conducted to investigate if the
substrates of the released glucanases are polymers of the plant
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cell wall, or the bacterial biofilm matrix. Moreover, the role of
other putative CWDEs of Salmonella should be investigated.

Experimental procedures

Bacterial strains and
growth conditions

The major bacterial strain used in this study was Salmonella
enterica serotype Typhimurium ATCC 14028 (S.
Typhimurium). This strain was extensively studied with
regards to attachment and survival in fruit, vegetables and
leafy greens (Crook et al., 2003). For protein expression and
purification, we used the E. coli K12 BL21 strain (Ben-Barak
et al,, 2006). Unless otherwise described, bacteria were grown on
liquid Luria-Bertani (LB) medium. When required, ampicillin
(100 pg/ml), chloramphenicol (30 pg/ml) or kanamycin (30 pg/
ml) were supplemented to the growth media. For overexpression
experiments of BesZ in S. Typhimurium, L-arabinose (20 pg/ml)
was added.

Generation of knockout and
overexpressing S. Typhimurium strains

The expression vector pCA114 (AMP") was used to
construct an overexpressing BcsZ Salmonella strain under the
control of araBAD promoter. All DNA techniques were carried
out as described earlier (Ben-Barak et al., 2006; Hartog et al.,
2008). Briefly, the besZ gene was amplified from the genome of S.
Typhimurium 14028 by PCR using the oligonucleotides listed in
Table S1. PCR products were digested using the restriction
enzymes EcoR1 and Xbal (New England Biolabs, USA), and
ligated to the pre-digested pCA114 plasmid. Insertion was
confirmed by PCR and subsequently by sequencing, and the
plasmid was then transformed to S. Typhimurium 14028 and to
its BesZ null mutant by electroporation. Colonies carry the
pBcsZ plasmid were grown in LB supplemented with 0.2% L-
arabinose (Merck, Germany) for expression. Control was S.
Typhimurium w.t. strain harboring the pCAI114 plasmid
without gene insertion.

The site-specific deletion of bcsZ was constructed essentially
according to the A red-mediated gene replacement protocol
(Datsenko and Wanner, 2000) using the primer pairs
described in Table S1. Briefly, electro-competent S.
Typhimurium cells were transformed with pKD46 plasmid to
make the S. Typhimurium (+pKD46) strain. pKD3 plasmid,
containing the cat gene was amplified by PCR using primers
described in Table S1 to obtain a linear fragment of the cassette
with FRT (FLP Recognition Target) sequence, flanked by ~50 bp
upstream and downstream of the target bcsZ gene. PCR products
were verified on an agarose gel and purified from the gel using
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gel purification kit (QIAquick Gel Extraction Kit, Qiagen).
Linear fragments (~50 ng) were transformed into competent .
Typhimurium (+pKD46) by electroporation. Transformants
were incubated in LB broth for 1.5 h at 37°C, and grown
overnight on LB agar plates with chloramphenicol (10 pg/ml)
at 37°C, for selection. The correctness of the mutation was
confirmed by colony-PCR using primers pairs aimed to
confirm that the cat gene was inserted and the target gene was
deleted. Additionally, sequencing was performed, to verify that
the cat gene has replaced the target gene. This procedure allowed
for the construction of a single AbcsZ knockout S.
Typhimurium strain.

Cloning, expression and purification of
recombinant BcsZ in E. coli

The besZ gene (excluding the leader sequence and fused to
His-tag on the amine side) was amplified from the genome of S.
Typhimurium 14028 using PCR with the primers described in
Table S1. After amplifying the gene, the PCR products were
digested with BamH]1 and Ncol and inserted into pre-cut pET-
9d plasmid using the ligase enzyme. The plasmids were then
transformed into competent E. coli BL21 cells by electroporation
for inducible overexpression. Insertion was confirmed by PCR
and subsequently by sequencing. Purification of the
recombinant protein was carried out according to a previously
published procedure (Wang et al., 2005), with modifications.
Briefly, a bacterial colony was grown overnight at 37°C with
shaking. The overnight culture was diluted 1:100 in 800ml LB
broth and incubated at 37°C. When the OD600 was ~0.6, ImM
IPTG was added to the culture and growth was continued for
16h. The cells were harvested by centrifugation at 4000g for
20 min at 4°C, followed by resuspension in 20mM NaH,PO,
(200ml) and centrifugation. The cells pellet was suspended in
35ml lysis buffer and homogenized by an EmulsiFlex-C3
(Avestin, Canada). Following centrifugation of the cell lysates
at 10,000g for 30min at 4°C, the supernatant was gently mixed
with 1ml of pre-washed Ni-NTA resin beads (Qiagen) for 90min
at 4°C, to allow binding of the proteins to the nickel-NTA beads.
The mixture was applied to a Bio-Rad gravity flow column and
the beads were washed with 20ml of wash buffer A, containing
20mM imidazole and with 40ml of wash buffer B, containing
50mM imidazole. Proteins were eluted with 15ml elution buffer,
containing 250mM imidazole. Protein purity was assessed by
SDS-PAGE after Coomassie blue staining, and the final
concentration was estimated using the Bradford protein assay
using Bio-Rad reagent (Bio-Rad laboratories, USA). Finally, the
sequence of the purified protein, termed r-BcsZ, was verified
using mass spectrometry at the Smoler protein research center at
the Technion as described (Lehmann et al., 2016), and was found
to match the BesZ protein of S. Typhimurium.
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Degradation of CMC by BcsZ

Each bacterial strain (8 ml) was grown overnight in LB with
shaking. Following centrifugation, bacteria were resuspended in
50mM Tris HCI and sonicated by an ultrasonic liquid (9.9s
followed by 5.5s of resting processor) for 3 min (Sonics Vibra cell
505, USA). After centrifugation of the bacterial lysates, the upper
supernatant was further examined. Each bacterial lysate (20ul)
was spotted on 0.2% CMC (low viscosity, Sigma, USA) agar
plates and incubated at 37°C overnight. The incubated plates
were stained with 0.1% Congo red for 30 minutes, rinsed with
water and then washed twice with 1 M NaCl. Cellulose
degradation is shown as a white halo against dark background
(Teather and Wood, 1982; Yoo et al., 2004; Xia et al., 2016). For
examination of cellulase activity by r-BcsZ, the purified protein
(10ug) was spotted on 1% CMC agar plates and treated similarly
to the bacterial lysates.

Study the kinetics of degradation using
the BCA assay

Purified r-BesZ was incubated with 1% CMC or 1% Avicel
for one hour at 40°C (Yoo et al,, 2004). Degradation of the
substrates was measured by the Reducing sugar assay using
bicinchoninate acid (BCA, Tokyo Chemical Industry) as
described (Zhang and Lynd, 2005), and results were
normalized to the control containing the substrates without
enzymes. Purified glucose was used for standard curves.

Detection of promoter activity

The promoter’s activity was measured using the green
fluorescent protein (GFP) as a reporter protein. The besABZC
and besEFG promoters were amplified from the genome of S.
Typhimurium, fused to the gfp gene (gfpmut3), and cloned in the
low-copy vector pCS21 as described (Ben-Barak et al., 2006).
These reporting plasmids were generously obtained from Dr
Keren Scher, and were based on the 5" Race assay (Invitrogen),
and an analysis through the site Neural Network Promoter
Prediction (NNPP). Primers used for cloning are listed in the
supplementary table (Table S1). The cloned plasmids (pCS21/
pbesABZC-gfp and pCS21/pbcsEFG-gfp) were transformed to w.t.
S. Typhimurium cells. Overnight cultures of S. Typhimurium
harboring each of the GFP plasmid were harvested by
centrifugation (4000 X g for 10 min at 4°C) and diluted 1:10
in Minimal Medium (0.2% NaNOsj, 0.1% K,HPO,, 0.05%
MgSO4, 0.05% KCl, 0.5% Peptone) supplemented with 30ug/
ml kanamycin. Each sample was supplemented with 0.5% CMC,
0.5% xylan or parsley extract (20gr parsley leaves mixed with
200 ml dH,O and homogenized in a stomacher twice for 90
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seconds each time), and incubated for 24 hours. Control samples
were not supplemented with plant components. Fluorescence
(filters F485, F535, CW lamp energy 10,000) and absorbance
(OD) (600nm P600 filter) measurements were performed using
the WallacVictor2 multi-well fluorimeter. Experiments were
repeated 4 times in triplicates. The fluorescence intensity
(arbitrary units UA) and OD measurements were normalized
and calculated as described (Hartog et al, 2008).

Plant growth

Parsley plants (Petroselinum crispum var. neapolitanum)
were grown in a greenhouse. Parsley seeds were disseminated
in each planter containing 12 liters (for irrigation procedure) or
2.5 liter (for infiltration procedure) of commercial nonsterile
potting soil (Avital 11; Tuff Marom Golan). The size of the
planters used in this study was 40/20/19cm (length/width/
height) for the irrigation experiments or round pots (17cm
diameter and 12-16cm height) for infiltration experiments.
The plants were automatically watered with tap water using
drip irrigation. At the age of 10 to 12 weeks the parsley plants (at
least 10 in each planter) were able to provide enough mass for
sampling as described in other studies in this field (Kisluk and
Yaron, 2012).

Contamination of parsley plants by
irrigation with contaminated water

Plants (at the age of 10-12 weeks) were manually sprayed
with a hand sprayer with 150 ml of saline/bacterial solution. The
bacterial solution contained 10° CFU/ml of different bacterial
strains. For control, planters were irrigated with sterile saline.
For safety reasons, the irrigation of each planter was conducted
inside a glove box, from which the plant was removed 1 h after
irrigation. Parsley leaves were harvested 4 hours and 7 days post
irrigation. The leaves were then aseptically weighted (10gr), and
mushed in a stomacher for enumeration of the bacteria by plate
counting as described (Kisluk and Yaron, 2012).

Contamination of parsley
plants by infiltration of bacterial cultures
or proteins

For analysis of endophytic survival, suspensions of 10° CFU/
ml Salmonella in saline were infiltrated into parsley leaves.
Infiltration of bacterial suspensions were carried out by
infiltrating 25 ul to the abaxial surface of the leaf (20 leaves in

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2022.967796

each plant, 3 plants in each experiment) as described before
(Shirron and Yaron, 2011). Parsley leaves were harvested 1, 7,
and 14 dpi. Leaves were aseptically collected, weighted, added to
peptone buffer (1:10 dilution), and homogenized in a stomacher.
The supernatant was plated for CFU enumeration. All
experiments were conducted at least 3 times in duplicates.
Bacteria lysates of overnight grown cultures were produced as
described above in the CMCase assay, and 25 pl were used for
the infiltration.

For infiltration of purified proteins, we infiltrated various
concentrations of purified r-BesZ (0.1pg to 100 pg) to the abaxial
side of the leaf similarly to bacterial inoculation. For infiltration
of denaturized r-BesZ and its degradation products, the enzyme
was mixed with 1% CMC for 1h, then the two fractions were
separated using a 10,000 MWCO Vivaspin® centrifugal
concentrator (Vivaproducts, MA, USA). As a negative control,
1% CMC was treated without enzymes. The concentrated
recombinant enzymes from the concentrator tubes were
treated at 90°C in a water bath for 15min prior to the
infiltration. The solutions that did not contain the
recombinant enzymes were infiltrated into parsley leaves
without further treatments. For verification, CMCase activity
of each fraction was analyzed on CMC agar plates as
described above.

Statistical analysis

Unless mentioned specifically, all experiments were
conducted in three repeats. Sampling of each experimental
repeat was conducted in duplicates. Results of survival of
Salmonella on/in leaves were statistically analyzed using
Fishers’s protected least significant difference test, and results
of the leaves damage were statistically analyzed with Kruskal-
Wallis test. For statistics calculations in the GFP expression
experiments we used T-Test. All statistical analyses were
performed in MATLAB 2019b (The Mathworks, Natick, USA).
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