
Citation: Parfirova, O.; Mikshina, P.;

Petrova, O.; Smolobochkin, A.;

Pashagin, A.; Burilov, A.; Gorshkov, V.

Phosphonates of Pectobacterium

atrosepticum: Discovery and Role in

Plant–Pathogen Interactions. Int. J.

Mol. Sci. 2024, 25, 11516. https://

doi.org/10.3390/ijms252111516

Academic Editor: Fucheng Lin

Received: 30 September 2024

Revised: 23 October 2024

Accepted: 24 October 2024

Published: 26 October 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Phosphonates of Pectobacterium atrosepticum: Discovery and
Role in Plant–Pathogen Interactions
Olga Parfirova 1 , Polina Mikshina 1 , Olga Petrova 1 , Andrey Smolobochkin 2 , Alexander Pashagin 1,
Alexander Burilov 2 and Vladimir Gorshkov 1,3,*

1 Kazan Institute of Biochemistry and Biophysics, Federal Research Center “Kazan Scientific Center of the
Russian Academy of Sciences”, 420111 Kazan, Russia; parfirovaolga.i@gmail.com (O.P.);
p.mikshina@gmail.com (P.M.); poe60@mail.ru (O.P.); pavmail73@gmail.com (A.P.)

2 Arbuzov Institute of Organic and Physical Chemistry, Federal Research Center “Kazan Scientific Center of the
Russian Academy of Sciences”, 420088 Kazan, Russia; smolobochkinav@mail.ru (A.S.); burilov@iopc.ru (A.B.)

3 Institute of Fundamental Medicine and Biology, Kazan Federal University, 420008 Kazan, Russia
* Correspondence: vladimir.gorshkov@kibb.knc.ru or gvy84@mail.ru

Abstract: Many phytopathogens’ gene products that contribute to plant–pathogen interactions remain
unexplored. In one of the most harmful phytopathogenic bacterium Pectobacterium atrosepticum
(Pba), phosphonate-related genes have been previously shown to be among the most upregulated
following host plant colonization. However, phosphonates, compounds characterized by a carbon–
phosphorus bond in their composition, have not been described in Pectobacterium species and other
phytopathogenic bacteria, with the exception of Pseudomonas syringae and Pantoea ananatis. Our study
aimed to determine whether Pba synthesizes extracellular phosphonates and, if so, to analyze their
physiological functions. We demonstrated that Pba produces two types of extracellular phosphonates:
2-diethoxyphosphorylethanamine and phenylphosphonic acid. Notably, such structures have not
been previously described among natural phosphonates. The production of Pba phosphonates was
shown to be positively regulated by quorum sensing and in the presence of pectic compounds. Pba
phosphonates were found to have a positive effect on Pba stress resistance and a negative effect
on Pba virulence. The discovered Pba phosphonates are discussed as metabolites that enable Pba
to control its “harmful properties”, thereby maintaining its ecological niche (the host plant) in a
relatively functional state for an extended period.
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1. Introduction

Plant diseases represent an important problem affecting agriculture and food safety
worldwide. One obstacle to effective plant disease control is fragmental knowledge of plant–
pathogen interactions and, in particular, of the set of “instruments” used by pathogens to
colonize host plants and cause disease. Plant soft rot, caused by the members of the Soft
Rot Pectobacteriaceae family, specifically Pectobacterium and Dickeya species, is one of the most
devastating plant diseases [1]. Despite the fact that bacteria of Pectobacterium and Dickeya
genera are some of the most extensively studied phytopathogens [2], it is evident that many
gene products that contribute to plant–pathogen interactions and disease development remain
unexplored, preventing the formation of a general picture of pathosystem development.

Plant cell wall-degrading enzymes (PCWDE) (predominantly those that digest pectic
compounds) are objectively considered the main virulence factors of Pectobacterium and
Dickeya species [3,4]. However, the production of these main virulence factors alone
is not sufficient for effective plant colonization and disease development. Many other
virulence factors are required for these bacteria to have full virulence: type three secretion
system [5,6], type five secretion system [7], type six secretion system [8,9], coronafacic
acid [10–12], siderophores [13–15], and exopolysaccharides [16].
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In our previous study, using the comparative transcriptome profiling of Pectobacterium
atrosepticum (Pba) under in vitro and planta conditions, we searched for “novel” Pba genes
whose products might contribute to plant–Pba interactions [10]. In that study, genes related to
the metabolism of phosphonates appeared to be one of the most upregulated genes in planta
compared to in vitro conditions. Phosphonate-related Pba genes were also previously revealed
among those that were upregulated in vitro following the addition of host plant extract [17].

Phosphonates represent a diverse group of compounds that have in common that they
have a carbon–phosphorus bond (C-P) in their composition [18–20]. Phosphonates can be
incorporated into lipids, polysaccharides, and glycoproteins (phosphonoconjugates), as
well as represent “free” low-molecular-weight (LMW) compounds [18–20]. LMW phospho-
nates that are mostly described for streptomycetes possess physiological activities; the vast
majority of them have antibiotic properties (fungicidal, herbicidal, and bactericidal) [21]. In
plant pathogenic bacteria, LMW phosphonates have been described only in Pseudomonas sy-
ringae (fosfomycin similar to one produced by streptomycetes) [22,23] and Pantoea ananatis
(pantaphos) [24], and only P. ananatis phosphonates have biological functions established.
Pantaphos (2-(hydroxy[phosphono]methyl)maleate) has been shown to possess phytotoxic
properties and to be required for the virulence of P. ananatis [25].

Phosphonates have not been described in Pectobacterium species, and it remained
unknown whether these bacteria were indeed able to produce these compounds. Some
Pectobacterium species, including Pba, have a “marker” gene encoding phosphoenolpyru-
vate mutase Fom1 (ECA0487) that catalyzes the formation of the C-P bond, yielding
phosphonopyruvate, as well as a gene encoding phosphoenolpyruvate decarboxylase
Fom2 (ECA0488), which provides the further common step of biosynthesis of most known
phosphonates, yielding phosphonoaldehyde. The gene encoding transaminase, which
catalyzes the conversion of phosphonoaldehyde to 2-aminoethyl phosphonate, a precursor
of phosphonate-substituted lipids and glycans, has not been revealed in the Pba genome,
whereas the gene encoding the enzyme homologous to 2-oxopropylphosphonate reduc-
tase (ECA0489), which is involved in the synthesis of LMW phosphonate fosfomycin in
Pseudomonas syringae, is located in the Pba genome directly downstream of fom1 and fom2.
This indicates that Pba is more likely to produce LMW extracellular phosphonates than
phosphonate-substituted lipids/polysaccharides.

Therefore, our study aimed to determine whether Pba produces LMW extracellular
phosphonates and, if so, to analyze their role in plant–Pba interactions.

2. Results
2.1. Detection of Pba Phosphonates

Given that the expression of phosphonate-related genes was induced under in planta
conditions [10], we analyzed the expression levels of marker gene fom1 (encoding phos-
phoenolpyruvate mutase—a crucial phosphonate-biosynthetic enzyme) and detected ex-
tracellular phosphonates in vitro not only under “routine” conditions—LB medium and
minimal medium (MM), but also in MM supplemented with plant extract (MM + PE). The
expression level of the fom1 gene was 800 and 150 times higher under MM + PE conditions
compared to LB and MM, respectively (Figure 1A).

31P NMR signals in the area of δ 15–25 ppm corresponding to phosphonates were
detected in the preparations of supernatants of cultures grown under MM + PE conditions
but not under MM conditions (Figure 1B,C). In the preparations of plant extract, 31P NMR
signals at 15–25 ppm have not been revealed (Figure 1D). This indicates that the phosphonates
detected in the cultural supernatants were of bacterial origin but not of plant origin.

To further verify the ability of Pba to synthesize phosphonates and to check whether
the fom1 gene indeed encodes a phosphonate-biosynthetic enzyme, the ∆fom1 mutant and
corresponding complemented ∆fom1 mutant carrying the fom1 gene within the recombinant
plasmid were obtained. The presence of phosphonates in the cultural supernatants was
assayed in wild type (WT), ∆fom1 mutant, and the complemented ∆fom1 mutant grown
under MM + PE conditions. 31P NMR signals at 15–25 ppm were detected in the cultural su-
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pernatants of WT and the complemented ∆fom1 mutant but not in the cultural supernatants
of the ∆fom1 mutant (Figure 2).

Thus, Pba synthesizes extracellular LMW phosphonates. The production of these com-
pounds, along with the expression of the phosphonate-biosynthetic fom1 gene, was induced in
the presence of plant metabolites. Although the expression of the fom1 gene was upregulated
under MM conditions (without plant metabolites) compared to LB conditions, this increase
(approximately 5.6-fold) was not sufficient to produce detectable levels of phosphonates.
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Figure 1. The expression levels of the fom1 gene in Pectobacterium atrosepticum SCRI1043 cells (A) and 31P
NMR spectra of the preparations of supernatants of P. atrosepticum cultures (B,C) grown under different
conditions. The expression levels were determined after 24 h of growth in LB medium, minimal medium
(MM), and MM supplemented with plant extract (MM + PE). The expression level of the fom1 gene
in the cells grown in LB is equated to one. Asterisks (*) show a significant difference (Mann–Whitney
two-sided test, p < 0.05, five biological replicates) from the variant grown in LB or between the variants
designated by bracket. The presence of 31P NMR signals at 15–25 ppm was assayed in the preparations
of supernatants of cultures grown for 48 h in minimal medium (MM) and MM supplemented with plant
extract (MM + PE). The 31P NMR spectrum of the preparation of plant extract is shown in (D). The
detection of phosphonates was performed in at least five independent experiments.
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Figure 2. 31P NMR spectra of the preparations of cultural supernatants of the wild-type Pectobacterium
atrosepticum SCRI1043 (WT) (A), P. atrosepticum ∆fom1 mutant (B), and complemented ∆fom1 mutant
carrying the fom1 gene within the recombinant plasmid (C) grown for 48 h in minimal medium
supplemented with plant extract (MM + PE). The detection of phosphonates was performed in at
least five independent experiments.
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2.2. Molecular Structure of Pba Phosphonates

For the determination of the molecular structure of the Pba phosphonates, the methanol-
extractable fraction of cultural supernatant was treated with calcium acetate to remove the
phosphates and analyzed by NMR spectroscopy and ESI-QTOF mass spectrometry. The
analysis of the difference NMR spectra of the samples of cultural supernatants of wild-type
Pba (producing phosphonates) and the phosphonate-deficient ∆fom1 mutant enabled us to
identify signals that corresponded to the target compounds, confirm that the target compounds
were indeed phosphonates, and reveal some features of their molecular structure.

The presence of the signals in the 13C difference spectrum at 27–29 ppm confirmed the
presence of compounds with a C-P chemical bond in the sample (Figure 3A). A doublet with
a chemical shift of 74.66 ppm (J 50.9 Hz) showed the presence of a bond between a carbon
atom and a phosphorus atom through 2–3 bonds. The presence of a complex multiplet in the
1H spectrum in the region of 1.97–2.07 ppm (Figure 3B) indicated the presence of an aliphatic
fragment with nonequivalent protons. The signals at 3.0–3.5 ppm may be related to the
protons of the methylene group substituted with nitrogen or oxygen atoms (Figure 3B).
The possible presence of these groups was also confirmed by the signals at 25–50 ppm on
the 13C spectrum (Figure 3A). Signals in the regions of 15–25 and 55–60 ppm (Figure 3A),
as well as in the high-field region (1.2–1.5 ppm) and at 3–4 ppm (Figure 3B), suggested that
the sample contained ethyl moieties. The signals in a weak field (120–150 ppm) on the 13C
spectrum and a group of signals, including three multiplets (δ 7.38 ppm, doublets with J
8.1 Hz; δ 7.50 ppm, doublets with J 7.8 Hz; δ 7.50 ppm, doublets with J 7.7 Hz on the 1H
spectrum, Figure 3), indicated the presence of a phenyl group in the sample.
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ticum and its phosphonate-deficient ∆fom1 mutant. (B) 1H spectrum of the cultural supernatant of
wild-type P. atrosepticum.
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The mass spectra of the sample in positive and negative modes revealed several
signals with predominant ions 3741− and 3391+ (Figure 4A). These ions had different
fragmentation “behavior”. The ion with 374 m/z required higher collision energy for decay
and produced predominantly two products—the major ion 2171− (−157) and the minor
one 3291− (−45)—presumably representing the ethyl group (Figure 4B) also detected in the
NMR spectra (Figure 3). Among the minor ions in this spectrum, signal 1931− (−181) was
also detected. Both the 1931− and 2171− ions were present in the initial MS spectrum of the
sample, demonstrating their fragmentary origin from the 3741− ion. Both ions were not
fragmented. The difference in the mass of the 3741− and 3391+ ions suggested the formation
of a charge in the negative mode due to the addition of the Cl− ion. The ionization of the
target compound due to the addition of Cl− ion ensured the high stability of the ions at
fragmentation. The removal of Cl− ions, and protonation of the products suggested that
the 3741− ion is an adduct of compounds with molecular weights of 158 and 182. This
was consistent with the results of its fragmentation: the fragmentation spectrum of the
3391+ ion was represented by ions 2581+ (−81), 2761+ (−63), and 2941+ (−45). The most
intense signals in the fragmentation spectrum of ion 3391+ (2761+ and 2581+) arized due
to the removal of the phosphinate (−63) and the fragment of phosphonate (−81) groups,
respectively. The 2941+ ion was formed due to the removal of a fragment with a molecular
weight of 45, which was presumably related to the aliphatic fragment of the compound
with 182 m/z (Figure 4B). The remaining product 2941+ represented an adduct of a fragment
(ethylated phosphonate group, molecular weight 137) of compound M2 and compound
M1. The ionization of the adduct in the positive mode was ensured by the formation of
a charge on the P atom due to the breaking of the double bond during adduct formation.
Thus, the NMR and mass spectrometry results suggested that the target sample contained
two types of phosphonates with molecular weights of 158 and 181 or 182 (depending on
the structure of the aliphatic fragment). Signals 1931− and 2171− represented adducts of
these compounds with chlorine ions, respectively. The first-type phosphonate, in addition
to the phosphonate group, contained a phenyl group, while the second one contained an
aliphatic fragment with nonequivalent protons (a methylene group and, presumably, a
hydroxyl group or amino group protonated in a positive mode).

To clarify the structure of the aliphatic fragment of one of the revealed phosphonates,
the initial sample was further purified using chromatography, tested for the presence of a
phosphonate group using 31P NMR, and reanalyzed using 13C NMR. Of the seven fractions
obtained after chromatographic separation, phosphonate signals were detected using 31P
NMR in only one fraction (pH 4.5). In the 13C spectra of this fraction, signals at 17.2 and
57.4 ppm of comparable intensity (Figure 5) confirmed the presence of ethyl groups in the
composition of the target phosphonate. The signals at 30.5 and 38.6 ppm were assigned to
methylene groups bound to the phosphorus and nitrogen atoms, respectively. Thus, the
collective results of NMR and mass spectroscopy showed that the structure of one of the
target Pba phosphonates was represented by 2-diethoxyphosphorylethanamine (molecular
weight of 181.2, protonated form of 182.2). Four signals of weak intensity in the weak field
region (δ 127.2, δ 128.4, δ 130.9, and δ 131.4 ppm) in 13C spectra (Figure 5) indicated that the
second Pba phosphonate was represented by phenylphosphonic acid (molecular weight of
158.1). The contribution of phenylphosphonic acid to the total pool of Pba phosphonates in
both initial (Figure 4A) and purified (Figure 5) samples was significantly lower compared
to 2-diethoxyphosphorylethanamine.
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2.3. Regulation of the Production of Pba Phosphonates

The production of most (if not all) Pba virulence factors is controlled via quorum sens-
ing (QS) and the perception of the products of the degradation of pectic compounds [26–30].
Therefore, we investigated whether QS and the presence of pectic compounds have a
regulatory effect on the expression of the fom1 gene and the production of phosphonates.

To analyze the effects of QS, a quorum-deficient ∆expI mutant [31] was used. The
expression level of the fom1 gene was 40-fold lower in the ∆expI mutant than in the WT
under MM + PE conditions (Figure 6A). No 31P NMR signals at 15–25 ppm were detected in
the cultural supernatants of the ∆expI mutant in contrast to those of the WT (Figure 6B,C).
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SCRI1043. (A) Expression levels of the fom1 gene in wild-type P. atrosepticum (WT) and P. atrosepticum
quorum-deficient ∆expI mutant grown for 24 h in minimal medium (MM), and MM supplemented
with plant extract (MM + PE). The expression level of the fom1 gene in the WT cells grown in MM is
equated to one. The presented values were obtained from five biological replicates. The table located
under the diagram shows significant differences (p-values) between the designated experimental
groups (Mann–Whitney two-sided test with Bonferroni correction for multiple comparisons, p < 0.05,
five biological replicates). NS—non-significant. (B,C) 31P NMR spectra of the preparations of cultural
supernatants of the wild-type P. atrosepticum (WT) (B) and P. atrosepticum ∆expI mutant (C) grown
for 48 h in minimal medium with plant extract (MM + PE). The detection of phosphonates was
performed in at least three independent experiments.

To analyze the effect of pectic compounds on Pba phosphonate production, the WT
strain was grown under four conditions: (1) MM, (2) MM + PE, (3) MMM (modified mini-
mal medium where sucrose was substituted with pectin), (4) MMM + PE. The substitution
of sucrose with pectin in the growth medium resulted in a 12-times increased expression
level of the fom1 gene (as well as supplementation of sucrose-containing medium with plant
extract) (Figure 7A). The highest expression level of the fom1 gene was observed in cells cul-
tured in the presence of both pectic compounds and plant extract (MMM + PE) (Figure 7A).
31P NMR signals at 15–25 ppm were detected in the supernatants of cultures grown in
pectin-containing medium, regardless of the presence of plant extract (Figure 7B,C).
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2.4. Effect of Pba Phosphonates on Plant–Pba Interactions

To analyze the effects of Pba phosphonates on plant–Pba interactions, we assayed
whether phosphonate deficiency affected Pba virulence. Tobacco plants were infected with
either WT, ∆fom1 mutant, or complemented ∆fom1 mutant. No significant differences
in virulence were observed between the three assayed strains, with 80–90% of plants
displaying disease symptoms (tissue maceration) five days after infection in different
experimental groups. Previously, we encountered a situation in which the knockout of
virulence-related genes was not manifested under infection-promoting conditions but was
manifested when virulence was assessed toward primed plants (with enhanced immune
status) [32,33]. Therefore, we compared the virulence of the three assayed strains toward
plants primed with 0.2 or 1.0 mM of salicylic acid (SA), which is known to promote
resistance to Pba [12,32,34].

The treatment of plants with SA led to the concentration-dependent accumulation of
hydrogen peroxide: 0 mM of SA—60 µmol/gFW of H2O2; 0.2 mM of SA—107 µmol/gFW
of H2O2; and 1.0 mM of SA—240 µmol/gFW of H2O2 (Figure 8). All three strains were as
virulent toward 0.2 mM SA-treated plants as they were toward SA-non-treated plants, and
no difference in virulence was observed for the three strains (Figure 8). The virulence of WT
and the complemented ∆fom1 mutant toward 1.0 mM SA-treated plants was significantly
reduced compared to the virulence toward SA-non-treated plants. Herewith, the ∆fom1
mutant remained as virulent toward 1.0 mM SA-treated plants as it was toward SA-non-
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treated plants (Figure 8). Thus, the production of phosphonates by Pba appeared to have a
negative effect on Pba virulence.
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Figure 8. Virulence of the wild-type Pectobacterium atrosepticum SCRI1043 (WT) (green column), P.
atrosepticum ∆fom1 mutant (red column), and complemented ∆fom1 mutant carrying the fom1 gene
within the recombinant plasmid (yellow column) toward tobacco plants non-treated (0 mM) with
salicylic acid (SA) or primed with 0.2 or 1.0 mM of SA. Plants were pretreated with SA (or water) one
day before infection. The percentage of plants with visible disease symptoms (tissue maceration) was
assessed on the fifth day after infection. The presented results were obtained from 7 independent
experiments; in each experiment, 20–25 plants were assessed for each experimental variant. Asterisks
(*) show a significant difference (Mann–Whitney two-sided test, p < 0.05) from the variant where SA-
non-treated plants were infected with the wild-type P. atrosepticum (first column); asterisks above the
brackets show a significantly higher disease incidence rate in plants primed with 1.0 mM SA following
infection with ∆fom1 mutant than with WT or complemented ∆fom1 mutant. The dark blue line shows
the level of hydrogen peroxide in plants one day after treatment with 0, 0.2, or 1.0 mM of SA.

We considered it most likely that the negative effect of phosphonates on Pba virulence
was related to their negative effects on either the resistance of Pba to H2O2 (that was
accumulated in plants following the SA treatment) or the production of PCWDEs. To check
these hypotheses, in all three strains, we compared resistance to H2O2 and extracellular
pectate lyase, polygalacturonase, cellulase, and protease activities.

The presence of 0.15 or 0.30 mM of H2O2 did not affect the growth of the wild type in
the modified minimal medium supplemented with plant extract (MMM + PE), whereas the
growth of the ∆fom1 mutant was reduced by two orders of magnitude in the presence of
0.30 mM of H2O2 (Figure 9). Unexpectedly, the complementation of the ∆fom1 mutation
did not restore the H2O2 resistance of the ∆fom1 mutant to the wild-type level (Figure 9).

The knockout of the ∆fom1 gene did not lead to alterations in extracellular polygalac-
turonase, cellulase, or protease activities (Figure 10). Herewith, pectate lyase activity
increased three times in the mutant strain, whereas the complementation of the mutation
led to a decrease in pectate lyase activity to the wild-type level (Figure 10).
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Figure 9. Resistance of the wild-type Pectobacterium atrosepticum SCRI1043 (WT) (green column), P.
atrosepticum ∆fom1 mutant (red column), and complemented ∆fom1 mutant carrying the fom1 gene
within the recombinant plasmid (yellow column) to oxidative stress (H2O2). Cells were cultured in
modified minimal medium supplemented with plant extract (MMM + PE) for 24 h in the presence of 0,
0.15, and 0.30 mM of H2O2 before plating for CFU titer analysis. The presented values are the means of
five biological replicates. Inoc—inoculation titer. Asterisks (*) show the significance of the difference
(Mann–Whitney two-sided test, p < 0.05) in cell titer between variants designated by brackets.
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galacturonase (PG) activities in the wild-type Pectobacterium atrosepticum SCRI1043 (WT) (green column),
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The activity levels of the wild type were equated to one. Asterisks (*) show the significance of the
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Thus, Pba phosphonates have a positive effect on Pba stress (H2O2) resistance and a
negative effect on extracellular pectate lyase activity.

3. Discussion

Given that Pba phosphonate-biosynthetic genes were among the most upregulated
in planta vs. in vitro conditions [10], we tested our hypothesis of whether Pba indeed
produces phosphonates and whether these compounds (if produced) play a role in plant–
Pba interactions. We showed that Pba indeed produces LMW extracellular phosphonates
and that the fom1 gene (encoding the predicted phosphoenolpyruvate mutase, a crucial
phosphonate-biosynthetic enzyme) determines the ability of Pba to synthesize these com-
pounds (Figures 1 and 2).

Pba synthesized two structural types of extracellular LMW phosphonates:
2-diethoxyphosphorylethanamine and phenylphosphonic acid (Figure 5). Among nat-
ural phosphonates, such structures have not previously been described; however, both
2-diethoxyphosphorylethanamine and phenylphosphonic acid have previously been ob-
tained by chemical synthesis [35–38].

Among the phosphonates of phytopathogenic bacteria, the structures of only two com-
pounds were determined before our study: pantaphos (2-(hydroxy[phosphono]methyl)maleate)
produced by Pantoea ananatis [25] and fosfomycin ([(2R,3S)-3-methyloxiran-2-yl]phosphonic
acid) produced by Pseudomonas syringae [22]. All four phosphonates described in phy-
topathogenic bacteria (produced by P. ananatis, P. syringae [22,25], and two produced by
Pba (this study)) have significant distinctive features in their structures. In particular, Pba
phosphonates, in contrast to pantaphos and fosfomycin, have either two ethyl groups
and one amino group (one of the revealed compounds) or a phenyl group (another of the
revealed compounds) (Figure 5). This presumably means that these four phosphonates im-
plement different functions. The presence of an aromatic group within LMW phosphonates
seems like a rather rare phenomenon; as far as we know, only phenyl-substituted LMW
phosphonates have been described in Actinomycetes [39–42].

In our study, the production of Pba phosphonates (as well as the expression of the
fom1 gene) was induced in vitro by the presence of plant extract, which is in agreement
with a previous study showing the upregulation of phosphonate-related genes in vitro
following the addition of plant extract (Figure 1) [17]. Moreover, we showed that QS and
the presence of pectic compounds have strong positive regulatory effects on the production
of Pba phosphonates (Figures 6 and 7). The positive effect of plant extract on the expression
of the fom1 gene is unlikely to be explained only by the presence of some pectic compounds
in its composition, since plant extract positively affected the expression of the fom1 gene
even when pectic compounds constituted a major carbon source in the growth medium
(Figure 7). This implies that, in addition to pectin, other plant-derived compounds have a
positive effect on the production of Pba phosphonates.

The regulation of the production of microbial phosphonates is almost uninvestigated.
To the best of our knowledge, only the effect of culture conditions on phosphonate pro-
duction in several bacterial species (Streptomyces sp., Bacillus sp., Saccharothrix sp.) has
been analyzed so far [43–46], but no regulatory systems have been previously described to
control the production of phosphonates in any bacteria. Thus, our study provides the first
insight into the mechanisms of the regulation of phosphonate biosynthesis.

In Pantoea ananatis, it was possible to achieve the production of detectable levels of
phosphonate pantaphos only by genetic manipulation, namely by introducing the isopropyl
thiogalactopyranoside (IPTG) promoter upstream of the phosphoenolpyruvate mutase
gene [24]. In our study, the production of detectable levels of Pba phosphonates could be
achieved by the addition of plant extract (as well as pectic compounds) to Pba cultures
without any genetic manipulation (Figures 1 and 7).

Since the production of Pba phosphonates (as well as most of Pba virulence fac-
tors [26–29]) was positively regulated by QS, as well as in the presence of plant extract and
pectic compounds, we presumed that phosphonates are the virulence factors of Pba. This
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assumption was also inspired by a previous finding that Pantoea ananatis pantaphos has
phytotoxic properties and determines P. ananatis virulence [24]. However, the knockout of
the fom1 gene that led to the inability of Pba to produce phosphonates did not affect Pba
virulence (Figure 8).

It has previously been shown that the inability to synthesize one of many virulence
factors may have no effect on virulence under conditions that promote disease development;
herewith, under certain conditions, e.g., when the plant immune system is in primed status,
the deficiency in this virulence factor is manifested in impaired virulence [32,33]. Therefore,
we tested whether phosphonate deficiency affected Pba virulence in plants treated with
SA, which led to the accumulation of H2O2 and increased plant resistance to Pba [12,32].
Intriguingly, SA-priming associated with the accumulation of H2O2 did not affect the
virulence of the phosphonate-deficient mutant, although the virulence of the wild type
(as well as the complemented mutant) was significantly reduced toward the SA-primed
plants compared to virulence toward non-primed plants (Figure 8). This means that the
production of phosphonates has a negative effect on Pba virulence.

Then, we attempted to understand how phosphonates could reduce Pba virulence
and presumed that this could be related to their negative effects on either Pba resistance
to H2O2 (which was accumulated in the SA-primed plants) or Pba PCWDE activities, or
both. However, instead of the expected negative effect of phosphonates on Pba H2O2
resistance, we found that phosphonate deficiency resulted in reduced Pba H2O2 resistance
(Figure 9). This means that phosphonates contribute to Pba stress resistance. However,
phosphonate-deficiency-mediated compromised H2O2 resistance was not only unrelated
to reduced Pba virulence but was even associated with improved virulence toward plants
with an increased H2O2 level. This likely means that phosphonates might have such a
significant negative effect on some virulence-associated traits that phosphonate deficiency
could cause increased virulence even in the background of reduced H2O2 resistance.

Indeed, we found that the production of phosphonates negatively affected the activity
of extracellular pectate lyases, which are considered the main virulence factors of pectolytic
bacteria. Herewith, no effect of phosphonates was revealed with regard to the activities of
other Pba PCWDEs (polygalacturonase, protease, and cellulase) (Figure 10).

The negative effect of phosphonates on the activity of different enzymes is rather
well described in the framework of their antibiotic or herbicidal action [18–20]. Phos-
phonates by direct binding with the particular enzyme can repress its activity or prevent
enzyme–substrate interaction [47,48]. Whether phosphonates can regulate the production
of enzymes at transcriptional or translational levels is not yet understood. In our further
studies, we will tackle the question of the mechanisms by which Pba phosphonates reduce
pectate lyase activity. We will also try to understand whether the revealed effect of Pba
phosphonates on pectate lyase activity is direct or mediated by their influence on other
physiological processes, as well as whether the assayed metabolites cause other effects on
Pba or host plant physiology.

In addition, given that two types of Pba phosphonates were revealed in our study, we
cannot currently conclude which of them or whether both of them together are responsible
for the observed phenotypes. For example, it is possible that one of the revealed compounds
promotes an increased Pba H2O2 resistance, while the other one is responsible for the
reduced Pba virulence, or, in contrast, both compounds together regulate an ensemble
of physiological processes that are expressed in increased H2O2 resistance coupled with
relatively modest virulence. The clarification of the particular roles of each particular
Pba phosphonate is currently complicated due to the fact that only the “root” part of
the phosphonate-biosynthetic pathway is predicted in Pba. Therefore, in our study, to
analyze the phenotypic manifestation of phosphonate deficiency, we could only obtain
the mutant that is deficient in both of the revealed phosphonates. Further deciphering
of the phosphonate-biosynthetic pathway will form a basis for obtaining and analyzing
mutants deficient in one of the two revealed phosphonates to gain deeper insight into
the physiological functions of each separate phosphonate. Nevertheless, our study shows
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that the revealed Pba phosphonates (either the first one, the second one, or both together)
exert a rather global physiological effect on Pba, positively controlling stress resistance and
negatively controlling virulence.

It is well accepted that the production of virulence factors in plant pathogenic bacteria
is negatively controlled by a number of regulatory proteins to prevent unnecessary (or even
harmful) synthesis of virulence factors outside of the host or at early infection stages [49].
However, we did not find any information on phytopathogen-produced LMW compounds
that repressed phytopathogens’ own PCWDEs. The only similar phenomenon has been
previously described in Xylella fastidiosa. In this species, specific LMW mediators of QS
(diffusible signal factor, DSF) repress biofilm formation [50,51], whereas in most (if not
all) of the other species, QS mediators positively affect biofilm formation [52–54]. Such an
“unconventional” situation with X. fastidiosa was explained by the fact that this bacterium is
a xylem-limited phytopathogen, and therefore, although biofilm formation is required for
vessel colonization, the extensive blockage of the vessel by too large biofilm would reduce
the influx of nutrients toward the pathogen and cause rapid death of the host, both of which
are harmful to the pathogen [50]. To prevent these negative consequences of extensive
vessel colonization, DSF, by repressing virulence-associated traits at rather advanced stages
of plant–microbe interaction, enables the pathogen to control its “harmful properties”, and
thus prolongs the functioning of the pathosystem.

The discovered Pba phosphonates presumably also enable Pba to control its “harmful
properties” and restrain the activity of the main virulence factors (and maybe some other
virulence-associated traits), maintaining its ecological niche (the host plant) in a more or
less functional state for a longer period of time. It is reasonable to speculate that for most
(if not all) phytopathogens, it is important to be able to produce metabolites that reduce
their pathogenic potential when necessary to ensure durable plant–microbe interactions.
The discovery of these metabolites and then the finding of approaches for manipulating
microbial behavior through these metabolites seem like a good strategy for reducing
damage caused by phytopathogens in agriculture.

4. Materials and Methods
4.1. Bacterial Strains, Media, and Culture Conditions

Pectobacterium atrosepticum SCRI1043 (Pba) (ATCC BAA-672) was grown in lysogeny
broth (LB) medium on a rotary shaker (180 rpm) at 28 ◦C. The ∆fom1 mutant and ∆expI
mutant strains were grown in the presence of kanamycin (20 µg/mL); the complementa-
tion ∆fom1 mutant was grown in the presence of kanamycin (20 µg/mL) and ampicillin
(200 µg/mL). The CFU titer was determined by plating serial 10-fold dilutions of the
cultures onto 1.5% LB agar.

In the framework of experimental models described in the Result section (Section 2),
bacteria were cultured at 180 rpm and 28 ◦C in four media: (1) minimal medium (MM),
containing 50 mM of potassium phosphate buffer, 7.6 mM of (NH4)2SO4, 1.7 mM of MgCl2,
1.7 mM of NaCl, and 2.0 g/L of sucrose, with a pH of 7.0 [55]; (2) MM supplemented
with 1/10 (v/v) of plant extract (MM + PE); (3) modified minimal medium (MMM) that
contained the same components as MM, except that sucrose was substituted with 2.0 g/L
pectin (FLUKA Biochemika, Buchs, Switzerland); (4) MMM supplemented with 1/10 (v/v)
of plant extract (MMM + PE).

The plant extract was prepared by grinding 500 g of potato tubers in 1 L of water in a
blender. The mixture was centrifuged at 8000× g for 20 min. The supernatant was then
heated to 100 ◦C, cooled to room temperature, and centrifuged at 8000× g for 20 min. The
supernatant was further clarified by filtering through 0.45 µm and 0.22 µm nitrocellulose
filters (Corning, Berlin, Germany). Finally, the extract was filter sterilized through 0.22 µm
nitrocellulose filters and stored at −20 ◦C.
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4.2. Gene Expression Analysis

For the isolation of total RNA, bacterial cells grown for one day in LB, MM,
MM + PE, MMM, and MMM + PE were harvested at 8000× g for 5 min. Bacterial cell
pellets were resuspended in 1 mL of ExtractRNA Reagent (Evrogen, Moscow, Russia), and
the subsequent procedures were performed according to the manufacturer’s instructions.
RNA samples were treated with DNAse I using a DNA-free kit (Thermo Fisher Scientific,
Waltham, MA, USA). RNA quantity and quality were analyzed using a NanoPhotometer
NP80 (Implen, Munchen, Germany) and electrophoresis in a 1% agarose gel, respectively.
One microgram of DNAse-treated RNA was used for cDNA synthesis using RevertAid
reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, USA) according to the man-
ufacturer’s instructions. Two microliters of 5-fold-diluted cDNA preparation were used for
qPCR. qPCR was performed using the EvaGreen-containing master mix (Syntol, Moscow,
Russia) according to the manufacturer’s instructions. Primers for target (fom1) and reference
genes (Table S1) were designed using Vector-NTI Version 9 software (Invitrogen, Carlsbad,
CA, USA) and synthesized by Evrogen (Moscow, Russia).

PCR was performed under the following conditions: 95 ◦C for 2 min, followed by
45 cycles at 94 ◦C for 10 s, 60 ◦C for 15 s, and 72 ◦C for 30 s. After that, melt curve analysis
was performed in the temperature range of 60 to 95 ◦C. The reactions were run and changes
in fluorescence emission were detected using a CFX96 quantitative PCR system (Bio-Rad,
Hercules, CA, USA). The amount of fluorescence was plotted as a function of the PCR cycle
using CFX Manager Software Version 2.1 (Bio-Rad, Hercules, CA, USA). The amplification
efficiency (E) for all primers was determined using a dilution series of a pool of cDNAs.
The additional controls included the omission of reverse transcriptase to measure the extent
of residual genomic DNA contamination and the omission of a template.

Genes encoding RNA polymerase sigma factor RpoD (ECA0680), signal recognition
particle protein Ffh (ECA3360), and protein RecA (ECA3369), the transcript levels of which
were confirmed by geNorm software v. 3.5 (http://genorm.cmgg.be, accessed on 20 May
2023) to be stable under the experimental conditions, and were used for normalization
of the target gene expression. Relative expression levels were determined as the ratios
between the quantities of cDNA corresponding to the target genes and values of the
normalization factor, which were calculated for each sample using geNorm software based
on the transcript levels of reference genes. The presented data were obtained by analyzing
5 biological replicates.

4.3. Detection of Extracellular Phosphonates Using 31P NMR

For the detection of extracellular phosphonates, bacterial cells were grown for two
days in MM, MM + PE, MMM, and MMM + PE media at 28 ◦C and 180 rpm. Cultural su-
pernatants were separated from bacterial cells by centrifugation at 8000× g for 20 min and
subsequent filtration of the supernatants through 0.22 µm nitrocellulose filters (Corning,
Berlin, Germany). The filtered supernatants (500 mL) were concentrated in an Alpha
2–4 LD plus freeze dryer (Christ, Frankfurt am Main, Germany) to 10–50 mL. Then,
methanol was added to a concentration of 75%, and samples were incubated overnight
at −20 ◦C. Insoluble material was removed by centrifugation (10,000× g, 20 min), and
the supernatant was concentrated by rotary evaporation to 5 mL. Then, methanol was
added to a concentration of 90%, and samples were incubated overnight at −20 ◦C. The
insoluble material was removed by centrifugation (10,000× g, 20 min), and the supernatant
was concentrated by rotary evaporation to dryness [56]. The precipitate was dissolved in
0.5 mL of distilled water. 31P NMR spectra were recorded on a Bruker Avance II-400 (work-
ing frequency 161.9 MHz, Bruker, Karlsruhe, Germany) spectrometer using 85% H3PO4 as
an external standard.

4.4. Construction of a fom1 Deletion Mutant

The fom1 deletion mutant (∆fom1) was constructed by the method described by
Kaniga et al. [57]. The target gene fom1 (ECA0487 locus) together with adjacent regions

http://genorm.cmgg.be
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(approximately 1000 bp up- and downstream of the fom1 ORF) was amplified by PCR
with the primers upfom1F and dnfom1R (Table S1) using Q5 high-fidelity DNA polymerase
(NEB, Ipswich, MA, USA). The amplified PCR fragment was cloned into the bacterial
cloning vector system pGEM-T Easy (Promega, Madison, WI, USA). The obtained plasmid
(pGEM:fom1) was introduced into E. coli NovaBlue by chemical transformation. Trans-
formants carrying the recombinant plasmid were screened for ampicillin resistance and
further verified by PCR using plasmid-specific primers for the T7 and SP6 polymerase
promoters, which flank the multiple cloning regions of pGEM-T Easy.

To replace the fom1 ORF with the KmR cassette, a part of the pGEM:fom1 plasmid
(including ~1000 bp regions up- and downstream of fom1 ORF, but not fom1 ORF itself) was
amplified using the primers dnfom1KmF and upfom1KmR (Table S1), whose 5′ ends were
complementary to the end regions of the KmR cassette. The amplified PCR fragment was
treated with restriction endonuclease DpnI to remove the original methylated plasmid and
then purified using a DNA cleanup kit (NEB, Ipswich, MA, USA). The KmR cassette was
amplified from the pKD4 plasmid using the primers Kmfom1F and Kmfom1R (Table S1),
whose 5′ ends were complementary to the Pba DNA regions adjacent to the fom1 ORF. Two
obtained PCR fragments (corresponding to the pGEM plasmid with ~1000 bp regions up-
and downstream of the fom1 ORF and to the KmR cassette) were joined by the circular
polymerase extension cloning method [58]. The obtained plasmid (pGEM:∆fom1;KmR)
was introduced into E. coli NovaBlue by chemical transformation. The mutant locus was
confirmed by DNA sequencing.

The mutant locus (containing the KmR cassette and ~1000 bp regions up- and down-
stream of fom1 ORF) was amplified with the primers upfom1F and dnfom1R (Table S1) and
ligated (T4 ligase, NEB, Ipswich, MA, USA) into the SmaI-digested (NEB, Ipswich, MA,
USA) suicide vector pKNG101 to generate a recombinant plasmid containing the allelic
exchange cassette for the target locus. The obtained plasmid (pKNG101:∆fom1;KmR) was
introduced into E. coli cc118 by electroporation. The transfer of the pKNG101:∆fom1;KmR

plasmid from E. coli cc118 into Pba was achieved by triparental mating using E. coli HH26
as a helper strain. Clones in which the pKNG101:∆fom1;KmR plasmid was integrated into
the chromosome by a single crossover event were selected by streptomycin and kanamycin
resistance. Clones in which the second crossover event led to the replacement of the target
locus with the mutant one and the donor plasmid was eliminated were selected on an M9
agar medium containing 10% sucrose. Then, the clones were tested for streptomycin sensi-
tivity. Clones without streptomycin resistance were analyzed by PCR using the primers
Checkfom1F and Checkfom1R (Table S1) to identify ∆fom1 mutants.

4.5. Construction of the ∆fom1 Complemented Mutant Strain Carrying the Fom1 Gene on
the Plasmid

To construct the complementing plasmid, the 1443 bp region containing the target gene
fom1 with promoter and terminator regions was amplified by PCR with primers compfom1F
and compfom1R (Table S1) using Q5 high-fidelity DNA polymerase (NEB, Ipswich, MA,
USA). The amplified PCR fragment was cloned into the bacterial cloning vector system
pGEM-T Easy (Promega, Madison, WI, USA). The obtained plasmid (pGEM:fom1;AmpR; the
complementation construct) was introduced into E. coli NovaBlue by chemical transformation.
Transformants carrying the recombinant plasmid were screened for ampicillin resistance
and further verified by PCR using plasmid-specific primers for the T7 and SP6 polymerase
promoters. The correctness of the assembly was confirmed by DNA sequencing.

The obtained plasmid, pGEM:fom1;AmpR was introduced into the Pba ∆fom1 (Km+)
mutant by electroporation. Clones with ampicillin and kanamycin resistance were analyzed
by PCR using the primers Kmfom1F/Kmfom1R and fom1F/fom1R (Table S1) to confirm the
presence of the complementing plasmid.
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4.6. Determination of the Molecular Structure of the Pba Phosphonates

The residue of the methanol-extractable fraction of the Pba cultural supernatants
(obtained as described in Section 2.3) was dissolved in 50 mL of deionized water. NH4OH
was added to the solution to yield a pH of 10. Then, 5 mL of 1 M calcium acetate was added
to precipitate the phosphates. The precipitate was removed by centrifugation (10,000× g,
20 min). The remaining calcium was removed from the supernatant by the addition of 5 mL
of 1M NH4HCO3 and centrifugation (10,000× g, 20 min). The supernatant was collected,
methanol was added to yield a final concentration of 70%, and samples were incubated
overnight at −20 ◦C. Then, the precipitate was removed by centrifugation (10,000× g,
20 min), and the supernatant was evaporated to dryness using rotary evaporation [59].
The fraction obtained after phosphate removal was used for NMR and mass spectrometric
analysis. The presence of phosphonates in the samples was confirmed by the presence of
signals at 15–25 ppm in the 31P NMR spectra.

To clarify the structural elements of the target phosphonates, the sample was further
purified using ion-exchange chromatography. For this purpose, the sediment after phos-
phate removal was dissolved in 500 µL of deionized water and fractionated by 20 mM triflu-
oroacetic acid with aqueous ammonia (to obtain the required pH) on a column (1 × 40 cm)
of Dowex 1-X8 (50–100 mesh; H3C-COO− form (Merck KGaA, Darmstadt, Germany))
using a step gradient from pH 7.0 to 1.5. Fractions eluted at pH 7.0, 4.5, 4.3, 3.1, 2.8, 2.0, and
1.5 were collected and analyzed by 31P NMR. The fraction for which signals at 15–25 ppm
were detected on the 31P NMR spectrum was analyzed by 13C NMR spectroscopy.

For 1H and 13C NMR analysis, samples were dissolved in D2O (99.9%, Ferak, Berlin,
Germany) to accomplish the H-D exchange and re-dissolved after drying in D2O (99.994%,
Aldrich, Burlington, MA, USA). The NMR spectra were recorded on a Bruker AVANCE
II TM-500 NMR spectrometer operating at 500.1 MHz for 1H and 125.8 MHz for the
13C resonance, respectively. The spectra were recorded at 300 K. Methanol-d4 (δ 3.31 and
49.15 ppm) was used as an internal standard. Data processing and analysis were performed
using Topspin 3.6.1 software (Bruker, Karlsruhe, Germany).

For mass-spectrometric analysis, the sample was dissolved in deionized water, and
after the addition of an equal volume of methanol, it was injected by electrospray at
atmospheric pressure (API-ESI). Spectra were recorded on a Bruker Daltonics MicrOTOF
Q mass spectrometer (Bruker, Karlsruhe, Germany) in negative and positive modes; the
rate of injection was 3 µL/min. Argon gas was used as the collision gas. High-purity
nitrogen gas was used as the nebulizer and dry gas at a flow rate of 4 L/min. Collision
energy in MS/MS analysis was −15 eV in negative mode and +12 eV in positive mode. The
ESI source conditions were as follows: capillary 4100 V, end plate offset −500 V, capillary
exit voltage 170 V, and dry gas temperature 200 ◦C. Data processing and analysis were
performed using Bruker Daltonics DataAnalysis 3.4.

4.7. Plant Cultivation, Infection, and Priming

Tobacco plants (Nicotiana tabacum cv. Petit Havana SR1) were grown axenically in test
tubes placed in a growth chamber with a 16 h light/8 h dark cycle photoperiod. Seeds were
surface sterilized using diluted bleach (0.8% of active chlorine) and 1% sodium dodecyl
sulfate for 30 min, washed seven times with sterile distilled water, and then transferred to
Murashige and Skoog medium (MS) in Petri dishes. Ten-day-old seedlings were transferred
to individual flasks containing MS. Four to five weeks after planting, plants with 5–6 leaves
were infected with Pba, or ∆fom1 mutant, or a complemented mutant. For plant inoculation,
bacteria were grown until the early stationary phase (~2 × 109 colony-forming units,
CFU/mL), then washed with sterile 10 mM MgSO4 and resuspended in the same solution
up to a density of ~2 × 107 CFU/mL. Sterile 10 mM MgSO4 or bacterial suspensions
containing ~2 × 105 cells were placed as 10 µL drops on the leaf surface using sterile
pipette tips, and, simultaneously, slight scratches were made at the inoculation point by
touching it with the pipette tip. For plant priming, each plant was sprayed with ~350 µL of
water (control) or 0.2 mM or 1.0 mM of salicylic acid 24 h before infection with bacteria.
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Symptoms were scored visually based on the presence or absence of visible macerated
zones 1–5 days after infection. The presented results on plant infection were obtained from
five to seven independent experiments; in each experiment, 20–25 plants were assessed for
each experimental variant.

4.8. Determination of the Hydrogen Peroxide Level

H2O2 levels in tobacco leaves were measured 1 day after plant treatment with water
or salicylic acid (0.2 mM or 1.0 mM). H2O2 levels were determined by a method based on
the peroxide-mediated oxidation of Fe2+, followed by the reaction of Fe3+ with xylenol
orange (Sigma, Ronkonkoma, NY, USA) [60]. Leaves (100 mg) were ground in 1 mL of cold
50 mM borate buffer (pH 8.4) in mortars. The homogenates were centrifuged (7000× g,
10 min), and 100 µL of the supernatants were added to 500 µL of the assay reagent (500 mM
of ammonium ferrous sulfate, 50 of mM H2SO4, 200 of mM xylenol orange, and 200 of mM
sorbitol). The absorbance of the Fe3+–xylenol orange complex (A560) was detected after
45 min using a microplate reader CLARIOstar (BMG Labtech GmbH, Ortenberg, Germany).
Standard curves were obtained by adding various amounts of H2O2 to 100 µL of borate
buffer mixed with 500 µL of the assay reagent. The data were normalized and expressed
as µmol H2O2 per gram of fresh weight. The presented data are the means ± SD of three
biological replicates.

4.9. Stress Tolerance Assay

To compare the H2O2 resistance of wild-type Pba, ∆fom1 mutant, and complemented
∆fom1 mutant, bacteria were cultured in a minimal medium supplemented with 1/10 of
plant extract (MM + PE) in the absence or the presence of 0.15 or 0.3 mM of H2O2. After
24 h of cultivation, suspensions were plated onto 1.5% LB agar as serial 10-fold dilutions
and incubated at 28 ◦C for 2 days before the CFUs were counted.

4.10. Enzymatic Activity Assays

Pectate lyase activity was determined by measuring the degradation of polygalac-
turonic acid (PGA) into unsaturated products [61]. First, 435 µL of 0.25% PGA (Sigma,
Ronkonkoma, NY, USA) in 50 mM of Tris-HCl buffer (pH 8.5) was mixed with 50 µL of
10 mM CaCl2 and 50 µL of the cultural supernatant at 37 ◦C. The accumulation of unsaturated
products was measured at 234 nm. One unit of pectate lyase activity was defined as the
amount of enzyme releasing 1 µmol of unsaturated products/min per 109 bacterial cells.

Cellulase and polygalacturonase activities were determined by measuring the re-
ducing sugars released after the enzymatic hydrolysis of the corresponding substrates.
The reducing sugars were measured using 3,5-dinitrosalicylic acid (DNS reagent) (Sigma,
Ronkonkoma, NY, USA) at 540 nm [62]. Cellulase (endoglucanase) activity was determined
using carboxymethyl cellulose as a substrate (Sigma, Ronkonkoma, NY, USA). Herewith,
250 µL of the cultural supernatant was mixed with 250 µL of 2% carboxymethyl cellulose in
100 mM citrate buffer (pH 5.5) and incubated for 30 min at 50 ◦C [63]. For the determination
of polygalacturonase activity, 180 µL of PGA (5 mg/mL) in 50 mM of sodium acetate buffer
pH 5.0 were mixed with 20 µL of bacterial supernatant and incubated for 60 min at 37 ◦C [64].
The reactions were stopped by heating at 100 ◦C for 5 min before the analysis of products by
DNS reagent. One unit (U) of activities (cellulase and polygalacturonase) was defined as the
amount of enzyme releasing 1 µmol of reducing sugars/min per 109 bacterial cells.

For the protease activity assay, 500 µL of 1% azocasein in 100 mM Tris HCl (pH 7.5)
and 100 µL of culture supernatant were mixed and incubated for 60 min at 37 ◦C, and then
100 µL of 10% trichloroacetic acid was added to the reaction mixture. The sediment was
removed by filtration, 500 µL of the supernatant was incubated with 166 µL of 1M NaOH
for 10 min at 25 ◦C, and the absorbance was measured at 440 nm [65]. One unit (U) of
protease activity was defined as the amount of enzyme required to produce an absorbance
change of 1.0/min per 109 bacterial cells. All enzymatic activities were measured in at
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least five biological replicates using a CLARIOstar microplate reader (BMG Labtech GmbH,
Ortenberg, Germany).

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.com/
article/10.3390/ijms252111516/s1. References [31,57,66–69] are cited in the supplementary materials.
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