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Abstract: Phytopathogenic microorganisms, being able to cause plant diseases, usually interact
with hosts asymptomatically, resulting in the development of latent infections. Knowledge of the
mechanisms that trigger a switch from latent to typical, symptomatic infection is of great importance
from the perspectives of both fundamental science and disease management. No studies to date
have compared, at the systemic molecular level, the physiological portraits of plants when different
infection types (typical and latent) are developed. The only phytopathogenic bacterium for which
latent infections were not only widely described but also at least fluently characterized at the molec-
ular level is Pectobacterium atrosepticum (Pba). The present study aimed at the comparison of plant
transcriptome responses during typical and latent infections caused by Pba in order to identify and
then experimentally verify the key molecular players that act as switchers, turning peaceful plant-Pba
coexistence into a typical infection. Based on RNA-Seq, we predicted plant cell wall-, secondary
metabolism-, and phytohormone-related genes whose products contributed to the development of
the disease or provided asymptomatic plant—Pba interactions. By treatment tests, we confirmed that
a switch from latent to typical Pba-caused infection is determined by the plant susceptible responses
mediated by the joint action of ethylene and jasmonates.

Keywords: ethylene; jasmonates; Pectobacterium; plant infectious diseases; plant susceptible
responses; typical and latent infections

1. Introduction

Most, if not all, phytopathogens do not obligatorily cause disease since they can
interact with host plants asymptomatically for a long period and even throughout the
whole life cycle of the host [1]. Knowledge of the mechanisms that trigger a switch from
latent (asymptomatic) to a typical (symptomatic) infection and thus disturb the equilibrium
between the host and pathogen is of great importance. The elucidation of these mechanisms
will advance the fundamental understanding of pathosystem development and lay the
groundwork for managing acute pathological processes in agricultural plants.

Unfortunately, latent, asymptomatic infections have received very little attention from
researchers. Although a number of latent infections caused by various phytopathogens
have been described [2–4], no studies have been performed to date to compare, at the
systemic molecular level, the physiological portraits of plants when different infection
types (typical and latent) caused by a particular pathogen are developed. The physiological
bases for switching peaceful plant—pathogen coexistence to an acute pathological process
are also unknown. Currently, due to a gap in understanding the switch from a latent
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to a typical infection, latent infections are objectively considered a big danger because
we cannot control the transition from asymptomatic infection to symptomatic infection
associated with yield losses or even forecast such a transition. However, if the markers of
such a switch are unraveled and properly targeted using conventional breeding, genome
editing techniques, or treatment approaches, latent infections will pose a much smaller
threat to food security.

Pectobacterium species, due to their brute force related to the production of an arsenal
of plant cell wall-degrading enzymes (PCWDEs), can cause extensive maceration of host
plant tissues [5,6]. However, these bacteria have been widely shown to interact with both
weed and crop plants asymptomatically for a prolonged period and even to be vertically
transmitted to subsequent host generations without the manifestation of any disease
symptoms [7–12]. Nevertheless, the plant—Pectobacterium equilibrium related to the latent
infection can be disturbed, leading to the development of a typical infection associated
with extensive rotting.

The cfa6-mutant of Pectobacterium atrosepticum (Pba), deficient in the production of
coronafacic acid, a functional analog of the plant phytohormone jasmonic acid (JA), has
been shown to systemically colonize tobacco plants without causing the disease in most
cases [13]. Herewith, the mutant’s systemic, asymptomatic colonization of plants is limited
to primary xylem vessels. In turn, the wild-type (WT) strain, causing mostly typical
infections, in addition to primary xylem vessels, extensively colonizes the parenchyma,
which is destroyed by the pathogen.

Within the primary vessels, both WT and cfa6-mutant form bacterial emboli—specific
biofilm-like structures [14]. The major constituent of the primary extracellular matrix of
bacterial emboli is the plant cell wall pectic polysaccharide rhamnogalacturonan I (RG-I).
RG-I is released from plant cell walls into the primary vessel lumen where it is further used
by bacteria as a structural component for assembling bacterial emboli [15,16]. Importantly,
the release of RG-I starts at the very beginning stage of vessel colonization (or even prior to
vessel colonization) when microbial PCWDEs are yet absent (at least at amounts sufficient
to cause significant plant cell wall remodeling). Therefore, it is evident that the release
of RG-I is provided by the host plant, but not bacterial gene products. These host gene
products are recruited by Pba for its own needs. Such recruitments are referred to as
susceptible responses—i.e., host reactions driven by pathogen manipulation in order to
“improve” its ecological niche [17,18]. Particularly, pathogens can recruit the host’s plant
cell wall enzymes and proteins (expansins) to facilitate plant cell wall loosening [19–23].
Various host plant susceptible responses can drive pathogen behavior and determine the
outcome of the host—pathogen interaction, including whether a typical or latent infection
develops [17,18].

Thus, typical and latent infections, caused by WT Pba and its cfa6-mutant, respectively,
have common features (related to the colonization of the primary xylem vessels and plant
responses leading to the release of RG-I) and distinctive features (related to the colonization
of the parenchyma and the formation of rotting symptoms). We used these two infection
types to compare pathosystems that developed according to different scenarios. Our
study aimed to compare plant transcriptome responses during typical and latent infections
in order to identify key molecular players that can act as switchers, turning peaceful
plant—Pba coexistence into a typical symptomatic infection.

2. Results
2.1. Regulation of Gene Expression during Typical and Latent Infections

The results of RNA-Seq read processing, mapping, and quantification are presented
in Table S1. In total, 17,898 and 2712 differentially expressed genes (DEGs) were revealed
for typical infection (TI) and latent infection (LI), respectively, compared with control
noninfected plants, whereas 13,926 genes were DEGs during LI compared with TI (Table 1).
To interpret the obtained transcriptome profiles, the revealed DEGs were functionally split
into hierarchical categories and subcategories based on the classification performed in
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our previous study [24] (Table 2 and Table S2). Below, we discuss the gene categories
whose regulation seemed to have the greatest impact on the transition from LI to TI.
These gene categories were enriched with DEGs (including those with the highest de-
gree of regulation), and the physiological processes implemented by the gene products
from these categories were previously considered from the viewpoint of their role in
Pectobacterium-induced pathogenesis.

Table 1. Differentially expressed genes (DEGs) revealed for tobacco plants, noninfected (control) or
infected with Pectobacterium atrosepticum (causing typical infection (TI)) or its cfa6-mutant (causing
latent infection (LI)).

Comparison Expressed DEGs Upregulated
DEGs

Downregulated
DEGs

TI vs. Control 32,404 17,898 7681 10,217
LI vs. Control 31,964 2712 1744 968

LI vs. TI 31,233 13,926 8242 5684

Table 2. Functional classification of differentially expressed genes (DEGs) revealed for tobacco plants,
noninfected (control) or infected with Pectobacterium atrosepticum (causing typical infection (TI)) or its
cfa6-mutant (causing latent infection (LI)). For details see Table S2. Up- and downregulated genes are
marked by red and blue, respectively.

Functional
Supercategory

Number of Categories
(Subcategories If

Applicable)

Number of DEGs in
TI vs. Control

(Up- and
Downregulated)

Number of DEGs in
LI vs. Control

(Up- and
Downregulated)

Number of DEGs in
LI vs. TI
(Up- and

Downregulated)

Cell cycle 6 220
(29 and 191)

17
(2 and 15)

179
(156 and 23)

Plant cell wall
modification 28 (60) 764

(232 and 532)
157

(75 and 82)
630

(451 and 179)

Cytoskeleton 16 (19) 371
(141 and 230)

45
(27 and 18)

304
(191 and 113)

Other 16 (19) 2726
(1139 and 1587)

326
(199 and 127)

2118
(1334 and 784)

Phytohormones 19 (60) 771
(371 and 400)

178
(96 and 82)

563
(298 and 265)

Primary metabolism 21 (92) 3450
(1462 and 1988)

395
(283 and 112)

2849
(1750 and 1099)

Secondary metabolism 6 (71) 452
(276 and 176)

151
(141 and 10)

363
(152 and 211)

Signaling 10 (69) 2471
(1289 and 1182)

418
(308 and 110)

1873
(930 and 943)

Stress 10 (44) 802
(352 and 450)

198
(141 and 57)

642
(368 and 274)

Transcription factors 52 (124) 1013
(433 and 580)

175
(99 and 76)

773
(451 and 322)

Transport 27 1038
(574 and 464)

209
(156 and 53)

787
(382 and 405)

2.2. Plant Cell Wall Modification

Genes related to the synthesis of cellulose and callose as well as the synthesis and degra-
dation of cross-linking glycans (CLGs) were mostly downregulated during TI, whereas
most of these genes were non-DEGs during LI (Figure 1; Table S2). This means that
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the synthesis of cellulose, callose, and CLGs was repressed during TI but not during
LI. A total of 19 encoding xyloglucan endotransglucosylase/hydrolases (XTH) and 19
genes encoding expansins were downregulated during TI (Figure 1; Table S2). How-
ever, 13 XTH-encoding genes and 14 expansin-encoding genes were upregulated during
TI. Importantly, 7 TI-upregulated XTH-encoding genes (LOC107781642, LOC107765015,
LOC107825436, LOC107822019, LOC107813934, LOC107786116, LOC107763397) and 4
TI-upregulated expansin-encoding genes (LOC107781933, LOC107794363, LOC107831803,
LOC107779922, all encoding expansin-like proteins B) were also upregulated during LI
(Figure 1; Table S2). Since XTH and expansins provide cell wall loosening and stretching,
the products of those XTH- and expansin-encoding genes that were upregulated during
both TI and LI seem to promote the release of RG-I into the vessels, occurring during
both TI and LI. In turn, the products of 6 XTH-encoding genes and 10 expansin-encoding
genes (6 expansins A, 3 expansin-like B proteins, and 1 expansin B) that were upregulated
during TI but not during LI seem to facilitate maceration-associated cell wall loosening,
contributing to the symptom development.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 17 
 

 

LOC107825436, LOC107822019, LOC107813934, LOC107786116, LOC107763397) and 4 
TI-upregulated expansin-encoding genes (LOC107781933, LOC107794363, 
LOC107831803, LOC107779922, all encoding expansin-like proteins B) were also upreg-
ulated during LI (Figure 1; Table S2). Since XTH and expansins provide cell wall loosen-
ing and stretching, the products of those XTH- and expansin-encoding genes that were 
upregulated during both TI and LI seem to promote the release of RG-I into the vessels, 
occurring during both TI and LI. In turn, the products of 6 XTH-encoding genes and 10 
expansin-encoding genes (6 expansins A, 3 expansin-like B proteins, and 1 expansin B) 
that were upregulated during TI but not during LI seem to facilitate macera-
tion-associated cell wall loosening, contributing to the symptom development. 

 
Figure 1. The regulation of expression of genes from the gene category “Plant cell wall modifica-
tion” and the predicted consequence of their regulation in tobacco plants during the development 
of typical infection (TI) caused by the wild-type Pectobacterium atrosepticum SCRI1043 or during la-
tent infection (LI) caused by the cfa6-mutant of P. atrosepticum compared with control noninfected 
plants. (A) Genes related to the syntheses of cellulose, callose, and cross-linking glycans (CLGs); (B) 
Genes related to the degradation of CLGs or modification of their bounds with cellulose; (C) Genes 
related to the synthesis and degradation of pectic compounds. Numbers in the panels show the 
quantities of upregulated “UR” and downregulated “DR” genes during TI or LI compared with 
noninfected plants. RG, rhamnogalacturonan; PG, polygalacturonan; XTH, xyloglucan endo-
transglucosylase/hydrolase; EXP/EXL, expansins and expansin-like proteins; (D) Schematic repre-
sentation of the consequences of the regulation of the plant cell wall-related genes during TI and LI. 
The details of gene expression patterns are presented in Table S2. 

In our previous study, the upregulation of genes encoding pectin-degrading en-
zymes, including RG-I-lyases, was also presumed to contribute to the release of RG-I into 
vessels during TI [24]. However, in our present study, genes encoding enzymes that 
cleave glycosidic linkages in pectic compounds were upregulated only during TI, and 
none of them were upregulated during LI (Figure 1; Table S2). Given that RG-I release 
occurs during both TI and LI, the upregulation of genes encoding pectin-degrading en-
zymes only during TI seems to facilitate tissue maceration rather than the release of RG-I. 

Figure 1. The regulation of expression of genes from the gene category “Plant cell wall modification”
and the predicted consequence of their regulation in tobacco plants during the development of typical
infection (TI) caused by the wild-type Pectobacterium atrosepticum SCRI1043 or during latent infection
(LI) caused by the cfa6-mutant of P. atrosepticum compared with control noninfected plants. (A) Genes
related to the syntheses of cellulose, callose, and cross-linking glycans (CLGs); (B) Genes related
to the degradation of CLGs or modification of their bounds with cellulose; (C) Genes related to
the synthesis and degradation of pectic compounds. Numbers in the panels show the quantities of
upregulated “UR” and downregulated “DR” genes during TI or LI compared with noninfected plants.
RG, rhamnogalacturonan; PG, polygalacturonan; XTH, xyloglucan endotransglucosylase/hydrolase;
EXP/EXL, expansins and expansin-like proteins; (D) Schematic representation of the consequences
of the regulation of the plant cell wall-related genes during TI and LI. The details of gene expression
patterns are presented in Table S2.
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In our previous study, the upregulation of genes encoding pectin-degrading enzymes,
including RG-I-lyases, was also presumed to contribute to the release of RG-I into vessels
during TI [24]. However, in our present study, genes encoding enzymes that cleave
glycosidic linkages in pectic compounds were upregulated only during TI, and none of
them were upregulated during LI (Figure 1; Table S2). Given that RG-I release occurs
during both TI and LI, the upregulation of genes encoding pectin-degrading enzymes
only during TI seems to facilitate tissue maceration rather than the release of RG-I. Genes
related to the synthesis of pectic compounds were mostly downregulated during TI and
non-differentially expressed during LI.

2.3. Secondary Metabolism

During both TI and LI, genes related to the synthesis of phenylpropanoids, alka-
loids, mono- and sesquiterpenes were mostly upregulated. Herewith, the number of such
genes and the level of their upregulation were greater during TI than during LI (Figure 2;
Table S2). This means that the corresponding secondary metabolites are unlikely to sustain
LI and prevent it from progressing to TI. In turn, most genes related to the biosynthesis of
diterpenoids and carotenoids were downregulated during TI but not during LI (Figure 2;
Table S2). Thus, it may be presumed that the reduction of the levels of diterpenoids and
carotenoids due to the downregulation of corresponding genes is a prerequisite for the
transformation of LI into TI.
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Figure 2. The number of genes from the subcategories of the category “Secondary metabolism”
upregulated (UR) or downregulated (DR) during typical infection (TI) caused by the wild-type
Pectobacterium atrosepticum SCRI1043 or during latent infection (LI) caused by the cfa6-mutant of
P. atrosepticum compared with control noninfected plants. The details of the gene expression pattern
are presented in Table S2. (A) A number of differentially expressed genes (DEGs) encoding proteins
involved in the biosynthesis of phenylpropanoids, flavonoids, alkaloids, and terpenoids. (B) Sub-
categories of DEGs, for which the upregulation was more pronounced during TI than during LI.
(C) Subcategories of DEGs, which were mostly downregulated during TI but not during LI.

Considering the regulation of the expression of genes related to the synthesis of
particular secondary metabolites, two major types of regulation were found. First, genes
related to the synthesis of capsidiol, oleanolic acid, scopolin, solavetivon, and 8-oxogeranial
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were predominantly upregulated during both infection types, and during TI, these genes
were upregulated more strongly than during LI (Figure 2; Table S2). This means that the
resulting increase in the level of these metabolites hardly restricts the progression of disease
symptoms. Second, genes related to the synthesis of (S)-coclaurine, germacrene C, menthol,
and neopinine were downregulated during TI and non-differentially expressed during LI
(Figure 2; Table S2). This means that the development of TI is likely to be coupled with a
decrease in the levels of these secondary metabolites, whereas supporting their “initial”
levels sustains LI. We found no secondary metabolites whose biosynthetic genes were
upregulated (compared with control) more pronouncedly during LI than during TI.

2.4. Phytohormones

Our recent study showed that the lipoxygenase cascade, yielding the phytohormone
jasmonic acid (JA) and many other oxylipins, is activated during TI compared with both
control and LI [25]. The JA signal transduction pathway is also induced during TI compared
with LI and control. This means that the progression of the Pba-caused disease is associated
with the action of JA [25].

The opposite picture was observed in our present study for the JA antagonist, the
phytohormone salicylic acid (SA). The SA-biosynthetic genes encoding isochorismate
synthase were downregulated during TI but not during LI (Table S2). Genes related
to the degradation of SA (DMR6-like oxygenase 2, [26]) were upregulated much more
strongly during TI than during LI (Table S2). As a result, the SA-related marker genes
PR-1 (LOC107763263, LOC107807833) [27] were upregulated during LI compared with TI
(log2FC 6.7 and 3.0, respectively) (Table S2). This means that the relative JA-SA balance
shifts toward JA during TI, while during LI, it shifts toward SA.

Genes related to the synthesis of the JA agonist, ethylene, were much more strongly
upregulated during TI than during LI (Table S2). Ethylene signal transduction-related
genes were upregulated only during TI. Genes of a large family of ethylene-responsive
transcription factors (ERF) were much more strongly upregulated during TI (68 upregu-
lated genes with log2FC > 5 for 27 of them) than during LI (13 upregulated genes with
log2FC > 5 for 3 of them) (Table S2). Thus, ethylene, along with JA, is likely to play a role in
the transformation of LI into TI.

Genes related to other phytohormones, such as auxin, gibberellins, cytokinins, and
abscisic acid (ABA), were, in general, non-differentially expressed during LI. During TI,
genes related to these phytohormones were found approximately equally among up- and
downregulated genes, so it is difficult to interpret the alterations in the actions of these hor-
mones during the infection. However, the majority of genes attributed to the subcategories
“ABA synthesis”, “Auxin signaling”, and “Auxin transport” were downregulated during
TI, indicating that the progression of the disease can be coupled with some repression of
ABA- and auxin-mediated responses.

2.5. The Effect of JA and SA on Plant—Pba Interactions

The above-described transcriptome analysis suggested that a shift in the JA-SA bal-
ance in favor of JA might promote the TI. To verify this, we analyzed the effect of methyl
jasmonate (MJ) and SA on the disease caused by wild-type Pba. Since the action of phyto-
hormones can be time-dependent [28–30], we differentially treated plants with different
concentrations of MJ or SA three or one day before inoculation with Pba. The symptoms
were assessed after two and six days postinfection. MJ at concentrations of 0.2–25 mM did
not lead to statistically significant alterations in disease incidence after plant infection with
Pba compared with MJ-nontreated plants (Figure 3). MJ concentrations greater than 25 mM
resulted in yellowing and necrosis in noninfected plants. At 5 mM concentration, the MJ
treatment three days before inoculation significantly reduced disease incidence compared
with plants pretreated with 5 mM MJ one day before inoculation (Figure 3). This suggests
that the increased level of MJ hardly restricts Pba-caused disease progression; however, it
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is possible that MJ can slightly reduce disease incidence when applied well in advance of
infection.
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Figure 3. The effect of exogenous methyl jasmonate (MJ) and salicylic acid (SA) on the disease inci-
dence rate in tobacco plants infected with Pectobacterium atrosepticum SCRI1043. (A) The percentage of
plants with visible disease symptoms assessed on the 2nd (yellow) and 6th (gray) day postinoculation
(d.p.i.) with P. atrosepticum. Plants were pretreated with MJ or SA for three days (solid columns)
or one day (hatched columns) before inoculation (d.b.i.) with P. atrosepticum. Control—plants that
were not treated with phytohormones before inoculation with P. atrosepticum. Asterisks (*) show the
significance of the difference in the mean values between control (nontreated with phytohormones)
plants and the indicated experimental group (two-sided t-test with Benjamini—Hochberg adjustment,
FDR < 0.05). Other pairwise comparisons are presented in panels B–E as resulting p-values (two-sided
t-test with Benjamini—Hochberg adjustment, FDR < 0.05): (B) plants treated with SA compared with
plants treated with MJ three d.b.i.; (C) plants treated with SA compared with plants treated with
MJ one d.b.i.; (D) plants treated with MJ three d.b.i. compared with one d.b.i.; (E) plants treated
with SA three d.b.i. compared with one d.b.i. p-Values less than critical (p < 0.05) are marked in
red. The presented results were obtained from three independent experiments; in each experiment,
20–25 plants were assessed for each experimental variant.

In turn, the SA treatment at 1–5 mM concentrations significantly and strongly de-
creased disease incidence (Figure 3); higher SA concentrations led to yellowing and necro-
sis in noninfected plants. Interestingly, the treatment with SA one day before inoculation
reduced disease incidence significantly more than the treatment with SA three days before
inoculation (Figure 3). This shows that the protective effect of SA becomes less pronounced
with time, while, in contrast, the protective effect of MJ slightly increases with time. Thus,
SA inhibits the progression of Pba-caused disease, while the protective effect of MJ is only
slightly visible (if any) when applied long before infection. This is in agreement with our
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transcriptome data showing that during TI and LI, the JA-SA balances are shifted in favor
of JA and SA, respectively.

Since the cfa6-mutant strain, which causes LI that rarely (compared with wild-type-
caused infections) transforms into TI, is deficient in coronafacic acid, a functional analog
of JA, we hypothesized that MJ would restore the WT phenotype in the mutant strain,
allowing it to cause TI at a high frequency. However, the treatment of plants with MJ did
not increase the disease incidence caused by the mutant strain. This means that the artificial
increase in the MJ level is not a sufficient condition to compensate for the inability of the
mutant to synthesize coronafacic acid.

2.6. The Effect of Ethylene on Plant—Pba Interactions

Since MJ did not restore the cfa6-mutant’s ability to cause TI at a high incidence rate,
we assumed that either another regulator(s) or MJ in conjunction with the other regulator(s)
was involved in the transformation of LI into TI. Our transcriptomic data showed that,
along with JA-related genes, genes related to ethylene were strongly upregulated during
TI compared with both LI and noninfected plants (Table S2). Therefore, we assessed the
effect of pretreatment with ethylene alone and ethylene together with MJ on the disease
incidence rate caused by both WT Pba and its cfa6-deficient mutant.

Exogenous MJ (1 mM) and ethylene (0.5, or 5, or 50 µL l−1) separately did not alter the
disease incidence rate in both WT Pba- and cfa6-mutant-infected plants, except that ethylene
at the highest concentration (50 µL l−1) slightly increased the percentage of symptomatic
cfa6-mutant-infected plants at the first evaluation (two days postinfection) (Figure 4). The
joint application of MJ and ethylene at higher ethylene concentrations (5 and 50 µL l−1)
slightly increased disease incidence in plants infected with WT Pba (from 80% up to 100%).
In turn, the application of MJ and ethylene together resulted in a dramatic increase in
disease incidence in plants infected with the cfa6-mutant (from 20% up to 95%). Here, the
disease incidence rate increased proportionally to the ethylene concentration (Figure 4).

Then we checked whether postinfection treatment with MJ and ethylene also disturbed
the equilibrium between plants and the cfa6-mutant and transformed LI into TI. Plants
were infected with the mutant, and two days after inoculation, half of the plants were
treated with phytohormones (1 mM MJ and 5 µL l−1 ethylene); another half of the plants
remained untreated with phytohormones. Three days after the phytohormone application,
a sharp transformation of LI to TI was observed (Figure 5). The disease incidence rate rose
from 20% to 80% within a day (between the second and third day after the addition of
phytohormones). In the phytohormone-nontreated variant, such a rise was not observed,
and the level of disease incidence did not exceed 25% by the eighth day after infection
(Figure 5). Thus, our results clearly demonstrate that the transformation of LI into TI is
provided by the coordinated action of MJ and ethylene.
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Figure 4. The effect of exogenous methyl jasmonate (MJ)and ethylene (ET), as well as ET and MJ
together (ET + MJ) on the disease incidence rate in tobacco plants infected with Pectobacterium
atrosepticum SCRI1043 (A) or its cfa6-mutant (B). The percentage of plants with visible disease
symptoms was assessed on the 2nd (yellow) and 6th (gray) day postinoculation (d.p.i.) with bacteria.
Plants were pretreated with phytohormones one day before inoculation (d.b.i.) with P. atrosepticum.
MJ was applied at 1 mM concentration; ethylene was applied at concentrations of 0.5, 5, and 50 µL l−1.
No PH (no phytohormones)—plants that were not treated with phytohormones before inoculation
with bacteria. Asterisks (*) show the significance of the difference in the mean values between
control (nontreated with phytohormones) plants and the indicated experimental group (two-sided
t-test with Benjamini—Hochberg adjustment, FDR < 0.05). The presented results were obtained
from three independent experiments; in each experiment, 20–25 plants were assessed for each
experimental variant.
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(5 µL l−1) on the dynamics of the disease incidence rate caused by the cfa6-mutant of Pectobacterium
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or treated with phytohormones (red line) two days after inoculation (vertical dotted line) with the
cfa6-mutant. The presented values were obtained in one of two representative experiments; in each
experiment, 100 plants were assayed for each experimental variant.

3. Discussion

Our study, for the first time, addresses the question of the mechanisms underlying the
transformation of LI into TI during a plant—phytopathogen interaction. To answer this
question, we compared two pathosystems: (1) tobacco plants infected with wild-type Pba,
which in most cases causes TI related to extensive rotting of parenchymatous tissues, and
(2) tobacco plants infected with the cfa6-mutant of Pba, which in most cases causes LI that is
not associated with the degradation of the parenchyma and rarely transforms into TI [13].

Both studied infection types are associated with the colonization of primary xylem
vessels where Pba cells form bacterial emboli. A prerequisite for the formation of bacterial
emboli is a Pba-induced host plant reaction resulting in the release of the pectic polysaccha-
ride RG-I from the plant cell wall into the vessel lumen where an extracellular matrix of
RG-I consolidates individual bacterial cells into a holistic structure [15]. Such a host reaction
can be regarded as one of the types of plant susceptible responses. In our recent review,
we distinguished two major types of plant susceptible responses [17]. The susceptible
responses of the first type improve pathogen fitness in planta without promoting symptom
manifestation, whereas the susceptible responses of the second type facilitate symptom
development. The release of RG-I evidently corresponds to the susceptible responses of the
first type since it occurs during both LI and TI, whereas the susceptible responses of the
second type remained unknown for plant—Pectobacterium interactions prior to our study.

By analyzing differentially expressed genes (DEGs), we highlighted three major func-
tional categories (“Plant cell wall”, “Secondary metabolism”, and “Phytohormones”) of
genes whose regulation seemed to contribute to the transformation of LI into TI. Within the
“Plant cell wall” category, seven XTHs and four expansins B encoded by genes upregulated
during both LI and TI (Figure 1) appeared as the most obvious candidates that provided the
release of RG-I into the vessels. In turn, some other XTHs and expansins A and B, as well as
pectin-degrading enzymes, all encoded by genes upregulated during TI but not during LI,
seem to assist the pathogen’s enzymes in tissue maceration, leading to the transformation
of LI into TI. Plant expansins and pectin-degrading enzymes have been previously shown
to be recruited by pathogens to colonize hosts and cause diseases [19–23]. However, XTHs
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have not yet been described as susceptibility factors to pathogens, although the action
of these enzymes may promote plant cell wall loosening, facilitating disease progression.
Additionally, the repression of the biosynthesis of cellulose, callose, and CLGs due to the
downregulation of corresponding genes during TI, but not during LI, may also facilitate
symptom manifestation, contributing to the development of TI rather than LI (Figure 1).
Taken together, the repression of the synthesis of plant cell wall polysaccharides, the acti-
vation of host-mediated degradation of polysaccharides by XTHs and pectin-degrading
enzymes encoded by TI-upregulated genes, as well as the disruption of hydrogen bonds
between CLGs and cellulose due to the action of TI-upregulated expansins, can induce the
transformation of LI into TI during the plant—Pba interaction. In turn, the increase in the
production of specific XTHs and expansins B during plant—Pba interactions is unlikely
to be related to the development of disease symptoms but is likely to promote the release
of RG-I into the vessel’s lumen, allowing for asymptomatic colonization of the primary
xylem vessels.

No genes related to secondary metabolism were found to be more strongly upregulated
during LI (compared with control) than during TI (compared with control). This means
that the maintenance of LI cannot be explained by the de novo synthesis of some secondary
metabolite(s) that suppress pathogen propagation or its aggressive behavior. In turn, many
secondary metabolite-related genes were upregulated during TI more strongly than during
LI, indicating that these metabolites may promote symptom development. Despite their
widely discussed defense properties, plant secondary metabolites can be toxic to plant
cells and may thus impede defense reactions, exacerbate plant cell death, and promote
increased plant susceptibility to pathogens [31–33]. Moreover, plant secondary metabolites
can induce virulence in several phytopathogens, including those closely related to Pba
Dickeya dadantii [34]. Furthermore, Pectobacterium species have been shown to tolerate host
plant secondary metabolites due to the presence of genes whose products can provide their
detoxification [35–37]. Thus, the upregulation of secondary metabolite-related genes (at
least many of them) seems to promote the transformation of LI into TI rather than represent
an effective defense response against Pba.

Simultaneously, genes related to the synthesis of some secondary metabolites, such as
((S)-coclaurine, germacrene C, menthol, and neopinine), were downregulated during TI
and non-differentially expressed during LI (Figure 2). This suggests that the transformation
of LI into TI is coupled with the reduced synthesis of these metabolites, whereas their
preinfection level can contribute to the maintenance of LI. This makes these secondary
metabolites prime candidates for research into their potential protective properties against
diseases caused by the Pectobacterium species.

Thus, based on RNA-Seq data, we predicted plant cell wall-related enzymes/proteins
and secondary metabolites that are strong candidates to contribute to the determination
of whether LI or TI would develop during the plant—Pba interaction. Importantly, the
participation of these enzymes/proteins/metabolites in the target physiological process is
consistent with what is known about Pba-induced plant cell wall modification and the effect
of secondary metabolites on plant—Pectobacterium interactions. However, to definitely
approve the role of these enzymes/proteins/metabolites in the switch from LI to TI and
in Pba-induced pathogenesis in general, functional validation studies with specific model
systems for each particular case should be performed.

Strong differences between LI and TI were observed regarding the expression of genes
related to phytohormones that are typically considered from the perspective of their crucial
regulatory role in mediating responses to pathogen invasion, namely SA, JA, and ethylene.
In our previous study, we have shown that TI, but not LI, is coupled with strong activation
of the lipoxygenase pathway, yielding the phytohormone JA and its derivatives as well as
other physiologically active oxylipins [25]. In our present study, we showed that SA-related
regulation was opposite to JA-related regulation during TI and LI. The SA-biosynthetic and
SA-responsive genes were upregulated during LI compared with TI. This demonstrates
that during LI and TI, the JA-SA balance shifts in favor of SA and JA, respectively. This is
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in accordance with the fact that the SA- and JA-regulated pathways are usually mutually
antagonistic; thus, a plant prioritizes one of the two defense pathways (either SA- or JA-
mediated) [38,39]. Several regulatory proteins that provide the antagonism of the SA- and
JA-regulated pathways were identified (including SA-induced transcription factors such as
WRKY70 and TGA, JA-regulated NAC transcription factors, MAP-kinase MPK4 [40–46]);
however, the whole picture of the interaction of these two hormonal pathways is incomplete
to date. In contrast to SA, ethylene is considered the phytohormone, which in most cases
acts in agonism with JA during biotic stress [47]. The JA and ethylene pathways converge
at the transcriptional activation of ERF1 transcription factors that, in turn, regulate the
expression of a large number of genes responsive to both ethylene and JA [48]. The primary
transcription factors of the ethylene-mediated signal transduction pathway (EIN3 and
EIL1) are direct targets of JAZ proteins, crucial components of JA signaling [49], while EIL1
promotes JA synthesis by upregulating the expression of the lipoxygenase gene [50].

Pathogens typically exhibit differential susceptibility to SA- and JA/ethylene-mediated
host responses, being highly susceptible to one and tolerant (or much less susceptible) to
the other [51,52]. Due to this, many phytopathogens purposefully induce the plant defense
system that is harmless to the pathogen, leading to repression of the system that is harmful
to the pathogen [44,53,54]. The question of which phytohormonal pathway, either SA- or JA-
mediated, is more effective against Pectobacterium species remains open. On the one hand,
the treatment of calla lily plants with JA reduced P. carotovorum-caused symptoms more than
treatment with the SA analog [55], and the JA-related Arabidopsis thaliana mutants were more
susceptible to P. carotovorum than wild-type plants [56]. On the other hand, symptomatic
Pectobacterium ssp.-caused infections are always associated with a strong upregulation of
the JA pathway, which does not prevent disease development [13,24,25,55,57]. Additionally,
JA serves as a chemoattractant for P. brasiliense [58]. Furthermore, the increase in plant
resistance to Pectobacterium species due to various treatments is associated with a shift in the
JA-SA balance in favor of SA [41,59–61]. Moreover, some Pectobacterium species synthesize
a specific virulence factor, coronafacic acid, a functional analog of JA, indicating that these
bacteria purposefully induce host JA responses [13,62]. Herewith, the repressors of the SA
pathway were revealed among the extracellular metabolites of P. carotovorum [63]. These
findings presumably suggest that Pectobacterium-induced activation of the JA pathways
more often reflects the susceptible response than the resistant one and that this response is
necessary to repress the SA-mediated defense reactions.

To check this hypothesis, we assessed the effect of exogenous MJ and SA on disease
incidence caused by Pba. SA caused a strong reduction in the disease incidence rate,
whereas MJ caused a slight (if any) effect (Figure 3). The observed effect of SA and JA on
the development of Pba-caused disease explains the role of coronafacic acid in Pba virulence.
Given that the cfa6-mutant is unable to produce coronafacic acid, we hypothesized that
an exogenous MJ would restore the aggressive behavior typical of the WT in the mutant
strain. However, the treatment of plants with MJ did not increase the disease incidence
caused by the mutant, indicating that the artificial increase in MJ level is not a sufficient
condition to compensate for the absence of coronafacic acid. Therefore, we presumed that
JA may promote plant susceptibility to Pba only in conjunction with its agonist, ethylene,
especially given that the ethylene-related genes were upregulated as strongly as the JA-
related ones during TI compared with LI. Indeed, the combined treatment of plants with
MJ and ethylene dramatically increased the disease incidence rate following infection with
the cfa6-mutant, irrespective of whether phytohormones were applied before or after the
infection (Figures 4 and 5). Thus, our findings unequivocally demonstrate that the transition
of latent Pba-caused infection into TI is provided by the joint action of jasmonates and
ethylene. Therefore, the jasmonate- and ethylene-co-regulated reactions can be considered
a susceptible response that facilitates Pba-caused symptom development. Interestingly,
the joint action of these two phytohormones (jasmonates and ethylene) was also shown to
increase plant susceptibility to the piercing-sucking insect pest (Nilaparvata lugens) [50].
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Our study shows that plant tolerance to Pba (related to LI development) is determined
by the relative “indifference” of a plant to the presence of the pathogen but not by the
de novo synthesis of some defensive metabolites. In total, 6.6 times fewer genes were
regulated during LI than during TI (Table 1), and the regulation of none of these genes
(except for the SA-related genes) can be attributed to the increased level of defense metabo-
lites during LI compared with TI. In turn, if a plant displays excessive sensitivity to the
presence of a pathogen, as reflected in a global transcriptome rearrangement, the host-
pathogen—equilibrium is disturbed, leading to disease progression. During plant—Pba
interactions, coronafacic acid appears to promote such excessive sensitivity by activating
JA- and ethylene-mediated responses. The mechanism by which coronafacic acid induces
JA responses is evident since these two compounds are functional analogs. However,
the mechanisms by which coronafacic acid triggers ethylene-mediated responses remain
to be elucidated.

In fact, LI seem to be much more common during plant—pathogen interactions than
TI, and thus, in most cases, the presence of a pathogen does not pose damage. However, LI
can transform into TI at any time. Our study, in which the process of the transformation of
LI into a TI was investigated for the first time, shows that this process is a consequence of
the induction of specific host plant susceptible responses that lead to the disturbance of
the host—pathogen equilibrium and the manifestation of disease symptoms. Deepening
knowledge of the mechanisms of induction of such susceptible responses will form the
basis for plant disease management. The external blockage of these responses can maintain
plant fitness and productivity even if they are infected by pathogens.

In conclusion, the upregulation of reactions co-regulated by JA and ethylene disturbs
the equilibrium between plants and Pba, and these two phytohormones are among those
molecular players that switch LI into TI during plant—Pba interactions. Therefore, pre-
venting the upregulation of these reactions following Pba invasion (using genome editing
techniques or various treatments) seems to be a reasonable approach for Pba-caused disease
management. An important question is whether JA and ethylene induce the transforma-
tion of LI into TI caused by other species of the genetically and phenotypically diverse
Pectobacterium genus and, thus, whether such a disease management approach would be
species-specific or relatively universal. In any case, the identification of reactions that
transform LI into TI or restrict this transformation in different plant—pathogen interactions
and finding approaches to control these reactions in the field is a promising way to prevent
large yield losses due to plant infectious diseases.

Specific plant XTHs, expansins A and B, and pectin-degrading enzymes, as well as
several plant secondary metabolites, also seem to participate in the development of Pba-
caused disease; however, their role in this process needs further functional validation. In
turn, (S)-coclaurine, germacrene C, menthol, and neopinine (or resembling compounds) are
prime candidates to suppress the transformation of LI into TI during plant—Pba interactions,
which deserve further investigation from the viewpoint of possible protective properties of
these secondary metabolites against Pba.

The development of LI is associated with much less transcriptome rearrangement
than TI; therefore, the maintenance of plant—pathogen equilibrium seems to be coupled
with relative plant “insensitivity” to Pba colonization. In turn, excessive plant sensitivity
to Pba colonization reflected in dramatic transcriptome rearrangements likely disturbs the
host—pathogen equilibrium, resulting in extensive symptom development. Finally, we
would like to mention that to get a better insight into the physiological reasons for plant
infectious disease development, more attention should be paid to studying latent infections
and comparing them with symptomatic ones.

4. Materials and Methods
4.1. Bacteria and Plant Growth Conditions, Plant Inoculation

Pectobacterium atrosepticum SCRI1043 (Pba) [64] and its coronafacic acid-deficient cfa6-
mutant with a disrupted cfa6 gene [13] were grown in lysogeny broth (LB) at 28 ◦C and
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180 rpm. Nicotiana tabacum cv. Petit Havana SR1 plants were grown axenically in tubes
in a growth chamber with a 16 h:8 h, light:dark cycle photoperiod. Seeds were surface-
sterilized using bleach (0.8% active chlorine) and 1% sodium dodecyl sulfate for 30 min,
washed seven times with sterile distilled water, then transferred to Murashige and Skoog
medium (MS) in Petri dishes. Ten-day-old seedlings were transferred to individual sterile
tubes containing MS. Four (for phytohormone treatment assays) or six (for transcriptome
analysis) weeks after planting, plants were infected. Bacteria were grown until the early
stationary phase, then washed with sterile 10 mM MgSO4, and resuspended in the same
solution up to a density of ~2 × 107 CFU mL−1. Sterile 10 mM MgSO4 (control) or bacterial
suspensions containing ~2 × 105 cells were placed as 10 µL drops into the bosoms of the
leaves in the middle part of the stems (for transcriptome analysis) or on the leaf surface
(for phytohormone treatment assays) using sterile pipette tips, and slight scratches were
made simultaneously.

4.2. RNA Extraction and cDNA Library Preparation

Stem sections in the asymptomatic zone (0.5 cm below the symptomatic, macerated
area formed at the point of inoculation) were taken from Pba-infected plants for RNA ex-
traction two days after plant inoculation; the corresponding stem sections were taken from
cfa6-mutant-infected and noninfected (control) plants. Plant material was ground in liquid
nitrogen. The obtained powder was resuspended in 1 mL ExtractRNA Reagent (Evrogen,
Moscow, Russia) and RNA was extracted according to the manufacturer’s instructions.
RNA samples were treated with a DNA-free kit (Life Technologies, Carlsbad, CA, USA).
RNA quantity and quality were analyzed using a Qubit fluorimeter (Life Technologies)
and Qsep100 DNA Analyzer (Bioptic, New Taipei City, Taiwan), respectively. Total RNA
(1 µg) was enriched by mRNA using the NEBNext Poly(A) mRNA Magnetic Isolation
Module (NEB, Ipswich, MA, USA). cDNA libraries were prepared using the NEBNext
Ultra II Directional RNA Library Prep Kit for Illumina (NEB) according to the manufac-
turer’s instructions. The quality and quantity of the cDNA libraries before sequencing
were monitored using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) and a
CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Libraries
were sequenced in three biological replicates. Sequencing was conducted on an Illumina
HiSeq 2500 (Illumina, San Diego, CA, USA) at the Joint KFU–Riken Laboratory, Kazan
Federal University (Kazan, Russia).

4.3. Gene Expression Analysis

Raw reads generated in this study are available at the NCBI BioProject under the acces-
sion number PRJNA898126. The quality of the obtained RNA-Seq reads was assessed using
the FastQC tool (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) (accessed
on 7 March 2023). Reads with q-score < 30 and rRNA-corresponding reads were filtered out
using Trimmomatic and SortMeRNA, respectively [65,66]. To create the optimal reference
for read pseudo-alignment, the EvidentialGene package (https://sourceforge.net/projects/
evidentialgene/) (accessed on 7 March 2023) was used with default parameters to reduce
the redundancy of tobacco coding sequence (CDS) (NCBI Assembly GCF_000715135.1).
Pseudo-alignment and quantification of filtered reads were carried out using kallisto [67]
with default parameters. The edgeR package [68] was used to reveal differentially expressed
genes (DEGs). Genes that had TMM-normalized read counts per million (CPM) values ≥ 1
in all replicates within at least one of the experimental conditions were considered to be
expressed in our study. Genes with |log2 FC| > 1 and false discovery rate (FDR) < 0.05
were considered to be DEGs. The functional annotations were assigned to the DEGs as
described earlier [24].

4.4. Phytohormone Treatment Assays

Plants were sprayed with 200 µL of salicylic acid (SA) (0.2, 1, or 5 mM), or methyl
jasmonate (MJ) (0.2, 1, 5, or 25 mM), or treated with ethylene (0.5, 5, or 50 µL l−1). The SA

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://sourceforge.net/projects/evidentialgene/
https://sourceforge.net/projects/evidentialgene/
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and MJ solutions were sterilized by filtration through 0.2 µm pore sterile filters (Corning,
Berlin, Germany). Distilled water was used for the control treatment. Ethylene treatment
was performed in airtight transparent chambers of 100 L volume. After each chamber
opening (for plant inoculation or disease scoring), ethylene was again added into the
chamber. When treated with both MJ and ethylene, plants were first sprayed with MJ
and then transferred to airtight chambers and treated with ethylene. Phytohormone
treatment was performed three or one day before infection or two days after infection. The
results of the preinfection phytohormone treatment were obtained from three independent
experiments; in each experiment, 20–25 plants were assessed for each experimental variant.
Two independent experiments with 100 assessed plants in each experimental variant were
performed for postinfection treatment.

4.5. Statistical Analysis

The statistical analysis was performed using a two-sided t-test with Benjamini—Hochberg
adjustment. The results with a false discovery rate less than the critical value of 0.05 (FDR < 0.05)
were considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms241713283/s1.
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