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Interactions between jasmonic acid (JA) and salicylic acid (SA) pathways in plants
are important for regulating metabolite production and resistance functions
against environmental stresses. These interactions in plants have mostly been
reported to be antagonistic, but also to be synergistic under specific external
inducing conditions. At present, publications on plant JA—-SA interactions lack a
bibliometric analysis. External inducing factors that elicit synergism of JA-SA
interactions need to be explored. Here, we use bibliometrics to analyze
publications on plant JA-SA interactions over the past three decades, and
analyze external inducing factors that influence the quality of JA-SA
interactions in plants by meta-analysis. More contributions have been made by
authors in China, Netherlands, the United States of America, and Germany than
elsewhere. Considerable research has been performed on variation in plant
defense mediated by two pathways, the transduction mechanisms of JA-SA
signaling crosstalk, and plant hormone signaling networks. Meta-analysis showed
that the excitation sequence of the two pathways, and the concentrations of
pathway excitors are key factors that affect pathways interactions. The JA and SA
pathways tend to be reciprocally antagonistic when elicited simultaneously,
whereas JA-SA interactions tend to be synergistic when the two pathways are
elicited at different times and the pre-treated inducer is at a lower concentration.
The SA pathway is more susceptible to being synergized by the JA pathway. Key
molecular nodes identified in the JA—-SA signaling interaction in model plants,
and prospects for future research are discussed.
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JA-SA interactions, bibliometric analysis, meta-analysis, plant resistance,
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1 Introduction

Jasmonates (JAs) and salicylates (SAs) are two important
defense hormones in plants. External stresses such as herbivore
feeding and pathogen infection can promote synthesis of JAs and
SAs in plants. Internally synthesized or exogenously applied JAs/
SAs can elicit signal transduction and defense genes expression
related to jasmonic acid (JA) and salicylic acid (SA) pathways,
enhance production of resistant metabolites, and improve plant
resistance performance (Berens et al.,, 2016; Robert-Seilaniantz
et al, 2011). The resistance functions mediated by JA and SA
pathways are highly specific. SA signaling pathway mediating
resistance mainly against biotrophic pathogens, hemibiotrophic
pathogens and piercing-sucking herbivores. Plants primarily
activate JA pathway in response to attacking caused by leaf-
chewing herbivores and infection by necrotrophic microbes
(Pieterse et al., 2012).

The JA and SA pathways can mutually affect each other from
defensive gene expression to resistance performance (Robert-
Seilaniantz et al, 2011; Thaler et al., 2012). Upstream, JA-SA
interactions are embodied in a complex crosstalk network
between molecular players during signaling transduction between
the two pathways. The downstream of this crosstalk is the variations
in phytohormone levels, enzyme activity, and metabolite
production mediated by these two pathways (Proietti et al., 2013,
Proietti et al., 2018; Schweiger et al., 2014). The series of top-down
interactions between these pathways is called JA-SA interactions.

JA-SA pathway interactions have been researched for three
decades, since SA was found to inhibit the production of proteinase
inhibitors in tobacco cells induced by methyl jasmonate (MeJA)
(Rickauer et al., 1992). JA-SA interactions have been studied in
more than 40 plant species, and in more than 80% of these studies
this relationship was reported as reciprocally antagonistic (Jiao
et al, 2022; Rigsby et al., 2019; Thaler et al., 2012). Recent
research has demonstrated that the relationship between JA and
SA pathways can be influenced by external inducing factors such as
the elicitor species and the eliciting conditions of the two pathways,
and it can also manifest in mutual synergism, or there can be no
effect between them (Moreira et al., 2018; Thaler et al., 2012). For
example, when both JA and SA signals are applied at low (typically
10-100 mM) concentrations, there is a transient synergistic
enhancement in expression of genes PDF1.2 (PLANT DEFENSIN
1.2) and PRI (PATHOGENESIS RELATED 1) regulated by both
pathways. Antagonism between these pathways is reported at
higher (250 mM) concentrations (Mur et al., 2006).

Although considerable progress has been made in
understanding plant JA-SA interactions, there still lack a
systematic analysis on the publication information, variation
trend of research hotspots, and external inducing factors affecting
the interaction between two pathways. Combing the publications on
JA-SA interactions helps to better understand the physiological
mechanisms and resistance functions of plant responses to
environmental stresses. Further exploration of external inducing
factors that promote JA-SA synergism is necessary to improve plant
resistance and promote the use of exogenous elicitors in both
pathways (Jiao et al., 2022). Bibliometrics is a useful tool to map
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cumulative scientific knowledge and evolutionary nuances in well-
established fields by collecting massive amounts of unstructured
data and making sense of it in rigorous ways (Donthu et al., 2021).
Meta-analysis is a statistical procedure used to analyze combined
data to evaluate overall effects, or effect size from different studies,
and it can be a major source of concise and current information
(Nakagawa et al., 2017). We use bibliometric methods to analyze
publication output, countries and organizations in which research
was performed, research collaborations, important research
directions, hotspots, and research trends in plant JA-SA
interactions in past three decades. Inducing factors affecting
properties of plant JA-SA interactions were studied using meta-
analysis, key molecular nodes in JA-SA interactions that have been
identified in model plants are summarized, and research areas
warranting further investigation are identified.

2 Material and methods

2.1 Data search and analysis strategy in
bibliometric analysis

Literature published between January 1, 1992, to December 31,
2023, was sourced from the Web of Science, the core collection of
which consists of six online indexing databases, using the query
formula “(TS=(salicylate) OR TS=(salicylic)) AND (TS=
(jasmonate) OR TS=(jasmonic)) AND (TS=(interaction) OR TS=
(crosstalk) OR TS = (cross talk) OR TS=(cross-talk)) AND (AB=
(plant)).” Initially 2186 publications were identified. After initial
screening, the titles and abstracts of each publication were reviewed.
Articles unrelated to JA-SA interactions in plants were excluded, as
were those not written in English, and without original research
data, such as reviews, comments, and letters. After manual
screening, 1802 articles were retained for further analysis.
Document data were imported into VOSviewer version 1.6.18
(CWTS, Rapenburg, Leiden, Netherlands) for multidimensional
and visual presentation of scientific information in a format
suitable for bibliometrics. Keywords, research organizations,
countries in which research was performed, and the number and
citation frequency of publications were analyzed. Networks of co-
occurrence of keywords and co-authorship of organizations and
countries were created.

2.2 Article screening for meta-analysis

Study inclusion criteria were: (1) the metabolism or resistance
performance of plants mediated by JA and SA pathways had to be
reported; (2) research had to involve elicitation of the two pathways
by exogenous chemical elicitors in different sequences of application
or at different concentrations; and (3) a measure of the treatment
level means and variability (i.e., variance, standard error, or
standard deviation) as the sample size had to be provided in
either the text, figures, tables, or appendices. Case studies that
concentrated on plant genetic or transcriptional levels of the two
pathways, and those in which the JA and SA pathways were induced
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by biological or abiotic stresses such as herbivore feeding, pathogen
infection, light exposure, drought or flooding, were similarly
excluded. After screening, 18 studies remained and were included
in our meta-analysis. Supplementary Figure SI1 shows the
procedures of article searching and screening.

2.3 Effect size calculation

Meta-analysis used the log response ratio to quantify effect size
across experiments. The log response ratio is defined as In (X4/X),
where X is the mean value of effect indicators when both JA and SA
pathways were activated, and X; is the mean value when only the JA
or the SA pathway was activated. For negative effect indicators of
these pathways, such as herbivore growth rate, population, and
pathogen infection rate, values of X,; and X; were swapped. To
accommodate for uncertainty in effect size across experiments, the
sample variance for the log response ratio was calculated (Hedges
and Curtis, 1999).

The meta-analysis was structured as a multilevel random effects
model to account for multiple sources of random variation and to
test for hypothesized predictors of effect size (Karban et al., 2014).
We chose to test each predictor using univariate models in which
only the focal predictor was included, along with the sampling error
and random effects terms. In these univariate models, we excluded
those studies for which a log response ratio could not be calculated.
Studies with continuous independent factors or no replication were
also excluded from further analyses. Models were fit using the
Bayesian mixed models package MCMC glmm in R version 2.15.2
(Hadfield, 2010). For binary predictors, we report 95% highest
posterior density (HPD) credible intervals for the difference in effect
size between categories. For categorical predictors with more than
two levels, we quantified the variation explained by a factor using

10.3389/fpls.2024.1487434

the standard deviation across factor levels (Karban et al., 2014), and
report the 95% HPD credible interval for this standard deviation.

2.4 Statistical analyses

Slopes of numbers of papers published over time in three stages are
obtained by linear fitting of publication numbers using GraphPad
Prism 10.2.0 (GraphPad Software, Boston, MA, USA). Cluster and
neural network analyses of the countries in which research was
performed, the organizations involved in the research, and research
hotspots were completed using VOSviewer version 1.6.18 (CWTS,
Rapenburg, Leiden, Netherlands). Calculation of publication bias and
funnel plots in meta-analysis were completed by Review Manager 5.4.1
(The Cochrane Collaboration). Before comparing for effect size, data
were lg (X+0.00001) transformed to normalize their distribution and
homogenize variances. Independent samples ¢-tests were performed
using SPSS 26 software (IBM, Armonk, NY, USA) to compare
differences in effect size between JA and SA pathways.

3 Results

3.1 Annual publication output of research
on JA-SA interactions in plants

The number of publications published annually from 1992 to 2023
is presented in Figure 1. Since 1992, the number of publications has
increased from 1 annually (1992) to 122 annually (2023), at an overall
annual growth rate of 17.37%. Two dashed lines divide the research
process into three stages: from 1992-2003 (stage 1), 2004-2013 (stage
2),and 2014-2023 (stage 3). Numbers of publications in stages 1, 2, and
3 account for 6.6%, 27.97%, and 65.43% of all published research (1802
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in total), respectively. Slopes of numbers of publications for each stage
are obtained by linear fitting publication numbers (stage 1,y = 4.7167;
stage 2,y = 6.2061; stage 3, y’ = 6.1758). The average growth rate in
number of research publications in stage 2 was 1.32x that of stage 1,
and 1.01x that of stage 3.

3.2 Countries, organizations,
and collaborations

In total, 64 countries participated in research on JA-SA
interactions in plants (Figure 2A). The 10 countries with the most
publications (and their citations) are depicted in Figure 2B. China
ranks first (551 articles, 30.58% of all research), followed by the USA
(394 articles, 21.86%), and Germany (222 articles, 12.32%). From the
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average citation of publications, the Netherlands ranks first with 96.83
citations per paper, followed by the USA (82.18 citations), Japan (75.58
citations), Germany (74.81 citations), and England (72.15 citations).

Research involved 1662 organizations, of which the top 15 (with
the most publications) are illustrated in Figure 3. The top three are of
these are the Chinese Academy of Agricultural Sciences (79 articles,
4.38%), Chinese Academy of Sciences (66 papers, 3.66%), and Max
Planck Institute for Chemical Ecology (62 articles, 3.44%) (Figure 3A).
During the development stage, the University of California, Davis,
Utrecht University, and Cornell University first published research on
plant JA-SA interactions in the 1990s. The Max Planck Institute for
Chemical Ecology and Wageningen University & Research published
most research on plant JA-SA interactions in stage 2, and the Chinese
Academy of Agricultural Sciences and the Chinese Academy of
Sciences published most research in stage 3 (Figure 3B).
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Collaboration between countries and organizations indicates
regional characteristics of research on JA-SA interactions in plants.
China, with the most publications, has established domestic
collaborators, and international collaborations with organizations in
Europe (Germany and Netherlands) (Figure 3B). Although Spain also
has many publications, collaborations between the Spanish National
Research Council and other organizations are few (Figure 3). USA
organizations (the University of California, Davis, and Cornell
University) were more inclined to collaborate intra-regionally, but
publications were typically of high quality (Figure 3). In brief, research
on JA-SA interactions in plants becomes more international over time.

3.3 Crucial research directions, hotspots,
and research trends

The frequency of and variation in keywords enable
identification of research hotspots. After replacing synonyms,

10.3389/fpls.2024.1487434

7076 keywords were extracted from selected articles. The top 100
keywords (cited more than 30 times) are presented in Figure 4.
Circle size represents keyword frequency, and color, the cluster to
which they are allocated, as determined by VOSviewer (Figure 4A):
cluster I (green) mainly includes salicylic acid, disease resistance,
systemic acquired-resistance, NPR1 (NON-EXPRESSOR OF
PATHOGENESIS-RELATED GENES 1), and cell death; cluster IT
(yellow) keywords focus on the jasmonate signaling pathway in
plant cells, and are commonly related to herbivore feeding and
induced resistance; cluster IIT keywords (red) include Arabidopsis,
gene, identification and mechanisms; and cluster IV keywords
(blue) are words such as abscisic-acid, auxin, and abiotic stress.
Variation in keywords over time is depicted in Figure 4B. A color
change from purple to yellow represents the appearance of new
keywords over time. Cluster I (close to purple) includes keywords
such as systemic acquired-resistance, signal-transduction, defense
response, induction, and activation. Keywords in blue such as
jasmonic acid, salicylic-acid, disease resistance, herbivory, signaling
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FIGURE 3

The top 15 organizations in terms of total number of publications on plant JA-SA interactions, and their collaboration. (A) The total numbers and
average citation of publications published by these organizations. The bar chart shows the total number of publications, and the line chart shows the
average citation of publications per organization. (B) The collaboration between these organizations. Organization color depicts the year of
publication; sphere size represents the total number of publications per organization; and line thickness between organizations represents the extent
of collaboration. The organizations included in yellow, green and blue circles are, respectively, located in China, Europe and USA. Chinese acad agr
sci, Chinese Academy Of Agricultural Sciences (China); Chinese acad sci, Chinese Academy of Sciences (China); Max planck inst chem ecol, Max
Planck Institute for Chemical Ecology (Germany); Zhejiang univ, Zhejiang University (China); Univ calif davis, University of California, Davis (USA);
Northwest a&f univ, Northwest AGF University (China); Nanjing agr univ, Nanjing Agricultural University (China); Csic, Spanish National Research
Council (Spain); Univ utrecht, Utrecht University (Netherlands); Huazhong agr univ, Huazhong Agricultural University (China); Cornell univ, Cornell
University (USA); Fujian agr & forestry univ, Fujian Agriculture and Forestry University (China); Univ ghent, Ghent University (Belgium); Wageningen
univ, Wageningen University & Research (Netherlands); Usda ars, United States Department of Agriculture-Agricultural Research Service (USA).
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pathways, and gene-expression, group into cluster II. Clusters ITI and
IV (between green and yellow) contain the most popular keywords
between 2014 and 2023, among which the frequencies of “abscisic-

» <« »

acid,” “auxin,” “abiotic stress,” “transcriptome,” and “metabolism”
increased significantly.

Combining the timeline in Figure 3B and Figure 4B for analysis,
those publications focused on keywords in cluster I were mainly made
by the USA and European organizations (University of California,
Davis, Cornell University and Utrecht University). Keywords in cluster
IT were mostly concentrated by those organizations in Europe, China
and USA (Max Planck Institute for Chemical Ecology, Wageningen
University & Research, Zhejiang University and United States
Department of Agriculture-Agricultural Research Service). Part of

Chinese and European organizations (Chinese Academy of Sciences,
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Variation in research hotspots involving plant JA-SA interactions. (A) Hotspots based on keywords that appeared more than 30 times. Circles in
different colors represent keyword category. (B) Variation of hotspots from 1992-2023. Keyword color indicates the year (data based on average

values) that keywords appeared.
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Huazhong Agricultural University, Spanish National Research Council
and Ghent University) mainly focused on the research related to the
keywords in cluster III. Keywords in cluster IV were primarily
concentrated by Chinese organizations, such as Chinese Academy of
Agricultural Sciences, Nanjing Agricultural University, Northwest A&F
University and Fujian Agriculture and Forestry University.

3.4 External inducing factors that influence
the properties of JA—SA interactions
in plants

A total of 18 publications in which the JA and SA pathways were
elicited by different chemical inducers in different sequences of
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application were screened. The JA and SA pathways were reciprocally
antagonistic when the two pathways were elicited simultaneously
(JA&SA; t = -1.571, df = 55, P = 0.122; Figure 5A). In contrast, JA-
SA interactions were reciprocally synergistic when the SA pathway was
pre-elicited and the JA pathway was post-elicited (SA-JA; t=1.385, df =
41, P = 0.174; Figure 5A). When the JA pathway was pre-elicited and
the SA pathway was post-elicited, the JA pathway tended to be
antagonized whereas the SA pathway was synergized (JA-SA; t=
—-2.897, df = 31, P = 0.007; Figure 5A). Seven of these 18 research
publications in which the JA and SA pathways were elicited by
chemical inducers in different concentrations were screened. Meta-
analysis revealed that a pre-treated inducer at a lower concentration
significantly promoted JA-SA synergism (t = —1.03, df = 15, P = 0.314;
Figure 5B); higher concentrations contributed to JA-SA antagonism (f
—0.205, df = 13, P = 0.814; Figure 5B). There was no publication bias
on these research because sample points were evenly and symmetrically
distributed on both sides of the funnel plot (Figures 5C, D).

4 Discussion

We systematically analyze 1802 publications obtained from the
Web of Science using bibliometric and meta-analytical methods.
From this we describe the publication status, variation in hotspots,
and factors that affect JA-SA interactions in plants. We report
developed countries such as the Netherlands, USA, and Germany to
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play a leading role in research on this subject. Although there are
fewer than 100 publications from Japan and England, each was cited
more than 70 times. Additionally, developing countries such as
China and India have gradually increased their research output in
this discipline. Although the average number of citations per paper
originating from China and India is only 25.49 and 23.51,
respectively, the H index of publications from China is higher,
indicating that despite the relatively low average citation frequency,
China still published highly cited articles in this field. Those
developed countries as the pioneers of research on JA-SA
interactions, their studies were initially focused on the JA and SA
signal-transduction and plant defense responses mediated by these
pathways. As developing countries have become the dominant role
in this area, studies at that time focused on the broader molecular
and metabolic effects of JA-SA interactions in the whole
phytohormone signaling networks.

Plant JA-SA interactions were first discovered after an inverse
relationship was found in tobacco between the production of
proteinase inhibitors induced by SA and MeJA (Rickauer et al,
1992). In the 1990s, studies concerning this interaction were mainly
performed by organizations in the USA, such as the University of
California, Davis, and the Cornell University, which mainly focused
on variation in plant defense responses induced by exogenous
elicitors of these two pathways. These USA organizations were
more inclined to collaborate intra-regionally, but their publications
were typically of high quality. In the 21st century, organizations in
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Meta-analysis of external inducing factors that influence the quality of JA-SA interactions in plants. (A) Univariate tests of elicitor application
sequence that influence effect size (log response ratios) of JA-SA interactions. JAGSA, JA and SA pathways elicited simultaneously; JA-SA, JA
pathway pre-elicited and SA pathway post-elicited; SA-JA, SA pathway pre-elicited and JA pathway post-elicited.. (B) Univariate tests of
concentration of applied elicitors that influence effect size (log response ratios) of JA-SA interactions. Negative values indicate that a pathway is
antagonized by another one; positive values indicate that a pathway is synergized by another one. Asterisks indicate significant differences in effect
size between pathways (independent samples t-test; **P < 0.01, NS means not significant). Low or high concentrations were, respectively, defined as
those concentrations less or greater than the middle concentrations used in cases. K=number of research cases in publications. (C) Funnel plot for
studies on JA-SA interactions in which two pathways were elicited by elicitors in different application sequences. (D) Funnel plot for studies on JA—
SA interactions in which the two pathways were elicited by elicitors at different concentrations.
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Europe (such as the Utrecht University and Max Planck Institute)
became the main research centers. With application of molecular
biological techniques, methods have shifted from traditional
biological analysis to that of gene expression, and research
gradually shifted towards deciphering transduction mechanisms
of signaling crosstalk between JA-SA pathways in model plants.
Until 2010, Chinese organizations (e.g., the Zhejiang University,
and Chinese Academy of Sciences) were the centers of research in
this discipline, and frequent collaborations were made with
European and American researchers to examine relationships and
mechanisms between plant resistance to herbivore borne diseases
(mediated by the SA pathway) and herbivore feeding (mediated by
the JA pathway). Between 2014 and 2023 research began to examine
hormone signaling networks in plants, with hotspots shifting to
relationships among the two pathways and other hormone
pathways, such as the abscisic-acid, auxin, and ethylene signaling
pathways. Variation in plant defense response mediated by these
two pathways, transduction mechanisms of JA-SA signaling
crosstalk, and plant hormone-signaling networks are the three
main areas of research that have been intensively investigated,
realizing the relevant research is gradually transforming from the
phenotypic level to the genetic and molecular level. At present, the
latest research focused on the functions and mechanisms of JA-SA
interactions in plant response to global climate change,
environmental pollution and nutritional deficiency (Montejano-
Ramirez and Valencia-Cantero, 2023; Shaffique et al., 2023; Zhang
et al., 2024). Moreover, a strategy to synthesize dual SA and JA
responsive promoters by combining SA and JA responsive cis
elements based on the interaction between their cognate trans-
acting factors were developed and can be used for the design of
plant biotically or abiotically inducible systems (Li et al., 2023).

10.3389/fpls.2024.1487434

During signal transduction of JA and SA pathways, a wide range
of signal crosstalk occurs between molecular nodes. This upstream
signal exchange can affect downstream metabolism production and
ecological functions mediated by these pathways (Jiao et al., 2022;
Patt et al, 2018; Schweiger et al, 2014). In the past years, our
understanding of the molecular mechanisms underlying JA-SA
signaling crosstalk in model plants has improved greatly. The key
molecular nodes in JA-SA signal crosstalk identified in model plants
are summarized in Table 1. The model of signal crosstalk between JA
and SA pathways is showed in Figure 6. In general, it is believed that
the SA pathway plays a dominant role in JA-SA interactions.
Multiple nodes such as NPR1, TGA (TGACG-MOTIF BINDING
PROTEIN), EDS1 (ENHANCED DISEASE SUPPRESSIBLE 1),
WRKY, and GRX480 (GLUTAREDOXIN 480) in the SA pathway
are involved in inhibition of the JA signaling pathway (Van der Does
et al, 2013; Meyer, 2008; Ndamukong et al., 2007; Nomoto et al.,
2021; Zander et al,, 2012). NPRI is a master regulator of the defense
transcriptome induced by SA and regulate the suppression of JA
signaling in the cytosol (Dong, 2004). NPR1 promotes the
transcription of WRKY70 which binds to the promoter region of
PR1 and induces SA related defenses and represses the JA signaling
response (Shim et al., 2013). The NPR polymers are monomerized by
thioredoxin and the monomers are transported to the nucleus. The
NPR monomers bind to TGAs and regulate the expression of PRI
genes (Fu et al,, 2012). In addition, the wild type NPR1 also negatively
regulates SA production during the herbivore attacking, promotes JA
related defenses against herbivores by inhibiting the JA-SA
interaction. At present, the cryo-electron microscopy and crystal
structures of Arabidopsis NPR1 and its complex with the
transcription factor TGA3 has been reported, which may promote
the understanding of its mechanisms in activating plant immunity

TABLE 1 Key molecular nodes of JA—-SA signal crosstalk identified in model plants.

Interaction Interaction

Interaction mechanism

Interaction

nodes
(JA pathway)

nodes
(SA pathway)

quality

References

MYCs and MED25 NPR1 NPRI1 promotes the transcription of WRKY70 which binds to the = Antagonism
promoter region of PR1 and induces SA related defenses and Koornneef (2008)",
represses the JA signaling response. NPR1 inhibited the Nomoto et al. (2021)",
interaction between MYCs and MED25 in JA pathway. Spoel et al. (2003)
Expression of JA-responsive genes LOX2, PDF1.2 and VSP2 was Shim et al. (2013)*
enhanced in nprl mutant than wild type.
OXIDATION- SA can significantly promote MeJA-induced PDFI.2 expression Antagonism Sineh and
RELATED ZINC in the absence of OZF1. \1 gd' (2022)*
Nandi
FINGER1 (OZF1)
PIP3 WRKY18, WRKY33, | WRKY18, WRKY33, and WRKY40 cooperatively act as Antagonism . 5
Najafi et al. (2020)
and WRKY40 repressors for PIP3.
MYCs WRKY75 WRKY75 as an essential factor controlling SA/JA cross talk by Antagonism Schmiesing and
diminishing MYC protein levels. Emonet (2016)°
NIMIN1 ANAC032 ANACO32 activates SA signaling by repressing NIMIN1, and Antagonism 7
i Allu et al. (2016)
reduces expression of MYC2 and PDFI.2.
GRX480 and TGA Suppression of PDF1.2 and VSP2 by GRX480 depends on the Antagonism Koornneef (2008)",

presence of TGA factors.

Ndamukong
et al. (2007)®
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TABLE 1 Continued
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Interaction Interaction Interaction mechanism Interaction

nodes nodes quality References

(JA pathway) (SA pathway)

MPK4 EDS1/PAD4 MPK4 negatively regulates EDS1/PAD4, and positively regulates Antagonism
expression of PDF1.2. EDS1/PAD4 are important activators of Brodersen et al. (2006)°,
SA signaling and mediate antagonism between JA and ET Wiermer et al. (2005)*°
defense response pathways.

SCF! JAZ complex The SA pathway inhibits JA signaling downstream of the Antagonism
SCF°"" JAZ complex by targeting GCC-box motifs in JA- Van der Does
responsive promoters via a negative effect on the transcriptional et al. (2013)"
activator ORA59.

SSI2 The recessive ssi2 mutation confers constitutive PR gene Antagonism 1
expression. The expression of defensin gene PDFI1.2 regulated by Kachroo et ol (201021) ’

. . . . L Shah et al. (2001)

the JA signaling pathway was impaired in ssi2 plants.

COI1, JAZs NPR3, NPR4 Early induction of JA-responsive genes and de novo JA synthesis Synergism
following SA accumulation is activated through the SA receptors
NPR3 and NPR4, instead of the JA receptor COI1. NPR3 and Liu et al. (2016)"?
NPR4 may mediate this effect by promoting degradation of the
JA transcriptional repressor JAZs.

Abbreviation notes see Figure 6. 'Utrecht University, Netherlands; *Seoul National University, Korea; *Nagoya University, Japan; *Jawaharlal Nehru University, India; "Norwegian University of
Science and Technology, Norway; ®University of Lausanne, Switzerland; "Max Planck Institute of Molecular Plant Physiology, Germany; *Gottingen University, Germany; *Copenhagen
University, Denmark; '°Max Planck Institute for Plant Breeding Research, Germany; ''The State University of New Jersey, USA; '*Boyce Thompson Institute for Plant Research, USA; '*Duke
University, USA. The affiliation of research is based on the first author.

and regulating the JA-SA interaction (Kumar et al., 2022). Relatively
few reports have examined inhibition of SA pathway by JA pathway.
In Arabidopsis, MPK4 (MITOGEN ACTIVATED PROTEIN
KINASE 4) can positively regulate expression of genes such as
PDF1.2 in the JA pathway and inhibit EDS1/PAD4
(PHYTOALEXIN DECIENT 4) mediated SA accumulation in the

SA pathway (Brodersen et al., 2006; Wiermer et al., 2005); and COI1
(CORONATIN INSENSITIVE 1) can inhibit expression of PR genes
regulated by the SA pathway by inhibiting WRKY70 (Ren
et al., 2008).

Although JA-SA interactions have mostly been reported as
reciprocally antagonistic, increasing evidence suggests that these

FIGURE 6

JA (green) and SA (purple) signaling pathways, and interactions between them (red). Arrows indicate synergy, and termination symbols indicate
antagonism. COI1, CORONATIN INSENSITIVE 1; EDS1, ENHANCED DISEASE SUPPRESSIBLE 1; GRX480, GLUTAREDOXIN 480; JA, jasmonic acid; JA-
Ile, jasmonic acid-isoleucine; JAZ, JASMONATE ZIM-DOMAIN; MED25, MEDIATOR 25; MPK4, MITOGEN-ACTIVATED PROTEIN KINASE 4; MYC,
MYELOCYTOMATOSIS; NIMIN1, NIM1-INTERACTING 1; NPR, NON-EXPRESSOR OF PATHOGENESIS-RELATED GENES; TGA, TGACG-MOTIF
BINDING PROTEIN; ORA59, OCTADECANOID-RESPONSIVE Arabidopsis AP2/ERF-DOMAIN PROTEIN 59; PAD4, PHYTOALEXIN DECIENT 4; PIP3,
PAMP-INDUCED SECRETED PEPTIDE 3; PR1, PATHOGENESIS RELATED 1; SA, salicylic acid; SCF, Skpl-Cdc53-F-box protein; SSI2, SA

INSENSITIVITY 2.

Frontiers in Plant Science

NPR1 Trx-H5lH3
e Gy
o :

,—:7

Expression of defensive genes of SA pathway

JA-'IE\

' Recognized by

N\
i ORAY the SCF complex
ESD1
PAD4 SRS MPK4 )

_ | Degraded by
" |the 26s proteasome

ngherc\qtranons of

NPR3/4
JAZ )

CDESCZDC:DQD

A

WRKY70
WRKY75

WRKY18
WRKY33
WRKY40

Yy | =
S| ANAC032
\\ PIP3

] |
| N |
Expression of defensive genes of JA pathway

09 frontiersin.org


https://doi.org/10.3389/fpls.2024.1487434
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jiao et al.

two pathways can synergize with each other (Jiao et al, 2022;
Moreira et al., 2018; Thaler et al., 2012). For example, in
Arabidopsis, when SA accumulates at higher concentrations, the
SA receptor NPR3/NPR4 can replace the JA receptor COIl to
promote degradation of JAZ (JASMONATE ZIM-DOMAIN)
protein, and further promote expression of the JA pathway (Liu
et al, 2016). We use meta-analysis to analyze research on those
external factors that affect the quality of JA-SA interactions. The
excitation sequence of the two pathways, and the concentrations of
the two pathway excitors are key factors that affect the interaction
between them. The JA and SA pathways tend to be reciprocally
antagonistic when they are elicited simultaneously. In contrast, JA-
SA interactions tend to be synergistic when two pathways are
elicited at different times, with the pre-treated inducer at a lower
concentration. The SA pathway is more susceptible to being
synergized by the JA pathway. Most studies have used
simultaneous activation to examine the interaction between
pathways, leading to many reports on JA-SA antagonism. When
the two pathways are excited at intervals and the concentration of
the first applied exciton is lower, there is a synergistic interaction
between them. Plant-mediated effects of initial attackers on
performance of subsequent attackers were also studied by meta-
analysis to test the influences of the biological inducers on the JA-
SA interactions (Moreira et al., 2018). During the JA-SA
interactions mediated by herbivores or pathogens attacking,
effects on subsequent elicited pathway are present when the initial
attacker is a herbivore but not when the initial inducer is a
pathogen, and interactions involving JA-associated initial
herbivores are stronger or more consistent when both attackers
feed on the same plant part (Moreira et al., 2018).

Antagonism of the JA pathway to the SA pathway in
simultaneous elicitation is likely to be related to resource
competition in the plant. When plants face multiple stresses with
limited resources, they usually prefer to express the prior elicited
pathway but inhibit the other one to deal with the primary stress
(Rayapuram and Baldwin, 2007; Ziist and Agrawal, 2017). However,
less is known about synergism between these two pathways. The
defense priming of plants can be induced by exogenous
phytohormones at lower concentrations (Erb et al., 2015;
Niinemets, 2010; Vos et al., 2013; Ye et al.,, 2013). When primed,
the defense activation of plants in response to biotic and abiotic
stresses is faster and stronger (Conrath et al., 2015; Mauch-Mani
et al.,, 2017). Further research is needed to determine if lower JA
concentrations can enhance the plant’s SA pathway response by
stimulating a defense-priming reaction.

Understanding synergism between JA-SA pathways is
important for improving plant resistant performance, and to
promote development and application of chemical elicitors. For
example, volatiles released by SA-induced tea plants can repel the
tea gray geometrid Ectropis grisescens, whereas those induced by JA
pathway can attract the parasitic wasp Apanteles sp. Compared with
induction by either pathway, tea plants induced by JA-SA
synergism are equipped with both pest repellent and natural
enemy attraction, and the effects of both are stronger (Jiao et al,
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2022). This indicates that JA-SA synergism enables plants to induce
multifarious and stronger defense responses. Moreover, high costs
have limited the large-scale use of JAs in the field. In contrast, the
price of the SAs pathway is a fraction (~one thousandth) that of JAs.
JA-SA synergism means that SAs may serve as inexpensive
enhancers for JAs (Jiao et al., 2023).

We examined publication output, the country in which research
was performed, the extent of collaboration between organizations,
research trends, hotspots, and inducing factors that affect properties
of plant JA-SA interactions. In the past three decades, the key
molecular codes and mechanisms underlying the interaction
between JA and SA pathways in model plants have been clarified,
but issues remain to be addressed. For example, it is believed that the
SA pathway takes priority over the JA pathway, but the genetic basis
behind this remains unclear (Berens et al, 2016). Furthermore,
herbivores can manipulate the JA-SA relationship in plants to cope
with their defense performance. Revealing the mechanisms involved
in this is important to understand co-evolutionary relationships
between plants and insects (Thaler et al., 2012). In addition to JA
and SA, the plant hormone signaling network regulates the
distribution of primary metabolites between plant growth and
defense, called the “trade-off” between the two (Campos et al.,
2016; Havko et al., 2016; Ziist and Agrawal, 2017). Further study
on the network among the various hormone pathways is also
required to explain hormone stress resistance mechanisms of
plants, and to explore their optimal growth defense balance point.
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