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1  | INTRODUC TION

Plants are attacked by multiple above‐ and below‐ground enemies 
such as insect and vertebrate herbivores, as well as pathogens such 
as fungi, viruses and bacteria. Multiple attacks by different enemies 

on plants, either simultaneously or sequentially, frequently lead to 
plant‐mediated indirect interactions among enemies where effects 
of early‐arriving attackers determine the performance of subsequent 
attackers (Erb, Robert, Hibbard, & Turlings, 2011; Moreira et al., 
2015; Poelman, Broaekgaarden, Van Loon, & Dicke, 2008) as well 
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Abstract
1. Sequential damage by attackers is hypothesized to result in reciprocal antagonism 
(crosstalk)	 between	 jasmonic	 acid	 (JA)	 and	 salicylic	 acid	 (SA)	 defence	 signalling	
pathways in plants. However, evidence for this crosstalk is not universal and sev‐
eral studies have found positive interactions (i.e. synergism) or no interaction 
whatsoever	between	JA	and	SA	pathways.

2. Here we conducted a meta‐analysis of studies on plant‐mediated effects of initial 
attackers on performance of subsequent attackers to test the hypothesis of cross‐
talk between plant hormonal signalling pathways.

3.	 We	found	a	significant	negative	mean	effect	size	of	JA-inducing	initial	attackers	
on	both	JA-	and	SA-inducing	subsequent	attackers,	but	a	non-significant	effect	of	
SA-inducing	initial	attackers	on	both	JA-	and	SA-inducing	subsequent	attackers.	
Effects on subsequent herbivores were contingent on the biology of the initial 
attacker,	with	negative	effects	of	JA-inducing	initial	herbivores	but	no	effect	of	
SA-inducing	 initial	herbivores,	whereas	pathogens	on	average	did	not	 influence	
subsequent	herbivores.	Furthermore,	negative	effects	of	JA-inducing	initial	herbi‐
vores	on	JA-	and	SA-inducing	subsequent	herbivores	held	when	both	attacks	oc‐
curred on the same plant part, but when attacks were on different plant parts the 
effect	of	JA-inducing	herbivores	on	SA-inducing	herbivores	was	non-significant.

4. Synthesis. These results indicate that reciprocal antagonism between jasmonic 
acid and salicylic acid pathways is not universal, and suggest assymetries and 
specificity in the strength of plant‐mediated interactions.
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as attacker community assembly (Biere & Goverse, 2016; Poelman 
& Dicke, 2014). These plant‐mediated effects are determined by 
plant induced responses to damage by insect herbivores or patho‐
gens that involve changes in a wide array of physical (e.g. thorns, 
spines, trichomes) and chemical (secondary metabolites) defences, 
and the plant signalling pathways involved in upregulating these de‐
fences are thought to be highly conserved across many plant taxa 
(Mithöfer	&	Boland,	2012;	Núñez-Farfán,	Fornoni,	&	Valverde,	2007)	
and therefore presumably lead to predictable outcomes of plant‐me‐
diated interactions among attackers.

The two most important hormonal signalling pathways associ‐
ated	with	induced	plant	defences	are	the	jasmonic	acid	(JA)	and	sali‐
cylic	acid	(SA)	pathways	(Erb,	Meldau,	&	Howe,	2012;	Howe	&	Jander,	
2008).	The	JA	signalling	pathway	is	thought	to	be	primarily	involved	
in defence against chewing and mining herbivores, necrotrophic 
pathogens,	bacteria	and	nematodes,	whereas	the	SA	signalling	path‐
way is mainly associated with defences against sucking herbivores, 
biotrophic pathogens and viruses (Pieterse, Schaller, Mauch‐Mani, & 
Conrath, 2006; Stout, Thaler, & Thomma, 2006; Thaler, Humphrey, 
& Whiteman, 2012). The fact that plants are frequently attacked 
sequentially by enemies arriving at different time points and these 
enemies induce potentially different pathways sets the stage for 
potential interactions between plant defence signalling pathways. 
Indeed, a number of studies have empirically demonstrated that 
sequential damage by attackers inducing different plant hormonal 

pathways may result in antagonism (i.e. crosstalk) between signalling 
pathways (Erb et al., 2012; Pieterse et al., 2006), with this ultimately 
determining the magnitude and sign of effects of initial attackers 
on	 subsequent	 ones	 (Ali	 &	 Agrawal,	 2014;	 Pieterse	 et	al.,	 2006;	
Stout	 et	al.,	 2006;	 Thaler	 et	al.,	 2012).	 Accordingly,	 the	 crosstalk	
hypothesis predicts reciprocal antagonism or interference between 
plant signalling pathways when initial and subsequent attackers in‐
duce defences associated with different pathways (Erb et al., 2012; 
Pieterse et al., 2006), with this leading to predictable outcomes from 
plant‐mediated effects between attackers. Specifically, initial at‐
tackers	inducing	defences	through	the	JA	pathway	should	have	neg‐
ative	effects	on	subsequent	attackers	inducing	the	JA	pathway	but	
positive	effects	on	subsequent	attackers	inducing	the	SA	pathway,	
whereas	initial	attackers	inducing	defences	through	the	SA	pathway	
should have negative effects on subsequent attackers inducing the 
SA	pathway	but	positive	effects	on	subsequent	attackers	 inducing	
the	JA	pathway	(Figure	1;	Pieterse	et	al.,	2006;	Thaler	et	al.,	2012).

A	number	of	studies	have	found	patterns	that	fit	the	proposed	
antagonism	between	JA	and	SA	pathways,	either	by	directly	measur‐
ing	plant	hormones	or	upregulation	of	JA	or	SA	pathway-related	de‐
fences or chemical precursors, or by means of herbivore or pathogen 
performance bioassays (see revision by Thaler et al., 2012). However, 
evidence for this crosstalk is not universal and several studies have 
found positive interactions (i.e. synergistic, e.g. Stout, Fidantsef, 
Duffey,	 &	 Bostock,	 1999;	 Zehnder,	 Murphy,	 Sikora,	 &	 Kloepper,	

F I G U R E  1  Predictions	for	the	effects	of	the	plant	signalling	pathway	induced	by	an	initial	attacker	(jasmonic	acid	[JA]	or	salicylic	acid	[SA]	
pathways)	on	the	performance	of	subsequent	attackers	inducing	JA	or	SA	pathways.	The	crosstalk	hypothesis	predicts	that	initial	attackers	
inducing	defences	through	the	JA	pathway	will	have	negative	effects	on	performance	of	subsequent	attackers	inducing	the	JA	pathway	but	
positive	effects	on	subsequent	attackers	inducing	the	SA	pathway.	Similarly,	initial	attackers	inducing	defences	through	the	SA	pathway	
will	have	negative	effects	on	performance	of	subsequent	attackers	inducing	the	SA	pathway	but	positive	effects	on	subsequent	attackers	
inducing	the	JA	pathway.	Predicted	positive	effects	are	shown	by	dashed	lines,	whereas	predicted	negative	effects	are	shown	by	solid	lines.	
The	JA	signalling	pathway	is	primarily	involved	in	the	induction	of	defences	against	insect	leaf	chewers	and	necrotrophic	pathogens,	whereas	
the	SA	signalling	pathway	is	primarily	involved	in	the	induction	of	defences	against	piercing	sucking	herbivores	and	biotrophic	pathogens
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2001)	or	no	interaction	between	JA	and	SA	signalling	pathways	(e.g.,	
Ajlan	 &	 Potter,	 1992;	 Inbar,	 Doostdar,	 Sonoda,	 Leibee,	 &	 Mayer,	
1998;	van	Dam,	Witjes,	&	Svatos,	2004).	These	inconsistencies	can	
be attributed to several non‐mutually exclusive factors. First, most 
studies	 reporting	 on	 interactions	 between	 JA-	 and	 SA-related	 de‐
fences have used model herbaceous plants such as Arabidopsis or 
crops such as tobacco or tomato (see Table 1 in Thaler et al., 2012), 
which may not be representative of responses across a more diverse 
pool of species including non‐domesticated species, and other plant 
life‐forms or taxonomic groups. Second, because plants respond 
with highly specific responses to different biotic stimuli, the nature 
and strength of their induced responses to attack may be strongly 
contingent on general aspects of the biology of the enemies under 
study, such as whether they are insect herbivores or pathogens, 
or consumer traits such as diet breadth (generalist vs. specialist) 
within	 a	 given	 functional	 group	 (Agrawal,	 2000;	 Ali	 &	 Agrawal,	
2012;	Bingham	&	Agrawal,	2010;	Moreira	et	al.,	2015;	Van	Zandt	&	
Agrawal,	2004).	However,	due	to	logistical	limitations,	most	studies	
have not conducted replicated experiments to control for type of 
attacker or traits of specific attacker groups or guilds. Finally, there 
are a number of specificities related to interactions between plants 
and multiple attackers which may influence the outcome of these 
dynamics and these frequently vary among studies. One of these is 
whether initial and subsequent attackers feed on the same or differ‐
ent plant part or organ (e.g. roots, leaves, stems), as plant induced 
responses may be wired differently in each case and plant parts vary 
in	their	degree	of	inducibility	(Agrawal,	2011;	Karban,	2011)	which	
could lead to variable outcomes.

Our goal was to test whether evidence from research conducted 
to date on plant‐mediated interactions between initial and subse‐
quent attackers supports the expectation of crosstalk between plant 
signalling pathways associated with defences against phytophagous 
insects and plant pathogens. We did this by performing a meta‐
analysis	of	work	conducted	 from	1950	 to	2017	on	plant-mediated	
effects of initial attackers on performance of subsequent attackers 
as a proxy for assessing the presence of interactions between plant 
defensive pathways. We included 108 published studies comparing 
the performance of an insect herbivore or plant pathogen on plants 
that were previously damaged by an initial attacker vs. plants not 
previously damaged. First, we investigated whether effects of plant 
induction on performance of the subsequent attacker depended on 
the plant pathway induced by the initial attacker and the pathway 
induced by the subsequent attacker, that is, whether attackers in‐
duced the same or different pathway (pathway induced by initial at‐
tacker	→	pathway	induced	by	subsequent	attacker:	JA→JA,	JA→SA,	
SA→SA,	and	SA→JA).	Second,	we	evaluated	whether	the	biology	of	
the initial attacker (i.e. herbivore or pathogen) influenced perfor‐
mance of subsequent attackers as well as the hypothesized interac‐
tion between pathways. Finally, we tested if effects on subsequent 
attackers and the hypothesized crosstalk between plant defensive 
pathways were contingent on whether initial and subsequent at‐
tackers fed on the same or a different plant part. In addressing the 
above, we deliver a novel assessment and reveal general patterns of 

interactions between plant defence‐related hormonal pathways and 
its effects on attackers. Results will inform research on the evolution 
and constraints of plant induced resistance, as well as improve our 
understanding and ability to predict the outcome of plant‐mediated 
interactions involving herbivores and pathogens.

2  | MATERIAL S AND METHODS

2.1 | Data collection

From	18th	April	to	25th	June	2017,	we	carried	out	an	extensive	lit‐
erature	search	in	the	ISI	Web	of	Knowledge	database	using	a	combi‐
nation of the following keywords: “(Plant or tree) and (herbivore or 
herbivores or herbivorous or fungus or fungi or oomycota or virus or 
nematode or bacteria or bacterium) and (induction or sequential).” 
We retained only articles, book chapters, reviews, theses, disserta‐
tions and abstracts published in English. To further limit the search 
to relevant papers, we filtered outputs to retain only those matching 
with the following research areas: plant sciences, environmental sci‐
ences, ecology, pathology, agriculture, zoology, forestry, chemistry, 
physiology, behavioural sciences, microbiology, entomology, bio‐
chemistry, molecular biology, parasitology and mycology. The search 
was	limited	to	the	period	1950–2017.	Our	initial	search	yielded	7,638	
papers (the number of papers retained at each stage is reported in 
the	PRISMA	flow	chart,	Figure	S1	in	the	Appendix	S1).	To	complete	
our dataset, we also surveyed the cited references in relevant re‐
view or meta‐analysis articles about interactions between plant de‐
fence pathways (Biere & Goverse, 2016; Erb et al., 2012; Erb, Ton, 
Degenhardt, & Turlings, 2008; Fernández‐Conradi, Jactel, Robin, 
Tack, & Castagneyrol, 2018; Johnson et al., 2012; Pieterse, Van der 
Does,	 Zamioudis,	 Leon-Reyes,	 &	 Van	Wees,	 2012;	 Tack	 &	 Dicke,	
2013; Thaler et al., 2012; Wondafrash, van Dam, & Tytgat, 2013), as 
well as in those finally considered in this meta‐analysis (next).

To be considered in the analysis, studies had to meet the fol‐
lowing criteria: (1) report on the performance (damage, growth, size, 
developmental time or reproduction) of a subsequent attacker on 
control (uninduced) plants vs. plants induced by an initial attacker 
(when there was more than one initial attacker these had to be of the 
same type, i.e. herbivore or pathogen, and induce the same signalling 
pathway), (2) report on initial and subsequent attackers feeding on 
living plants, (3) report taxonomic information about plant and the 
initial and subsequent attackers, at least at the genus level and (4) 
provide a measure of the treatment level means and variability (i.e. 
variance, standard error or standard deviation) as well as the sample 
size in either the text, figures, tables or appendices. We excluded 
case studies where plants were exposed to human‐driven abiotic 
treatments such as fertilization, drought, light exposure, CO2 enrich‐
ment or flooding. In addition, we also excluded data on traits associ‐
ated with preference of subsequent attackers (e.g. insect orientation 
in wind tunnel) because the subsequent attacker has to necessarily 
feed on tissues of a living plant in order for there to be crosstalk 
between	initial	and	subsequent	induction	events.	We	excluded	97%	
of	the	papers	from	our	initial	search	(7,601	papers,	see	Figure	S1	in	
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the	Appendix	S1)	because	they	did	not	include	sequential	attacks	by	
real herbivores or pathogens based on criterion “1” above. We then 
excluded	an	additional	89	papers	which	did	not	meet	one	or	more	of	
the remaining criteria (“2–4” above).

It is important to note that most of the studies conducted thus 
far and included in our analyses measured attacker performance but 
not expression of plant hormone levels associated to each pathway. 
Despite this limitation, the association between specific groups of 
pathogens and phytophagous insects and each of these pathways 
is well‐established in the literature for several groups of attackers 
(e.g. leaf chewing and sucking insects, necrotrophic and biotrophic 
pathogens; Stout et al., 2006; Thaler et al., 2012). Thus, while there 
is clearly variation in responses among plant species and higher 
order taxonomic groups, as well as in the induction effects by differ‐
ent herbivore species within specific guilds, in the absence of plant 
biochemistry data (e.g. hormonal levels) we used the best available 
evidence	 linking	a	given	guild	of	consumers	to	either	the	JA	or	SA	
pathway (Thaler et al., 2012).

After	applying	the	search	keywords	and	excluding	papers	based	
on	the	above	criteria,	we	obtained	a	dataset	consisting	of	774	case	
studies from 108 studies from the primary literature published be‐
tween	1986	and	2017	in	34	scientific	journals	(see	the	list	of	refer‐
ences	in	the	Appendix	S2).	These	studies	included	72	plant	species	
(56 herbaceous and 16 woody), and reported initial damage by 63 
insect herbivore and 30 pathogen species and subsequent feeding 
or infection responses by 112 insect herbivore and 20 plant patho‐
gen species respectively. We did not find any study on mammalian 
herbivory which met our search criteria. Viruses, bacteria, fungi and 
nematodes were grouped as pathogens for statistical analyses.

For each study case, we extracted the following variables: plant 
identity and growth form (herbaceous or woody); attacker type 
(insect herbivore, biotrophic or necrotrophic fungi, virus, bacteria, 
nematode), feeding guild in the case of insect herbivores (chewer, 
miner or piercing sucking) and diet breadth (specialist or general‐
ist, as indicated by authors of primary papers) of the initial and sub‐
sequent attackers; experimental conditions (field or controlled, i.e. 
greenhouse or laboratory); spatial scale of the interaction (initial and 
subsequent attackers targeted the same or different plant parts [e.g. 
leaves,	 stem,	 roots]);	 type	of	 response	of	 the	subsequent	attacker	
(abundance, growth, weight, size, developmental time, longevity, 
survival, consumption, damage, number of eggs, eggs mass, number 
of larvae, fecundity); and finally, the signal transduction pathway of 
the initial and subsequent attackers.

We assigned each study case a single identifier (Case ID) and as‐
signed these study cases (one or more) to each corresponding paper 
(Study	 ID).	 A	 Study	 ID	 corresponded	 to	 a	 single	 published	 paper	
retained in our analysis. Within each Study ID, we considered as a 
Case ID any performance‐related response variable measured for 
each pair of induced and control plants. In most studies, more than 
one	response	variable	was	measured	for	the	same	system.	Although	
variables from the same study were not strictly independent (e.g. de‐
velopmental time, mortality, growth of the same pool of individuals), 
we used all variables to include the greatest amount of information 

and to avoid possible biases due to a priori exclusion of some vari‐
ables. The non‐independence among case studies belonging to a 
single study was accounted for in the analyses (see Section  next). In 
addition, some studies compared different plant treatments to the 
same control (e.g. the responses of a given herbivore to initial in‐
duction by different species were compared to the same uninduced 
control plant). In these cases, we retained all comparisons and con‐
trolled statistically for non‐independence of multiple comparisons to 
the same control in the analyses. When needed, we extracted data 
from figures following digitalization using ImageJ 1.51j8 software.

2.2 | Statistical analyses

For each study case, we calculated an effect size using Hedges’ d 
metric	and	its	confidence	interval	(CI;	Hedges,	1981)	in	the	“metafor”	
package	1.9-8	version	 in	r 3.2.3 (R Core Team, 2016; Viechtbauer, 
2010). Hedges’ d was the standardized mean difference between 
induced and control plants, such that negative values indicate that 
subsequent attackers performed worse on previously induced 
plants compared to control plants, whereas positive values indicate 
higher performance on previously induced than control plants (see 
Appendix	S3	for	details	on	effect	size	calculation).	For	mortality	and	
developmental time, positive values indicated lower performance of 
subsequent attackers on previously induced plants than on control 
plants.	 In	both	of	 these	cases,	we	multiplied	 the	effect	 size	by	−1	
so that the interpretation of these variables was consistent with all 
other performance traits in that lower values were indicative of re‐
duced performance of subsequent consumers.

Initially, we calculated a grand mean effect size across all stud‐
ies to assess whether there was an overall effect of plant induction 
by initial attackers on the performance of subsequent attackers. 
This grand mean effect size was considered significant if its confi‐
dence	interval	did	not	overlap	with	the	zero	(Koricheva,	Gurevitch,	
& Mengersen, 2013). We also estimated the level of consistency 
among studies by calculating between‐studies heterogeneity (τ2 
and associated Q statistics). Because τ2 is dependent on sample size, 
we calculated I2 value which is a standardized estimate of total het‐
erogeneity	 ranging	 from	0	to	1	 (Koricheva	et	al.,	2013;	Nakagawa,	
Noble,	 Senior,	 &	 Lagisz,	 2017).	 Second,	 we	 investigated	 whether	
performance of subsequent attackers was affected by the signalling 
pathways induced by the initial and subsequent attacker. For this, 
we estimated mean effect sizes for each combination of signalling 
pathways induced by the initial and subsequent attackers using the 
full	dataset	(pathway	of	initial	attacker	→	pathway	of	subsequent	at‐
tacker:	JA→JA,	JA→SA,	SA→JA,	and	SA→SA).	We	inspected	each	ef‐
fect size and determined whether it was significant if its confidence 
interval	did	not	overlap	with	zero.	A	negative	mean	effect	size	means	
that subsequent attackers associated to a given pathway performed 
worse on plants previously induced by an initial attacker associated 
with a given pathway than on controls, and a positive effect size 
means subsequent attackers performed better on previously in‐
duced plants. The expectation under the crosstalk hypothesis is that 
initial	attackers	 inducing	defences	 through	 the	JA	pathway	should	



     |  2357Journal of EcologyMOREIRA Et Al.

have	negative	effects	on	subsequent	attackers	inducing	the	JA	path‐
way (i.e. mean effect size significantly smaller than zero) but positive 
effects	on	subsequent	attackers	inducing	the	SA	pathway	(i.e.	mean	
effect size significantly greater than zero). Similarly, initial attackers 
inducing	defences	through	the	SA	pathway	should	have	negative	ef‐
fects	on	subsequent	attackers	inducing	the	SA	pathway	but	positive	
effects	on	subsequent	attackers	inducing	the	JA	pathway.

After	conducting	analyses	and	calculating	effect	 sizes	using	all	
studies, we used subsets of the database to test specific hypothe‐
sis by controlling for potential confounding factors. Specifically, we 
tested whether the effects of type of pathway induced by initial and 
subsequent attackers on the performance of the latter were contin‐
gent on (1) the biology of the initial attacker (i.e. whether the initial 
attacker was an insect herbivore or a pathogen, “attacker type” here‐
after) and (2) on whether initial and subsequent attackers fed on the 
same or different plant part. For attacker type, we ran a mixed model 
with the type of initial attacker (insect herbivore vs. pathogen) as a 
moderator and then estimated the mean effect sizes for each com‐
bination of signalling pathways induced by the initial and subsequent 
attackers	as	described	above	(JA→JA,	JA→SA,	SA→JA,	and	SA→SA)	
for insect herbivore and pathogen initial attackers. Due to the lack 
of replication for studies measuring performance of subsequent 
pathogens for some of the pathway combinations, we restricted 
our analyses to insect herbivores as subsequent attackers. Here, we 
followed the same approach described previously to assess overall 
effects of pathway combination types, which consisted in inspect‐
ing each pathway combination effect size under each initial attacker 
type and determining whether these were significant if their confi‐
dence interval did not overlap with zero. Likewise, we followed the 
same approach for effects of plant part targeted by attackers using 
a subset of the full dataset restricted to studies where both attack‐
ers were insect herbivores (replication for studies with pathogens 
was too low or in some cases lacking). In this case, we ran a mixed 
model with the plant part targeted by initial and subsequent attack‐
ers (same vs. different) as a moderator, and then assessed separately 
for each plant part whether mean effect sizes of each combination of 
pathways were significant if their confidence intervals did not over‐
lap with zero.

We also ran preliminary analyses to evaluate the effects of the 
diet breadth of the initial and subsequent attackers (specialists vs. 
generalists), experimental conditions (field or laboratory/green‐
house studies) and plant growth form (herbaceous or woody plants) 
on effect sizes of performance of subsequent attackers. Results 
indicated that performance of subsequent attackers did not differ 
(1) when initial attackers were specialists vs. generalists (QM	=	5.70,	
p	=	.127)	or	when	subsequent	attackers	were	specialists	vs.	general‐
ists (QM = 1.24, p = .266), (2) between controlled and field conditions 
(QM	=	2.27,	p = .132), or (3) between herbaceous and woody plants 
(QM = 0.85, p	=	.357).	 Based	 on	 these	 results,	 we	 did	 not	 include	
these predictors in our main statistical analyses.

In all cases, including tests of  the effects of plant part and attacker 
type, we performed multi‐level error meta‐analyses (Nakagawa 
et	al.,	2017)	with	 the	 rma.mv function of the r package metafor v. 

2.0‐0 (R Core Team, 2016; Viechtbauer, 2010) and included Study 
ID and Case ID nested within Study ID as random factors in order 
to account for correlations among effect sizes calculated from the 
same primary study. Multiple comparisons of induced plants with 
the same control plant were controlled for by computing the vari‐
ance–covariance matrix among all effect sizes.

To ensure that our results were robust and unbiased by non‐in‐
dependence among effect sizes from the same primary studies, we 
conducted two sensitivity analyses. First, we randomly selected a 
single Case ID per study ID and system ID (i.e. the combination of 
plant and initial and subsequent attacker corresponding to each 
effect size) and quantified mean effect sizes for each combina‐
tion of signalling pathways induced by the initial and subsequent 
attacker using mixed‐effect meta‐analysis (Fernández‐Conradi 
et al., 2018). We repeated this procedure 100 times and checked 
whether mean effect sizes for each combination of pathways in‐
duced by initial and subsequent attackers obtained from this ran‐
dom subset of case studies were significantly different from zero, 
as	well	 as	 compared	whether	 the	95%	distribution	of	model	 pa‐
rameter estimates was consistent with those observed from the 
complete dataset. Second, we repeated the main analyses (i.e. 
multi‐level error meta‐analysis using the complete dataset) but 
sequentially removing one primary study at a time. This analy‐
sis aimed at testing whether the main result could have resulted 
from the inclusion of any particularly influential study, in partic‐
ular studies providing a large number of case studies. For each of 
the 108 runs, corresponding to removing each of the 108 primary 
studies included in the main analysis, we checked that model pa‐
rameter estimates for each pathway were comparable, regardless 
of whether each study was included or not in the analyses. These 
two analyses indicated that our findings were robust and unbiased 
by	non-independence	among	effect	sizes	(see	Appendix	S4).

Finally, we used several approaches to verify that our results 
were	not	affected	by	publication	bias	(Koricheva	&	Gurevitch,	2014;	
Koricheva	 et	al.,	 2013):	 (1)	 inspection	 of	 funnel	 plots,	 (2)	 cumula‐
tive meta‐analysis, (3) calculation of fail‐safe number and (4) explo‐
ration of the relationship between effect sizes and journal impact 
factor (Murtaugh, 2002). These analyses are fully described in the 
Appendix	S4.	They	indicated	that	our	findings	were	robust	to	selec‐
tive reporting and dissemination bias.

3  | RESULTS

3.1 | Overall effect of initial attackers on 
subsequent attackers

The	grand	mean	effect	size	(±95%	CI)	for	performance	of	subsequent	
attackers	was	significantly	negative	(−1.34	±	[−1.93,	−0.76],	k	=	774)	
indicating that, on average, subsequent attackers performed worse 
on previously induced plants than on control plants. There was a 
large amount of total heterogeneity (τ2 = 16.18, QT	=	25213.59,	
p	<	.001),	most	of	which	(98%)	was	attributable	to	among-study	het‐
erogeneity (i.e. I2	=	0.98).
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3.2 | Interaction between plant signalling pathways

A	 comparison	 of	 mean	 effect	 sizes	 and	 their	 95%	 CI	 against	 zero	
for each combination of defensive pathways induced by initial and 
subsequent attackers did not support the crosstalk hypothesis, that 
is that initial attackers decrease the performance of subsequent at‐
tackers inducing the same pathway but increase the performance 
of subsequent attackers inducing a different pathway than them. 
Rather,	initial	attackers	inducing	the	JA	pathway	significantly	reduced	
the	performance	of	both	JA-	and	SA-inducing	subsequent	attackers	
(mean	effect	sizes	of	JA→JA	and	JA→SA	pathways	were	negative	and	
significantly different from zero; Figure 2), whereas initial attackers 
inducing	the	SA	pathway	did	not	significantly	affect	the	performance	
of	either	JA-	or	SA-inducing	subsequent	attackers	(mean	effect	sizes	
of	SA→JA	or	SA→SA	pathways	were	not	significantly	different	from	
zero; Figure 2).

3.3 | Effects of initial attacker type on plant 
signalling pathway interactions

We found a significant effect of initial attacker type on the per‐
formance of subsequent insect herbivores (QM	=	3.87,	 p	=	.049).	 A	
comparison	of	mean	effect	sizes	and	their	95%	CI	vs.	zero	 for	each	
pathway combination revealed distinct patterns depending on 

whether the initial attacker was an insect herbivore or a pathogen. 
When	 the	 initial	 attacker	was	 an	 insect,	we	 found	 that	 JA-inducing	
initial	herbivores	drove	a	 reduction	 in	performance	of	both	JA-	and	
SA-inducing	subsequent	herbivores	(mean	effect	sizes	of	JA→JA	and	
JA→SA	pathways	were	negative	and	significantly	different	from	zero;	
Figure	3a),	whereas	induction	by	SA-inducing	initial	insect	herbivores	
did	not	significantly	affect	the	performance	of	either	JA-	or	SA-induc‐
ing	 subsequent	 herbivores	 (mean	 effect	 sizes	 of	 SA→JA	or	 SA→SA	
pathways were not significantly different from zero, Figure 3a). These 
results closely resembled patterns for effect sizes of each pathway 
combination not accounting for attacker type (Figure 2), which is to 
be expected since most of the case studies used to compute such ef‐
fect sizes involved insect herbivores as subsequent attackers. On the 
other hand, when the initial attacker was a pathogen we found that 
both	JA-	and	SA-inducing	initial	pathogens	did	not	significantly	affect	
the	performance	of	either	JA-	or	SA-inducing	subsequent	insect	herbi‐
vores	(mean	effect	sizes	of	JA→JA,	JA→SA,	SA→JA	and	SA→SA	were	
not significantly different from zero; Figure 3b).

3.4 | Effects of plant part attacked on plant pathway 
interactions

Based on a subset of the dataset limited to insect herbivores as 
initial and subsequent attackers, we found that plant part signifi‐
cantly affected the performance of subsequent insect herbivores 
(QM = 8.30, p	=	.040).	A	comparison	of	mean	effect	sizes	and	their	
95%	CI	vs.	zero	for	each	pathway	combination	revealed	distinct	pat‐
terns depending on whether insect herbivores fed on the same or 
a different plant part. When initial and subsequent insects fed on 
the same part, we found the previously described pattern when not 
accounting	 for	 attacker	 type	where	 JA-inducing	 initial	 herbivores	
reduced	the	performance	of	both	JA-	and	SA-inducing	subsequent	
herbivores	(mean	effect	sizes	of	JA→JA	and	JA→SA	pathways	were	
negative	 and	 significantly	 different	 from	 zero;	 Figure	4a),	 but	 SA-
inducing initial insect herbivores did not significantly affect the 
performance	 of	 either	 JA-	 or	 SA-inducing	 subsequent	 herbivores	
(mean	effect	size	of	SA→JA	or	SA→SA	pathways	were	not	signifi‐
cantly different from zero, Figure 4a). However, when insect her‐
bivores	 fed	 on	 different	 plant	 parts	 JA-inducing	 initial	 herbivores	
influenced	JA-inducing	but	not	SA-inducing	subsequent	herbivores	
(mean	effect	size	of	JA→JA	pathway	were	negative	and	significantly	
different	from	zero	and	mean	effect	size	of	JA→SA	pathways	were	
not	significantly	different	from	zero;	Figure	4b).	Again,	SA-inducing	
initial insect herbivores did not significantly affect the performance 
of	either	JA-	or	SA-inducing	subsequent	 insect	herbivores	feeding	
on	different	plant	parts	 (mean	effect	 sizes	of	SA→JA	and	SA→SA	
were not significantly different from zero; Figure 4b).

4  | DISCUSSION

The overall pattern obtained from studies involving bioassays with 
insect herbivores and pathogens on plants did not support the 

F I G U R E  2   Mean effect size of the combination of signalling 
pathways	induced	by	the	initial	and	subsequent	attackers	(JA→JA,	
JA→SA,	SA→SA,	and	SA→JA)	on	the	performance	of	subsequent	
attackers. Dots and error bars represent model parameter 
estimates	and	corresponding	95%	bias-corrected	confidence	
intervals (CI). k = number of case studies. The vertical dashed line 
centred on zero represents the null hypothesis (i.e. no difference in 
performance of subsequent attacker between control and induced 
plants). The effect size of combined pathways induced by initial and 
subsequent	attacker	is	significant	if	the	95%	CI	does	not	include	
zero
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predicted antagonism between plant defence signalling pathways. 
Instead, we found a significant negative effect of initial attackers 
inducing	the	JA	pathway	on	both	JA-	and	SA-inducing	subsequent	
attackers,	 whereas	 initial	 attackers	 inducing	 the	 SA	 pathway	 had,	
on	 average,	 no	 significant	 effect	 on	 either	 JA-	 or	 SA-associated	

subsequent attackers. Interestingly, a closer inspection at this pat‐
tern comparing cases where the initial attacker was an insect herbi‐
vore or pathogen indicated that the biology of the initial attacker is 
important for predicting these plant‐mediated effects. When the ini‐
tial attacker was an insect herbivore, the above pattern held in that 

F I G U R E  3  Mean	effect	size	of	the	combination	of	signalling	pathways	induced	by	the	initial	and	subsequent	attackers	(JA→JA,	JA→SA,	
SA→SA,	and	SA→JA)	on	the	performance	of	subsequent	attackers.	(a)	Insect	herbivores	and	(b)	pathogens	as	initial	attackers.	Due	to	the	
lack of replication for studies measuring responses by subsequent pathogens, we restricted our analyses to insect herbivores as subsequent 
attackers.	Dots	and	error	bars	represent	model	parameter	estimates	and	corresponding	95%	bias-corrected	confidence	intervals.	k = number 
of case studies. The vertical dashed line centred on zero represents the null hypothesis (i.e. no difference in performance of subsequent 
attacker between control and induced plants). The effect size of combined pathways induced by initial and subsequent attacker is significant 
if	the	95%	CI	does	not	include	zero
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F I G U R E  4  Mean	effect	size	of	the	combination	of	signalling	pathways	induced	by	the	initial	and	subsequent	insect	herbivores	(JA→JA,	
JA→SA,	SA→SA,	and	SA→JA)	on	the	performance	of	subsequent	insect	herbivores.	Initial	and	subsequent	insect	herbivores	feeding	on	
(a)	the	same	plant	part	or	(b)	different	plant	parts.	Dots	and	error	bars	represent	model	parameter	estimates	and	corresponding	95%	bias-
corrected confidence intervals. k = number of case studies. The vertical dashed line centred on zero represents the null hypothesis (i.e. no 
difference in performance of subsequent attacker between control and induced plants). The effect size of combined pathways induced by 
initial	and	subsequent	attacker	is	significant	if	the	95%	CI	does	not	include	zero
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initial	JA-inducing	insect	herbivores	had	a	significant	negative	effect	
on subsequent herbivores associated with both pathways, whereas 
SA-inducing	herbivores,	 on	 average,	did	not	 influence	any	 type	of	
subsequent herbivore. However, when the initial attacker was a 
pathogen	there	was	no	significant	effect	of	either	JA-	or	SA-induc‐
ing pathogens on subsequent herbivores associated to either path‐
way. Further, when looking at interactions involving only herbivores 
we	found	that	JA-inducing	initial	herbivores	influenced	both	JA-	and	
SA-inducing	subsequent	herbivores	when	interactions	involved	the	
same plant part (e.g. leaves, roots, stems), but when attackers fed on 
different	plant	parts	the	effect	of	JA-inducing	herbivores	on	SA-in‐
ducing herbivores was no longer significant. Together, these findings 
suggest a degree of specificity in attacker plant‐mediated interac‐
tions where effects on subsequent insect herbivores are present 
when the initial attacker is also an herbivore but not when the initial 
inducer	is	a	pathogen,	and	interactions	involving	JA-associated	ini‐
tial herbivores are stronger or more consistent when both attackers 
feed on the same plant part.

A	number	of	studies	based	on	attacker	bioassays	have	reported	
the expected pattern of crosstalk between plant signalling pathways, 
where initial attackers increase performance of subsequent attackers 
associated to a different defensive pathway than the former, presum‐
ably due to reciprocal antagonism between plant signalling pathways 
(reviewed by Pieterse et al., 2006; Stout et al., 2006; Thaler et al., 
2012). Counter to this prediction, we found no evidence of increased 
performance of subsequent attackers associated to different plant 
signalling pathways than initial attackers, and this held true for both 
pathways.	Rather,	we	 found	a	 strong	pattern	where	 JA-associated	
initial attackers had consistent negative effects on all attacker types 
(regardless	 of	 inducing	 pathway),	whereas	 SA-associated	 initial	 at‐
tackers elicited weaker and more variable plant‐mediated effects 
on	subsequent	attackers.	The	fact	that	JA-inducing	initial	attackers	
influenced	both	JA-	and	SA-inducing	subsequent	attackers	suggests	
consistently	stronger	(negative)	effects	of	JA-inducing	attackers	on	
all types of subsequent attackers on the one hand, but also a poten‐
tial	synergism	between	JA-	and	SA-	related	defence	responses	when	
initial	attackers	are	JA-associated	(De	Vos	et	al.,	2006;	Hatcher,	Paul,	
Ayres,	&	Whittaker,	1994).	These	patterns,	however,	held	primarily	
for cases where both attackers were insect herbivores and not when 
initial attackers were pathogens, as we shall discuss ahead. In ad‐
dition, it is important to note that there tended to be overall more 
variability	 in	 responses	 to	 SA-inducing	 attackers	 than	 JA-inducing	
attackers,	particularly	for	effects	of	SA-inducing	initial	attackers	on	
SA-inducing	subsequent	attackers	where	the	mean	effect	size	was	
reasonably strong but variability was high (Figure 2). Increased vari‐
ability	in	the	effects	by	SA	inducers	could	reflect	concomitant	vari‐
ability in the degree of plant induction by these attackers, perhaps 
because this group includes species that produce a greater diversity 
of plant induced responses, from manipulation of plant metabolism 
to supress plant induction to induction of both signalling pathways 
(see	Section		ahead).	If	SA-associated	attackers	as	a	whole	do	in	fact	
produce more variable plant responses, then this would potentially 
weaken selection on the plant for consistent responses and thus 

limit signalling pathway interactions and increase variability in the 
direction and strength of plant‐mediated effects on subsequent at‐
tackers.	A	good	way	forward	to	address	 this	would	be	to	perform	
phylogenetically  controlled experiments with congeneric plant and 
herbivore species that compared the magnitude of plant induced re‐
sponses (hormone concentrations and defence levels) in response 
to	multiple	species	of	JA	and	SA-associated	attackers	and	measured	
effects on subsequent attackers.

One often cited cause behind patterns that do not fit the pre‐
diction of reciprocal antagonism between plant signalling pathways 
is that insect herbivores and pathogens have evolved strategies to 
manipulate plant signalling pathways and attenuate defence induc‐
tion (Consales et al., 2012; Diezel, von Dahl, Gaquerel, & Baldwin, 
2009;	Pieterse	&	Dicke,	2007).	Attenuation	of	induced	responses	by	
initial attackers may weaken plant‐mediated effects on subsequent 
feeders as well as prevent crosstalk between plant signalling path‐
ways. This phenomenon may be particularly important in the case of 
piercing–sucking	SA-inducing	insect	herbivores.	For	example,	SA-in‐
ducing sap‐feeders such as aphids typically cause less damage than 
(JA-inducing)	chewing	herbivores	and	also	inject	specific	compounds	
(“effectors”) that manipulate or attenuate the plant’s hormonal de‐
fensive	 response	 (Züst	 &	 Agrawal,	 2016).	 Similarly,	 SA-inducing	
biotrophic pathogens have been shown to actively suppress plant 
defences	(Abramovitch	&	Martin,	2004;	Vargas	et	al.,	2012).	On	the	
other hand, however, findings from other studies suggest that at‐
tacker manipulation of plant defences may in fact promote interac‐
tions between plant hormonal pathways. For example, studies with 
aphids suggest that these insects actively induce (by manipulation) 
the	SA-pathway	to	suppress	the	JA-pathway,	and	this	in	turn	benefits	
JA-inducing	herbivores	(Züst	&	Agrawal,	2016).	In	addition,	attacker	
manipulation of plant hormonal signalling has been predicted to be 
more prone when interactions involve dietary specialist consumers. 
In this case, we found no difference in the observed patterns after 
controlling for attacker diet breadth, suggesting that plant manipu‐
lation did not play a preponderant role based on analysed studies. 
Other explanations for lack of interactions between plant pathways 
or variability in sign or magnitude of effects on attackers could be 
differences in the specific responses measured (e.g. herbivore feed‐
ing	vs.	performance;	Stenberg	&	Muola,	2017)	or	in	the	environmen‐
tal conditions (e.g. plants grown under limiting conditions might be 
more likely to exhibit pathway interactions or defence trade‐offs; 
Sampedro,	Moreira,	&	Zas,	2011).	Unfortunately,	we	lacked	replica‐
tion to test for these potentially confounding factors.

Subsequent analyses by type of initial attacker showed the pre‐
viously	described	pattern	where	JA-inducing	initial	herbivores	had	a	
significant	negative	effect	on	the	performance	of	both	JA-	and	SA-
inducing	 subsequent	 herbivores	 but	 SA-inducing	 initial	 herbivores	
did not influence either group of subsequent herbivore. In contrast, 
pathogen initial attackers did not have a significant effect on any 
type	of	herbivore	 regardless	of	pathway	 type	 combination	 (SA-in‐
ducing	pathogens	tended	to	have	a	positive	effect	on	SA-inducing	
subsequent	herbivores,	but	this	mean	effect	was	not	significant).	A	
plausible explanation for the lack of plant‐mediated effects involving 
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pathogens could be the predominance of manipulation of the host 
plant’s induced defence responses reported for some groups such as 
necrotrophic pathogens (which have been shown to strongly induce 
JA).	For	example,	previous	work	has	shown	that	necrotrophic	patho‐
gens disrupt plant defence signalling (Prins et al., 2000; Sharon, Elad, 
Barakat, & Tudzynski, 2004) or detoxify host metabolites that inter‐
fere	with	virulence	 (Morrissey	&	Osbourn,	1999),	 and	phenomena	
such as these may prevent effects of initial infection on subsequent 
insects feeding on plants. In addition, previous work has reported 
that leaf‐chewing insects and necrotrophic pathogens are mainly 
associated	with	 the	production	of	 JA,	 but	 this	may	not	 always	 be	
the case. For example, a recent study reported that damage by 
leaf-chewing	insects	usually	only	induces	the	JA-pathway,	whereas	
necrotrophic	pathogens	 inducing	the	JA	pathway	may	also	moder‐
ately	induce	the	SA-pathway	which	could	in	turn	inhibit	the	expres‐
sion	of	genes	associated	with	JA-related	defences	(Biere	&	Goverse,	
2016). This concomitant induction of both pathways by necrotrophic 
pathogens may lead to interference or variable levels of induction of 
JA-	or	SA-related	defences,	which	could	explain	the	observed	 lack	
of a significant effect size of pathogens on subsequent insect her‐
bivores. Last but not least, we must note that the lack of effect of 
pathogens on subsequent attackers could also be explained by the 
lower	number	of	studies	used,	particularly	in	the	case	of	JA-induc‐
ing initial pathogens. Only by increasing the number of studies with 
pathogens will it be possible to refute or corroborate these patterns. 
In particular, ethylene has been shown to play an important role in 
plant responses to pathogen attack (Broekaert, Delauré, De Bolle, & 
Cammue, 2006). For example, work has shown that ethylene mod‐
ulates	 the	 sensitivity	 to	 JA-related	 responses	 and	 its	 downstream	
responses	(von	Dahl	&	Baldwin,	2007;	see	also	Caarls	et	al.,	2017).	
Further studies are much needed to better understand the interac‐
tions	between	ethylene,	JA	and	SA.

When looking exclusively at plant‐mediated interactions be‐
tween	insect	herbivores,	results	showed	that	negative	effects	of	JA-
inducing	initial	herbivores	on	both	JA-	and	SA-inducing	subsequent	
herbivores occurred only when both attackers fed on the same plant 
part.	Effects	of	JA-inducing	initial	herbivores	on	SA-inducing	subse‐
quent herbivores were no longer significant when interactions in‐
volved different plant parts. Similarly a recent meta‐analysis found 
that initial pathogen infections drove stronger reductions on the 
performance of subsequent chewing insect herbivores when both 
attackers feed on the same plant part (vs. different parts; Fernández‐
Conradi et al., 2018). The proposed explanation for this pattern is 
that interactions between initial and subsequent attackers feeding 
on different plant parts are more likely to be exclusively plant‐medi‐
ated since both groups of insects are spatially separated, whereas in‐
teractions involving the same plant part may lead to both direct (e.g. 
via competition or interference) and indirect (i.e. plant‐mediated) 
interactions. In this sense, direct and indirect effects may have ad‐
ditive effects and this could explain the observed stronger (or more 
consistent)	negative	effects	of	 JA-inducing	herbivores	when	 initial	
and subsequent attack were on the same plant part (Fernández‐
Conradi	et	al.,	2018).	A	related	aspect	which	was	not	addressed	by	

our analyses, which may influence the strength of plant‐mediated 
effects and interact with effects of plant part is distance between 
feeding	 sites	 of	 initial	 and	 subsequent	 attackers	 (Agrawal,	 2011).	
However, the effect of distance may not always correlate with the 
occurrence of interactions within vs. between plant parts (i.e. distant 
attacks on the same plant part or attacks on different parts that are 
close	to	each	other).	Unfortunately,	most	studies	do	not	report	infor‐
mation on whether damage by initial vs. subsequent attackers was 
conducted on the same leaf or branch, and insect feeding is usually 
not	constrained	to	a	given	leaf	or	part.	As	a	result,	it	was	not	possible	
to control for distance to damage site. Further work is necessary to 
assess the independent and combined effects of plant part attacked 
and distance between feeding sites to better characterize the spec‐
ificity of within‐plant induction patterns in response to multiple at‐
tacks as well as its underlying mechanisms.

4.1 | Gaps in research and future work

There are several factors as well as biases and limitations in research 
that likely influence the occurrence or magnitude of interactions be‐
tween	plant	 JA	and	SA	pathways	and	 these	might	explain	 some	of	
the patterns reported here. First, many of the attackers might have 
mechanisms to cope with (or, as mentioned earlier, even manipulate) 
plant hormone‐regulated immune responses which globally might 
have averaged out (or attenuated) many of the stronger effects ob‐
served	 in	 some	 individual	 studies.	 Second,	 JA–SA	 antagonism	 has	
been reported for c.	20	plant	species,	most	of	which	(>60%)	are	model	
herbaceous plants (e.g. Arabidopsis) and crops (e.g. tomato, tobacco) 
(Thaler et al., 2012), which may not be representative of induced re‐
sponses across a more diverse pool of plant life‐forms or taxonomic 
groups. Third, evidence for reciprocal antagonism reported in studies 
measuring gene expression, hormone levels or even defensive com‐
pounds does not always translate into changes in actual resistance 
(see Thaler et al., 2012 and references therein). This may occur, for 
example, because readouts of pathway end product are not effec‐
tive	against	 all	 species	of	herbivores	or	pathogens	 (Thaler,	Karban,	
Ullman,	Boege,	&	Bostock,	2002).	Such	uncoupling	of	defence	or	hor‐
monal expression and attacker performance likely explain some of 
the discrepancy in studies reporting effects on plant defensive traits 
vs. studies reviewed here measuring attacker performance.

Our analyses of the literature also highlights a severe bias in 
research towards specific groups of attackers used as either ini‐
tial	 or	 subsequent	 attackers.	 Although	 there	 is	 a	 vast	 amount	 of	
literature in plant responses to pathogen infection (reviewed by 
Glazebrook, 2005), clearly, much fewer studies addressing plant‐
mediated interactions have involved pathogens compared to in‐
sect herbivores (reviewed by Biere & Goverse, 2016), therefore 
limiting our understanding of plant‐mediated pathogen–herbivore 
and	pathogen–pathogen	interactions.	Another	bias	relates	to	plant	
growth	 forms	as	most	of	 the	analysed	studies	 (78%)	used	herba‐
ceous plants which, in comparison with woody plants, may largely 
differ in the nature and magnitude of induced defensive responses 
(e.g. qualitative changes for herbaceous vs. quantitative changes 
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for woody. Without more research exploring the outcomes of in‐
teractions involving different functional groups or species of plants 
and pathogens, our knowledge will remain incomplete and drawing 
robust generalizations about these phenomena will not be possible.

Finally, another key challenge will be to develop experiments 
with the appropriate replication for testing the effects of plant and 
attacker traits (e.g. contrasting plant growth forms and different at‐
tacker functional groups or guilds). Results from such studies will 
improve our understanding and ability to predict plant induced re‐
sponses to attackers and plant‐mediated indirect interactions. In 
addition, as plant induced responses by different groups of attack‐
ers are better described (e.g. phloem‐feeding insects, necrotrophic 
pathogens) we will achieve a better characterization of induced re‐
sponses by different groups of attackers. This will allow to establish 
more direct and reliable links between plant induced responses and 
bioassays measuring attacker performance.

ACKNOWLEDG EMENTS

We	 thank	 Pilar	 Fernández-Conradi	 (INRA,	 Bordeaux)	 for	 her	 help	
in data collection. Comments and suggestions by Martin Heil, 
Erik Poelman and an anonymous reviewer helped to improve the 
manuscript. This research was financially supported by a Regional 
Government	 of	 Galicia	 Grant	 (IN607D	 2016/001),	 a	 Spanish	
National	Research	Grant	(AGL2015-70748-R)	and	the	Ramón	y	Cajal	
Research Programme (RYC‐2013‐13230) to X.M. and a grant from 
the	i-LINK+	CSIC	program	(I-LINK1221)	to	X.M.	and	B.C.

AUTHORS’  CONTRIBUTIONS

X.M.	formulated	the	idea	of	the	manuscript;	X.M.,	B.C.,	L.A.-R.	de‐
signed the searching protocol; X.M. searched the literature and col‐
lected data; X.M. contributed materials/analysis tools; B.C. analysed 
the	data;	X.M.	wrote	 the	manuscript;	L.A.-R.	and	B.C.	contributed	
critically to the writing.

DATA ACCE SSIBILIT Y

Data available from the Dryad Digital Repository: https://doi.
org/10.5061/dryad.0nd4r91	(Moreira,	Abdala-Roberts,	&	Castagneyrol,	 
2018).

ORCID

Xoaquín Moreira  http://orcid.org/0000‐0003‐0166‐838X 

R E FE R E N C E S

Abramovitch,	 R.	 B.,	 &	Martin,	 G.	 B.	 (2004).	 Strategies	 used	 by	 bacte‐
rial pathogens to suppress plant defenses. Current Opinion in Plant 
Biology, 7, 356–364. https://doi.org/10.1016/j.pbi.2004.05.002

Agrawal,	A.	A.	(2000).	Specificity	of	induced	resistance	in	wild	radish:	Causes	
and consequences for two specialist and two generalist caterpillars. Oikos, 
89,	493–500.	https://doi.org/10.1034/j.1600-0706.2000.890308.x

Agrawal,	 A.	 A.	 (2011).	 Current	 trends	 in	 the	 evolutionary	 ecology	
of plant defense. Functional Ecology, 25, 420–432. https://doi.
org/10.1111/j.1365-2435.2010.01796.x

Ajlan,	A.	M.,	&	Potter,	D.	A.	(1992).	Lack	of	effect	of	tobacco	mosaic	virus-
induced systemic acquired resistance on arthropod herbivores in 
tobacco. Phytopathology, 82,	 647–651.	 https://doi.org/10.1094/
Phyto-82-647

Ali,	 J.	 G.,	 &	 Agrawal,	 A.	 A.	 (2012).	 Specialist	 versus	 generalist	 insect	
herbivores and plant defense. Trends in Plant Science, 17,	293–302.	
https://doi.org/10.1016/j.tplants.2012.02.006

Ali,	 J.	 G.,	 &	 Agrawal,	 A.	 A.	 (2014).	 Asymmetry	 of	 plant-mediated	 in‐
teractions between specialist aphids and caterpillars on two 
milkweeds. Functional Ecology, 28, 1404–1414. https://doi.
org/10.1111/1365-2435.12271

Biere,	 A.,	 &	 Goverse,	 A.	 (2016).	 Plant-mediated	 systemic	 interactions	
between pathogens, parasitic nematodes, and herbivores above‐ 
and belowground. Annual Review of Phytopathology, 54,	 499–527.	
https://doi.org/10.1146/annurev‐phyto‐080615‐100245

Bingham,	 R.	 A.,	 &	 Agrawal,	 A.	 A.	 (2010).	 Specificity	 and	 trade-offs	 in	
the induced plant defence of common milkweed Asclepias syriaca 
to two lepidopteran herbivores. Journal of Ecology, 98, 1014–1022. 
https://doi.org/10.1111/j.1365-2745.2010.01681.x

Broekaert,	W.	F.,	Delauré,	S.	L.,	De	Bolle,	M.	F.	C.,	&	Cammue,	B.	P.	A.	
(2006). The role of ethylene in host‐pathogen interactions. Annual 
Review of Phytopathology, 44,	 393–416.	 https://doi.org/10.1146/
annurev.phyto.44.070505.143440

Caarls, L., Van der Does, D., Hickman, R., Jansen, W., Van Verk, M. C., 
Proietti,	 S.,	 …	 Van	Wees,	 S.	 C.	 M.	 (2017).	 Assessing	 the	 role	 of	
ETHYLENE	RESPONSE	FACTOR	transcriptional	repressors	 in	sal‐
icylic acid‐mediated suppression of jasmonic acid‐responsive. Plant 
and Cell Physiology, 58,	266–278.

Consales, F., Schweizer, F., Erb, M., Gouhier‐Darimont, C., Bodenhausen, N., 
Bruessow, F., … Reymond, P. (2012). Insect oral secretions suppress 
wound‐induced responses in Arabidopsis. Journal of Experimental 
Botany, 63,	727–737.	https://doi.org/10.1093/jxb/err308

De	 Vos,	 M.,	 Van	 Zaanen,	W.,	 Koornneef,	 A.,	 Korzelius,	 J.	 P.,	 Dicke,	
M., Van Loon, L. C., & Pieterse, C. M. J. (2006). Herbivore‐in‐
duced resistance against microbial pathogens in Arabidopsis. 
Plant Physiology, 142, 352–363. https://doi.org/10.1104/
pp.106.083907

Diezel,	C.,	von	Dahl,	C.	C.,	Gaquerel,	E.,	&	Baldwin,	I.	T.	(2009).	Different	
lepidopteran elicitors account for crosstalk in herbivory‐induced 
phytohormone signaling. Plant Physiology, 150,	1576–1586.	https://
doi.org/10.1104/pp.109.139550

Erb,	M.,	Meldau,	 S.,	 &	Howe,	G.	A.	 (2012).	 Role	 of	 phytohormones	 in	
insect‐specific plant reactions. Trends in Plant Science, 17,	250–259.	
https://doi.org/10.1016/j.tplants.2012.01.003

Erb, M., Robert, C., Hibbard, B., & Turlings, T. (2011). Sequence 
of arrival determines plant‐mediated interactions be‐
tween herbivores. Journal of Ecology, 99,	 7–15.	 https://doi.
org/10.1111/j.1365-2745.2010.01757.x

Erb, M., Ton, J., Degenhardt, J., & Turlings, T. C. J. (2008). Interactions be‐
tween arthropod‐induced aboveground and belowground defenses 
in plants. Plant Physiology, 146,	867–874.	https://doi.org/10.1104/
pp.107.112169

Fernández-Conradi,	P.,	Jactel,	H.,	Robin,	C.,	Tack,	A.	J.	M.,	&	Castagneyrol,	
B. (2018). Fungi reduce preference and performance of insect 
herbivores on infected plants. Ecology, 99, 300–311. https://doi.
org/10.1002/ecy.2044

Glazebrook, J. (2005). Contrasting mechanisms of defense against 
biotrophic and necrotrophic pathogens. Annual Review of 
Phytopathology, 43,	 205–227.	 https://doi.org/10.1146/annurev.
phyto.43.040204.135923

Hatcher,	P.	E.,	Paul,	N.	D.,	Ayres,	P.	G.,	&	Whittaker,	J.	B.	(1994).	Interactions	
between Rumex spp., herbivores and a rust fungus: Gastrophysa 

https://doi.org/10.5061/dryad.0nd4r91
https://doi.org/10.5061/dryad.0nd4r91
http://orcid.org/0000-0003-0166-838X
http://orcid.org/0000-0003-0166-838X
https://doi.org/10.1016/j.pbi.2004.05.002
https://doi.org/10.1034/j.1600-0706.2000.890308.x
https://doi.org/10.1111/j.1365-2435.2010.01796.x
https://doi.org/10.1111/j.1365-2435.2010.01796.x
https://doi.org/10.1094/Phyto-82-647
https://doi.org/10.1094/Phyto-82-647
https://doi.org/10.1016/j.tplants.2012.02.006
https://doi.org/10.1111/1365-2435.12271
https://doi.org/10.1111/1365-2435.12271
https://doi.org/10.1146/annurev-phyto-080615-100245
https://doi.org/10.1111/j.1365-2745.2010.01681.x
https://doi.org/10.1146/annurev.phyto.44.070505.143440
https://doi.org/10.1146/annurev.phyto.44.070505.143440
https://doi.org/10.1093/jxb/err308
https://doi.org/10.1104/pp.106.083907
https://doi.org/10.1104/pp.106.083907
https://doi.org/10.1104/pp.109.139550
https://doi.org/10.1104/pp.109.139550
https://doi.org/10.1016/j.tplants.2012.01.003
https://doi.org/10.1111/j.1365-2745.2010.01757.x
https://doi.org/10.1111/j.1365-2745.2010.01757.x
https://doi.org/10.1104/pp.107.112169
https://doi.org/10.1104/pp.107.112169
https://doi.org/10.1002/ecy.2044
https://doi.org/10.1002/ecy.2044
https://doi.org/10.1146/annurev.phyto.43.040204.135923
https://doi.org/10.1146/annurev.phyto.43.040204.135923


     |  2363Journal of EcologyMOREIRA Et Al.

viridula grazing reduces subsequent infection by Uromyces rumicis. 
Functional Ecology, 8,	265–272.	https://doi.org/10.2307/2389910

Hedges,	L.	V.	 (1981).	Distribution	theory	for	glass’s	estimator	of	effect	
size and related estimators. Journal of Educational and Behavioral 
Statistics, 6,	107–128.

Howe,	A.	G.,	&	Jander,	G.	 (2008).	Plant	 immunity	to	 insect	herbivores.	
Annual Review of Plant Biology, 59, 41–66. https://doi.org/10.1146/
annurev.arplant.59.032607.092825

Inbar,	M.,	Doostdar,	H.,	Sonoda,	R.	M.,	Leibee,	G.	L.,	&	Mayer,	R.	T.	(1998).	
Elicitors of plant defensive systems reduce insect densities and dis‐
ease incidence. Journal of Chemical Ecology, 24,	 135–149.	 https://
doi.org/10.1023/A:1022397130895

Johnson,	S.	N.,	Clark,	K.	E.,	Hartley,	S.	E.,	Jones,	T.	H.,	McKenzie,	S.	W.,	
&	 Koricheva,	 J.	 (2012).	 Aboveground-belowground	 herbivore	 in‐
teractions:	 A	 meta-analysis.	 Ecology, 93, 2208–2215. https://doi.
org/10.1890/11-2272.1

Karban,	 R.	 (2011).	 The	 ecology	 and	 evolution	 of	 induced	 resistance	
against herbivores. Functional Ecology, 25,	 339–347.	 https://doi.
org/10.1111/j.1365-2435.2010.01789.x

Koricheva,	 J.,	&	Gurevitch,	 J.	 (2014).	Uses	 and	misuses	of	meta-analy‐
sis in plant ecology. Journal of Ecology, 102, 828–844. https://doi.
org/10.1111/1365-2745.12224

Koricheva,	J.,	Gurevitch,	J.,	&	Mengersen,	K.	(2013).	Handbook of meta‐
analysis in ecology and evolution.	Princeton,	NJ:	Princeton	University	
Press.	https://doi.org/10.1515/9781400846184

Mithöfer,	 A.,	 &	 Boland,	 W.	 (2012).	 Plant	 defence	 against	 herbivores:	
Chemical aspects. Annual Review of Plant Biology, 63, 431–450. 
https://doi.org/10.1146/annurev‐arplant‐042110‐103854

Moreira,	 X.,	 Abdala-Roberts,	 L.,	 Castagneyrol,	 B.	 (2018).	 Data	 from:	
Interactions between plant defence signalling pathways: Evidence 
from bioassays with insect herbivores and plant pathogens. Dryad 
Digital Repository,	https://doi.org/10.5061/dryad.0nd4r91

Moreira,	X.,	Abdala-Roberts,	L.,	Hernández-Cumplido,	J.,	Cuny,	M.	A.	
C., Glauser, G., & Benrey, B. (2015). Specificity of induced de‐
fenses, growth, and reproduction in lima bean (Phaseolus lunatus, 
Fabaceae) in response to multispecies herbivory. American Journal 
of Botany, 102,	1300–1308.	https://doi.org/10.3732/ajb.1500255

Morrissey,	J.	P.,	&	Osbourn,	A.	E.	(1999).	Fungal	resistance	to	plant	anti‐
biotics as a mechanism of pathogenesis. Microbiology and Molecular 
Biology Reviews, 63,	708–724.

Murtaugh,	P.	A.	(2002).	Journal	quality,	effect	size,	and	publication	bias	
in meta‐ analysis. Ecology, 83, 1162–1166.

Nakagawa,	S.,	Noble,	D.	W.	A.,	Senior,	A.	M.,	&	Lagisz,	M.	(2017).	Meta-
evaluation of meta‐analysis: Ten appraisal questions for biologists. 
BMC Biology, 15,	18.	https://doi.org/10.1186/s12915-017-0357-7

Núñez-Farfán,	J.,	Fornoni,	J.,	&	Valverde,	P.	L.	 (2007).	The	evolution	of	
resistance and tolerance to herbivores. Annual Review of Ecology, 
Evolution, and Systematics, 38, 541–566. https://doi.org/10.1146/
annurev.ecolsys.38.091206.095822

Pieterse,	 C.	 M.	 J.,	 &	 Dicke,	 M.	 (2007).	 Plant	 interactions	 with	 mi‐
crobes and insects: From molecular mechanisms to ecology. 
Trends in Plant Science, 12,	 564–569.	 https://doi.org/10.1016/j.
tplants.2007.09.004

Pieterse,	 C.	 M.,	 Schaller,	 A.,	 Mauch-Mani,	 B.,	 &	 Conrath,	 U.	 (2006).	
Signaling in plant resistance responses: Divergence and cross‐talk 
of defense pathways. In S. Tuzun, & E. Bent (Eds.), Multigenic and 
induced systemic resistance in plants	 (pp.	166–196).	New	York,	NY:	
Springer.	https://doi.org/10.1007/b101085

Pieterse,	C.	M.,	Van	der	Does,	D.,	Zamioudis,	C.,	Leon-Reyes,	A.,	&	Van	
Wees, S. C. (2012). Hormonal modulation of plant immunity. Annual 
Review of Cell and Developmental Biology, 28,	489–521.	https://doi.
org/10.1146/annurev-cellbio-092910-154055

Poelman,	 E.	 H.,	 Broaekgaarden,	 C.,	 Van	 Loon,	 J.	 J.	 A.,	 &	 Dicke,	 M.	
(2008). Early season herbivore differentially affects plant de‐
fense responses to subsequently colonizing herbivores and their 

abundance in the field. Molecular Ecology, 17, 3352–3365. https://
doi.org/10.1111/j.1365-294X.2008.03838.x

Poelman, E. H., & Dicke, M. (2014). Plant‐mediated interactions among in‐
sects within a community ecological perspective.	Chichester,	UK:	John	
Wiley	&	Sons	Ltd.	https://doi.org/10.1002/9781118829783

Prins,	T.	W.,	Tudzynski,	P.,	Tiedemann,	A.	V.,	Tudzynski,	B.,	ten	Have,	A.,	
Hansen,	M.	E.,	…	van	Kan,	J.	A.	L.	(2000).	Infection	strategie	of	Botrytis 
cinerea	and	related	necrotrophic	pathogens.	In	J.	W.	Kronstad	(Ed.),	
Fungal pathology	 (pp.	33–64).	Dordrecht,	the	Netherlands:	Kluwer	
Academic	Publishers.	https://doi.org/10.1007/978-94-015-9546-9

R Core Team. (2016). R: A language and environment for statistical com‐
puting.	 Vienna,	 Austria:	 R	 Foundation	 for	 Statistical	 Computing.	
Retrieved from http://www.R‐project.org/

Sampedro,	L.,	Moreira,	X.,	&	Zas,	R.	(2011).	Costs	of	constitutive	and	her‐
bivore‐induced chemical defenses in pine trees emerge only under 
low resources availability. Journal of Ecology, 99,	818–827.	https://
doi.org/10.1111/j.1365-2745.2011.01814.x

Sharon,	A.,	Elad,	Y.,	Barakat,	R.,	&	Tudzynski,	P.	(2004).	Phytohormones	
in Botrytis‐plant interactions. In Y. Elad, B. Williamson, P. Tudzynski, 
& N. Delen (Eds.), Botrytis: Biology, pathology and Control (pp. 163–
179).	Dordrecht,	the	Netherlands:	Kluwer	Academic	Publishers.

Stenberg,	J.	A.,	&	Muola,	A.	(2017).	How	should	plant	resistance	to	her‐
bivores be measured? Frontiers in Plant Science, 8, 663. https://doi.
org/10.3389/fpls.2017.00663

Stout,	M.	J.,	Fidantsef,	A.	L.,	Duffey,	S.	S.,	&	Bostock,	R.	M.	(1999).	Signal	
interactions in pathogen and insect attack: Systemic plant‐medi‐
ated interactions between pathogens and herbivores of the tomato, 
Lycopersicon esculentum. Physiological and Molecular Plant Pathology, 
54,	115–130.	https://doi.org/10.1006/pmpp.1998.0193

Stout, M. J., Thaler, J. S., & Thomma, B. P. H. J. (2006). Plant‐mediated 
interactions between pathogenic microorganisms and herbivorous 
arthropods. Annual Review of Entomology, 51,	663–689.	https://doi.
org/10.1146/annurev.ento.51.110104.151117

Tack,	A.	J.	M.,	&	Dicke,	M.	(2013).	Plant	pathogens	structure	arthropod	
communities across multiple spatial and temporal scales. Functional 
Ecology, 27,	633–645.	https://doi.org/10.1111/1365-2435.12087

Thaler,	J.	S.,	Humphrey,	P.	T.,	&	Whiteman,	N.	K.	(2012).	Evolution	of	jas‐
monate and salicylate signal crosstalk. Trends in Plant Science, 17, 
260–270.	https://doi.org/10.1016/j.tplants.2012.02.010

Thaler,	J.	S.,	Karban,	R.,	Ullman,	D.	E.,	Boege,	K.,	&	Bostock,	R.	M.	(2002).	
Cross‐talk between jasmonate and salicylate plant defense path‐
ways: Effects on several plant parasites. Oecologia, 131,	227–235.	
https://doi.org/10.1007/s00442-002-0885-9

van	Dam,	N.	M.,	Witjes,	 L.,	&	Svatos,	A.	 (2004).	 Interactions	between	
aboveground and belowground induction of glucosinolates in two 
wild Brassica species. New Phytologist, 161, 801–810. https://doi.
org/10.1111/j.1469-8137.2004.00984.x

Van	Zandt,	P.	A.,	&	Agrawal,	A.	A.	(2004).	Specificity	of	induced	plant	re‐
sponses to specialist herbivores of the common milkweed Asclepias 
syriaca. Oikos, 104,	 401–409.	 https://doi.org/10.1111/j.0030-1299. 
2004.12964.x

Vargas,	W.	A.,	Sanz	Martín,	J.	M.,	Rech,	G.	E.,	Rivera,	L.	P.,	Benito,	E.	P.,	
Díaz-Mínguez,	J.	M.,	…	Sukno,	S.	A.	 (2012).	Plant	defense	mecha‐
nisms are activated during biotrophic and necrotrophic development 
of Colletotricum graminicola in maize1,[W][OA].	Plant Physiology, 158, 
1342–1358.	https://doi.org/10.1104/pp.111.190397

Viechtbauer, W. (2010). Conducting meta‐analyses in R with the metafor 
package. Journal of Statistical Software, 36, 1–48.

von	Dahl,	C.	C.,	&	Baldwin,	I.	T.	(2007).	Deciphering	the	role	of	ethylene	
in plant–herbivore interactions. Journal of Plant Growth Regulation, 
26,	201–209.	https://doi.org/10.1007/s00344-007-0014-4

Wondafrash, M., van Dam, N. M., & Tytgat, T. O. G. (2013). Plant sys‐
temic induced responses mediate interactions between root para‐
sitic nematodes and aboveground herbivorous insects. Frontiers in 
Plant Science, 4,	87.

https://doi.org/10.2307/2389910
https://doi.org/10.1146/annurev.arplant.59.032607.092825
https://doi.org/10.1146/annurev.arplant.59.032607.092825
https://doi.org/10.1023/A:1022397130895
https://doi.org/10.1023/A:1022397130895
https://doi.org/10.1890/11-2272.1
https://doi.org/10.1890/11-2272.1
https://doi.org/10.1111/j.1365-2435.2010.01789.x
https://doi.org/10.1111/j.1365-2435.2010.01789.x
https://doi.org/10.1111/1365-2745.12224
https://doi.org/10.1111/1365-2745.12224
https://doi.org/10.1515/9781400846184
https://doi.org/10.1146/annurev-arplant-042110-103854
https://doi.org/10.5061/dryad.0nd4r91
https://doi.org/10.3732/ajb.1500255
https://doi.org/10.1186/s12915-017-0357-7
https://doi.org/10.1146/annurev.ecolsys.38.091206.095822
https://doi.org/10.1146/annurev.ecolsys.38.091206.095822
https://doi.org/10.1016/j.tplants.2007.09.004
https://doi.org/10.1016/j.tplants.2007.09.004
https://doi.org/10.1007/b101085
https://doi.org/10.1146/annurev-cellbio-092910-154055
https://doi.org/10.1146/annurev-cellbio-092910-154055
https://doi.org/10.1111/j.1365-294X.2008.03838.x
https://doi.org/10.1111/j.1365-294X.2008.03838.x
https://doi.org/10.1002/9781118829783
https://doi.org/10.1007/978-94-015-9546-9
http://www.R-project.org/
https://doi.org/10.1111/j.1365-2745.2011.01814.x
https://doi.org/10.1111/j.1365-2745.2011.01814.x
https://doi.org/10.3389/fpls.2017.00663
https://doi.org/10.3389/fpls.2017.00663
https://doi.org/10.1006/pmpp.1998.0193
https://doi.org/10.1146/annurev.ento.51.110104.151117
https://doi.org/10.1146/annurev.ento.51.110104.151117
https://doi.org/10.1111/1365-2435.12087
https://doi.org/10.1016/j.tplants.2012.02.010
https://doi.org/10.1007/s00442-002-0885-9
https://doi.org/10.1111/j.1469-8137.2004.00984.x
https://doi.org/10.1111/j.1469-8137.2004.00984.x
https://doi.org/10.1111/j.0030-1299.2004.12964.x
https://doi.org/10.1111/j.0030-1299.2004.12964.x
https://doi.org/10.1104/pp.111.190397
https://doi.org/10.1007/s00344-007-0014-4


2364  |    Journal of Ecology MOREIRA Et Al.

Zehnder,	 G.	 W.,	 Murphy,	 J.	 F.,	 Sikora,	 E.	 J.,	 &	 Kloepper,	 J.	 W.	
(2001).	 Application	 of	 rhizobacteria	 for	 induced	 resistance.	
European Journal of Plant Pathology, 107,	 39–50.	 https://doi.
org/10.1023/A:1008732400383

Züst,	T.,	&	Agrawal,	A.	A.	(2016).	Mechanisms	and	evolution	of	plant	re‐
sistance to aphids. Nature Plants, 2, 16206.

SUPPORTING INFORMATION

Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting Information section at the end of the article.

How to cite this article:	Moreira	X,	Abdala-Roberts	L,	
Castagneyrol B. Interactions between plant defence 
signalling pathways: Evidence from bioassays with insect 
herbivores and plant pathogens. J Ecol. 2018;106:2353–
2364. https://doi.org/10.1111/1365-2745.12987

https://doi.org/10.1023/A:1008732400383
https://doi.org/10.1023/A:1008732400383
https://doi.org/10.1111/1365-2745.12987

