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Abstract

Plant—plant interactions via volatile organic compounds (VOCs) have received much attention, but how abiotic stresses affect
these interactions is poorly understood. We tested the effect of VOCs exposure from damaged conspecifics on the production
of extra-floral nectar (EFN) in wild cotton plants (Gossypium hirsutum), a coastal species in northern Yucatan (Mexico),
and whether soil salinization affected these responses. We placed plants in mesh cages, and within each cage assigned plants
as emitters or receivers. We exposed emitters to either ambient or augmented soil salinity to simulate a salinity shock, and
within each group subjected half of the emitters to no damage or artificial leaf damage with caterpillar regurgitant. Damage
increased the emission of sesquiterpenes and aromatic compounds under ambient but not under augmented salinity. Cor-
respondingly, exposure to VOCs from damaged emitters had effect on receiver EFN induction, but this effect was contingent
on salinization. Receivers produced more EFN in response to damage after being exposed to VOCs from damaged emitters
when the latter were grown under ambient salinity, but not when they were subjected to salinization. These results suggest

complex effects of abiotic factors on VOC-mediated plant interactions.
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Introduction

Volatile organic compounds (VOCs) emitted by plants play
key roles in ecological communities (Kessler and Baldwin
2001; Turlings and Erb 2018; Bouwmeester et al. 2019).
Studies conducted over the last decade have shown that
plants respond to VOCs emitted by herbivore-damaged
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plants, a phenomenon often referred to as “communication”
(Karban 2015; Ninkovic et al. 2019), hereafter “plant—plant
signaling”. For example, studies with species such as
Artemisia tridentata (sagebrush), Arabidopsis thaliana,
Zea mays (maize), and Solanum lycopersicum (tomato)
have shown that VOCs released by damaged plants trigger
defensive responses against attackers in nearby undamaged
plants (reviewed by Karban et al. 2014). Plant-plant signal-
ing via VOCs has also been shown to influence plant traits
implicated in indirect defense, including VOC emissions and
extra-floral nectar (EFN) production which attract natural
enemies (Heil and Kost 2006; Turlings and Wickers 2004;
Bouwmeester et al. 2019). This form of plant—plant signal-
ing can thus mediate complex interactions involving both
plant antagonists and mutualists, affecting plant performance
and shaping associated food webs.

Extra-floral nectar contains mainly sugars, as well as amino
acids, lipids, and different types of secondary metabolites
(Bentley 1977; Heil 2015). It is a highly inducible trait in
response to herbivory and has been shown to increase recruit-
ment of natural enemies (e.g., predators and parasitoids)
which feed on this secretion, resulting in enhanced herbivore
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suppression (Rico-Gray and Oliveira 2007; Heil 2015). Extra-
floral nectar has been well studied within the context of ant-
plant interactions, whereby ants actively consume EFN and in
turn defend plants against both herbivores and pathogens (Heil
and McKey 2003; Rudgers 2004; Rico-Gray and Oliveira
2007). At least two studies have shown that VOCs emitted
by attacked plants can trigger increased production of EFN
in nearby intact plants, thereby enhancing indirect defense
(Kost and Heil 2006; Heil and Silva-Bueno 2007). They found
that lima bean (Phaseolus lunatus) plants exposed to VOCs
from damaged emitter conspecifics produced more EFN (i.e.,
volatiles triggered nectar induction), but VOC-exposed plants
were also primed such that they produced a greater amount
of EFN when they themselves were damaged (Kost and Heil
2006; Heil and Silva-Bueno 2007). Despite these key find-
ings, the effects of plant—plant signaling on indirect defenses,
particularly on EFN, remain largely understudied, thus limit-
ing our understanding of VOCs-mediated signaling on plant
indirect defense and multi-trophic interactions.

Abiotic factors modify VOCs emissions in plants
(Gouinguené and Turlings 2002; Holopainen and Gersh-
enzon 2010) which can have important implications for
plant—plant signaling (Moreira and Abdala-Roberts 2019).
Such effects are increasingly relevant for both crops and
wild plant populations due to more extreme and frequent
abiotic disturbances including heat waves, severe storms,
drought events, as well as coastal flooding (Bellard et al.
2012; Rosenzweig et al. 2014). However, as of yet the effects
of abiotic stresses on VOCs-mediated plant—plant signal-
ing are poorly understood. Among the few available stud-
ies, in a study with tomato (S. lycopersicum) Catola et al.
(2018) found that drought stress in emitter plants increased
VOCs emissions and parasitoid attraction in receiver plants,
whereas Pezzola et al. (2017) found that water stress in
receiver plants influenced induced responses to emitter
VOC:s in sagebrush (A. tridentata). In addition, several other
studies have found that pollutants such as ozone can disrupt
VOCs-mediated plant signaling, in some cases presum-
ably by degrading volatiles (e.g., Gir6n-Calva et al. 2016;
reviewed by Blande 2021). However, studies on the effects
of abiotic factors on plant—plant signaling remain limited
and various types of pervasive drivers remain unstudied.

Soil salinity is a key factor modulating plant induced
responses (Parihar et al. 2014; Forieri et al. 2016; Landi et al.
2020) and is likely to become an increasingly important abiotic
force affecting plant populations and communities, particularly
in coastal habitats due to sea level rise and flooding (Sweet and
Park 2014). Negative impacts of salinity on resource uptake and
use (e.g., via effects on cell water relations, hormonal balance,
and carbon supply; reviewed by Munns 2002) have been shown
to impact the synthesis of secondary metabolites involved in
plant defense (Baldwin and Preston 1999; Quijano-Medina
et al. 2021). Indeed, several studies have addressed the effects
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of salinization on herbivore-induced plant defenses, including
VOC:s in species such as maize (Z. mays), cotton (Gossypium
hirsutum), and poplar (Populus x canescens) (e.g., Teuber et al.
2008; Forieri et al. 2016; Quijano-Medina et al. 2021), and at
least one study has shown that salinization affects plant—plant
signaling but this did not involve herbivory (i.e., signal-
ing effects via constitutive volatile emissions). Specifically,
in a study with Vicia faba, Caparrotta et al. (2018) found that
soil salinization in emitter plants can cause VOCs-mediated
physiological changes in undamaged receivers which in turn
primed them to better cope with salinity stress. Still, current
understanding of the biochemistry and physiology behind such
effects on VOCs and plant signaling remains very limited, and
to our knowledge, no study to date has addressed the effects of
soil salinization effects on plant—plant signaling mediated by
herbivore-induced VOCs.

We studied the effect of soil salinization on airborne
VOCs-mediated signaling between wild cotton (Gossypium
hirsutum) plants, with a focus on EFN responses. This spe-
cies is distributed on the coastal shrubland of the Yucatan
Peninsula (Mexico), where, as in other coastal areas, cli-
mate change is expected to lead to more severe and frequent
sea flooding events, thereby increasing salinity exposure of
cotton populations. Wild cotton possesses effective direct
(terpenoids, phenolics) and indirect (VOCs, EFN) defen-
sive traits (Hagenbucher et al. 2013). Previous work shows
that a salinization shock treatment causes changes in the
total emission of VOCs and reduces the induction of some
volatile compounds in response to leaf damage (Quijano-
Medina et al. 2021). The present study builds on these
findings and addresses the following questions: (1) Does
exposure to VOCs from damaged emitter plants increase
the amount and concentration of EFN produced by intact
receiver plants (i.e., induction effect)? (2) Does VOCs expo-
sure increase the strength of induction of EFN in response to
leaf damage in receivers (i.e., priming effect on induction)?
And (3) Do changes in VOC emissions due to soil saliniza-
tion alter this plant—plant signaling effect on EFN produc-
tion? To this end, we performed a greenhouse experiment
in which we compared the VOC emissions from control
emitter cotton plants with plants that had been subjected to
soil salinization. Within each group plants were either left
intact or subjected to artificial leaf damage plus application
of caterpillar (Spodoptera frugiperda) regurgitant. We then
measured the amount and concentration of EFN produced
by receiver plants that had been exposed to VOCs released
by the emitters, before and after they themselves were dam-
aged. We predicted physiological effects of salinization
(e.g., via reduced water uptake, carbon supply) would ham-
per resource allocation and synthesis of induced VOCs and
that this would weaken plant-plant signaling effects on EFN.
Overall, this study reveals that increased soil salinity can
have considerable disruptive effects on VOCs-mediated
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plant—plant interactions with possible significant conse-
quences for associated food webs.

Materials and methods
Study species

Wild cotton, Gossypium hirsutum, is myrmecophitic shrub
distributed in Central America, Mexico, and the Caribbean
Basin (D’Eeckenbrugge and Lacape 2014; Wendel and
Grover 2015), where it is found mainly in coastal habitats.
In particular, populations found in the northern coast of the
Yucatan Peninsula (Mexico) are exposed from moderate to
high levels of soil salinity within and across sites (0.05 to
3.53%o salinity across locations, mean=0.8 +0.17%o [SE];
N=6 sites; Quijano-Medina et al. 2021). At these sites, wild
cotton is attacked by a diverse community of herbivorous
insects, including leaf chewers (e.g., caterpillars and grass-
hoppers) which cause ¢. 25% of leaf area loss on average
(Abdala-Roberts et al. 2019a), and to a lesser extent phloem-
feeding (e.g., bugs and aphids) species. To resist these
attacks, G. hirsutum produces several inducible traits that
are associated with direct defense (e.g., phenolic compounds
and non-volatile terpenoids; Mansour et al. 1997; Agrawal
and Karban 2000; Opitz et al. 2008; Nix et al. 2017), as well
as indirect defense such as VOCs (Loughrin et al. 1994;
McCall et al. 1994; Chappuis and Egger 2016) and EFN
(Wéckers and Bonifay 2004; Abdala-Roberts et al. 2019b).
In addition, work with wild cotton reported increases in both
EFN amount and concentration in response to artificial leaf
damage (Abdala-Roberts et al. 2019b), and ant abundance
positively correlates with both EFN variables (Reyes-
Hernandez et al. 2022). Relatedly, a recent study showed that
soil salinization did not affect wild cotton EFN induction
in response to leaf damage (Quijano-Medina et al. 2021).
Finally, work with cultivated cotton found that exposure to
VOCs from damaged plants increase resistance in undam-
aged receiver plants (Bruin et al. 1992; Zakir et al. 2013a, b).
These signaling effects have not been investigated for EFN
induction in this species.

Plant material

We used seeds collected in 2019 and 2020 from four
wild cotton populations located along the northern coast
of Yucatan, two near the town of Chicxulub (21° 17’
46.0752”N, — 89° 34" 45.4832”W and 21° 18' 14.2697”N,
—89°32729.9137”) and two near the town of Sisal (21° 18’
14.2697”N, — 89°32'29.9137”W and 21° 11’ 38.6700”N,
— 89° 57" 28.1088”W). Across sites, seeds from a total
of seven mother plants were used (hereafter genotypes).
In April 2021, we exposed seeds to coat scarification and

germinated them with wet cotton wool in Petri dishes at
35 °C. Seedlings were individually transplanted to 25x 30 cm
low-density polyethylene nursery bags containing a mix of
sandy soil (from the seed source sites), native forest soil,
and perlite (1:2:1). After transplantation, we kept all cot-
ton seedlings in a greenhouse at the Campus de Ciencias
Bioldgicas y Agropecuarias of the Universidad Auténoma
de Yucatan (México, 20°52'00.6”N, 89°37'29.5” W) for two
months prior to starting the experiment. During this time,
plants were watered with 300 ml three times per week and
had 10-12 leaves.

Experimental design

In late May 2021, we conducted a factorial experiment in
which we manipulated soil salinity and leaf damage of emit-
ter plants. In total, we included 44 emitter plants and 88
receiver plants allocated in triplets to mesh cages (cylindri-
cal shape: 60 cm diameter X 80 cm high) each containing
one emitter and two receiver plants separated by 20 cm. All
plants in a cage were of the same genotype and genotypes
were approximately equally represented across treatments.
Within each cage, we randomly assigned the emitter plant
to either tap water (i.e., control or ambient salinity) or salin-
ized tap water. For salinized plants, we placed the plastic
bag in a plastic container with 2 L of tap water at 1% salin-
ity (by adding NaCl) for 24 h until saturation was achieved.
We chose this concentration based on previous work show-
ing that this NaCL concentration results in a level of soil
salinization comparable to in situ levels (Quijano-Medina
et al. 2021; see ahead). The salinity treatment represented a
saline shock treatment that simulated an event of flooding
due to sea water or coastal lagoon surges, which occurs peri-
odically, especially during winter months (Quijano-Medina
et al. 2021). These events and the accompanying stresses due
to salinization are expected to increase in duration and fre-
quency due to sea level rise (Sweet and Park 2014). Control
emitter plants under ambient salinity were treated the same
way but with non-salinized water. We opted for this emitter-
centered test because prior work showed that salinization
influences wild cotton induced VOCs emissions (Quijano-
Medina et al. 2021), making it the next logical step to test
the extended consequences of such effects on plant—plant
signaling.

Three days after salinizing emitters, we randomly
subjected emitter plants of each salinity level to one
of two leaf damage treatments: undamaged control or
artificial leaf damage. At the time of damage applica-
tion, soil salinity was significantly greater (r=— 6.91,
P=0.0002; N=10, subset of five control and five salin-
ized plants from which samples were taken) for salin-
ized emitters (0.468 +0.039%o or 0.008 + 0.0006 mol/l)
relative to those with ambient salinity (0.154 +0.026 %o,

@ Springer



316

Oecologia (2023) 202:313-323

i.e., 0.0026 +0.0004 mol/1). Soil salinity was estimated
by direct measurements of water potential (see Quijano-
Medina et al. 2021). Importantly, the measured soil salini-
zation levels were within the natural range of soil salinity
observed in situ, and in the case of salinized soil it was
close to the mean value observed across natural cotton
populations (Quijano-Medina et al. 2021). The damage
treatment consisted in removing 50% of leaf area of half
of the leaves per plant by cutting off the lobes of each leaf
with a scissor, as well as puncturing the remaining leaf
tissue with a micro-needle bearing 32 points (Dermapen®,
FD Holdings) and exposing this area (ca. 1 cm?) to oral
secretions of third instar larvae of Spodoptera frugiperda
(Turlings et al. 1993; Abdala-Roberts et al. 2019c¢; Qui-
jano-Medina et al. 2021). Larvae were sourced from a
colony reared at the Chemical Ecology Lab in ECOSUR
(Chiapas, Mexico), fed a wheat germ-based artificial diet.
Damage was applied over two consecutive days, each day
removing half of the total amount of damage to mimic a
gradual increase in leaf consumption under natural condi-
tions. We obtained caterpillar secretions by gently poking
the abdomen of each larva until it regurgitated (Turlings
et al. 1993). This insect (as other Spodoptera species; see
Arce et al. 2021) is known to attack cultivated cotton and
has been shown to induce both direct and indirect defenses
(VOCs, EFN) in both wild and cultivated G. hirsutum
(Quijano-Medina et al. 2021).

Starting from the first day of damage (see above), receiver
plants were exposed to emitters for 48 h. At the end of this
period, we removed emitters and collected their VOCs
(N=44) as well as EFN from all receivers to test for “initial”
effects of exposure to emitter VOCs on receiver EFN. This
timing of VOCs collection and exposure time for receivers
was based on previous work showing that VOCs are highly
induced after two days of damage (including compounds of
known or suspected role in signaling; Loughrin et al. 1994;
Arce et al. 2021). Hence, our sampling design ensured that
receiver plants were exposed to these blends of induced cot-
ton volatiles. After the first EFN collection, on that same
day, we removed one receiver from each cage, which was
used for another experiment, and we damaged the remaining
receiver to test whether exposure to VOCs from damaged
emitters primed EFN induction in receivers. Specifically,
we damaged two fully expanded leaves located in the upper
portion of the plant (same procedure as above, the same day
after initial collection of EFN) and 24 h later collected EFN.
We collected EFN from two damaged and two undamaged
leaves per plant to test for treatment effects on local vs. sys-
temic induction (Abdala-Roberts et al. 2019b). We consist-
ently damaged leaves 2 and 4 (counting from the apical mer-
istem downward), and undamaged leaves sampled were in
positions 1 and 3, thus alternating leaf position/age between
leaf types to avoid confounding leaf ontogeny with damage.
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VOCs and EFN collection

We used 5-pl capillary tubes (Micropipettes Blaubrand ©
intraMARK, Germany) to collect the EFN found on two
fully or almost fully expanded leaves per receiver plant.
Chosen leaves were close to the apical meristem. Nectar
was collected between 06.00 and 08.00 h, and samples were
taken to the laboratory to measure the amount (in ul) of EFN
and its sugar content (expressed in °Brix) with a refractom-
eter (Atago Master T 0 to 33°Brix, Germany). For statistical
analyses, we used the total volume across both leaves per
plant in the case of EFN production, whereas for concentra-
tion we used the mean value per plant.

We collected above-ground VOC emissions following
Turlings et al. (1998). Briefly, plants were bagged within
a nalophan bag (Reynolds, Inc), and VOCs were adsorbed
on filters containing 25 mg of 80/100 mesh Hayesep-Q
adsorbent (Sigma, Switzerland). One of the filter ends was
inserted into the bag and the other end was connected to
a micro air sampler (Supelco PAS-500) at a flow rate of
500 ml/min. For each sampling period, we also collected an
air sample from empty bags which served as an ambient con-
trol. After collecting volatiles for 2 h, traps were eluted with
150 pl dichloromethane and then spiked with 10-pl internal
standard solution [nonyl-acetate, (20 pg/pl) each]. Samples
were sealed with polytetrafluoroethylene (PTFE) caps and
Teflon, stored at— 30 °C and sent to University of Neuchatel
(Neuchatel Switzerland) for GC-MS analysis. Samples were
analyzed with a gas chromatograph (Agilent7890B) coupled
with a mass spectrometer detector (Agilent 5977B). A 1.5-pl
aliquot of each sample was injected in pulsed splitless mode
onto an Agilent HP-5MS column (30-m length X 250-pm
diameter and 0.25-pm film thickness). After injection, tem-
perature was maintained at 40 °C for 3.5 min, increased to
100 °C at a rate of 8 °C per min, and subsequently to 230 C
at a rate of 5 °C per min followed by a post run of 3 min at
250 “C. Helium was used as carrier gas and kept at constant
flow of 0.9 ml/min. Compounds were subsequently identi-
fied by comparing their mass spectra with those from the
NIST mass spectral library and comparisons with authentic
standards. Quantification was based on peak areas relative
to internal standard and measured in nanogram.

Statistical analyses

We ran general linear mixed models testing for effects of
emitter leaf damage, salinity, and their interaction (all fixed
factors) on total VOCs from emitter plants, the main volatile
groups, and the concentration and volume of EFN produced
by receiver plants. In addition, we analyzed variation in eight
emitter VOCs that are highly inducible (Paré and Tumlinson
1997) namely: f-ocimene, linalool, DMNT, TMTT, E-p-
farnesene, humulene, bicyclogermacrene, benzyl isonitrile,
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methyl salicylate, and indole. Analyses of EFN included the
test of initial effects after 48 h of VOCs exposure as well as
EFN induction in response to damage to test for priming
effects. In this latter case, we ran separate models for dam-
aged and undamaged leaves to tease apart effects on EFN
local vs. systemic induction, respectively. We also included
plant genotype (random) in all models to account for effects
of genetic variation or maternal effects, as well as replicate
cage (random) for models testing initial effects on receiver
EFN (to account for non-independence of receiver pairs per
cage). In most cases data exhibited a normal distribution,
and we report model least-square means and standard errors
as descriptive statistics. However, some models for vola-
tile groups did not show a normal distribution of errors in
which case a generalized linear mixed model with a Gamma
distribution and log link was used. Analyses based on a nor-
mal distribution were run in PROC MIXED in SAS ver. 9.4
(SAS 2015), whereas Gamma models were run with ‘glmer’
function from Ime4 package (Bates et al. 2015) in R ver-
sion 4.1 (R Core Team 2021). A redundancy analysis (RDA)
was used to explore the differences in VOCs composition
between emitter treatments (salinity and damage) and their
interaction, using the vegan package in R version 4.1 (R
Core Team 2021). For this analysis, the normalized propor-
tions of each volatile compound relative to the total VOC
amount were used as the response matrix.

Results

Emitter VOCs

We identified 20 volatiles organic compounds (VOCs)
emitted from cotton plants (Table S1). These compounds
were classified in five groups: green leaf volatiles (GLVs),
monoterpenes, homoterpenes, sesquiterpenes, and aromatic
compounds. The RDA analysis testing the composition of
the VOCs blend between salinization, leaf damage treat-
ment, and their interaction was not statistically significant
(permutation test: F; 30=0.80, P=0.62). In addition, the
amount of total VOCs did not differ between treatments

Table 1 Results from general linear mixed models testing for effects
of emitter soil salinization and leaf damage on total VOCs produced
by emitters (ng/2 h), and receiver extra-floral nectar (EFN) volume

(Table 1). When each compound group was analyzed sepa-
rately, we found that for GLVs or monoterpenes there were
no significant effects of any factor (Table S2). However,
damaged plants emitted significantly more homoterpenes
(DMNT and TMTT) than undamaged plants (Table S2).
In addition, the interaction between salinization and her-
bivory treatments affected the release of sesquiterpenes and
aromatic compounds (Table S2). Under ambient soil condi-
tions, damaged plants showed higher emissions than control
plants for these groups, whereas for plants that had been
exposed to soil salinization no such differences were found
(Fig. 1). Analysis of individual VOCs showed a significant
interaction for the sesquiterpene bicyclogermacrene and the
aromatic compound benzyl isonitrile (Table S3).
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Fig.1 Effects of leaf damage under ambient vs. salinized soil on
releases of A aromatic compounds and B sesquiterpenes produced
(ng/2 h) by emitter wild cotton plants (Gossypium hirsutum). Values
are back-transformed model least-square means and standard errors
accounting for plant genotype and main effects. There were signifi-
cant differences between control and damaged under ambient (ses-
quiterpenes: Z=1.12, P=0.0003; aromatics: Z=1.32, P=0.0001),
but not under augmented salinity (sesquiterpenes: Z=-— 0.045,
P=0.89; aromatics: Z=— 0.56, P=0.12). ***P <0.001

(ul) and concentration (°Brix) (latter two represent initial effects of
VOCs exposure on receiver EFN, see “Methods”) for wild cotton
(Gossypium hirsutum) plants

Source Emitter VOCs Receiver EFN volume Receiver EFN concentration

F df P df P F df P
Emitter damage (D) 1.57 1,31 0.220 2.06 1,31 0.161 0.78 1,31 0.384
Emitter salinization (S) 1.20 1,31 0.282 2.55 1,31 0.121 0.42 1,31 0.523
DxS 0.91 1,30 0.348 0.30 1,31 0.585 0.36 1,31 0.551

Marginally significant effects (0.05 < P <0.10) are in italics
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Receiver EFN
Initial effects of VOCs exposure

We found no significant effect of emitter leaf damage, salin-
ity or their interaction on the volume or concentration of
EFN produced by intact receiver plants after exposure to
emitters (Table 1; Fig. 2A, B).

Effects of VOCs on EFN induction by damage in receiver
plants. We found significant effects of emitter leaf dam-
age and salinization on damage-induced EFN production
in receiver undamaged leaves, i.e., systemic induction
(Table 2A). Specifically, upon damage, undamaged leaves
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Fig.2 Effects of emitter leaf damage under ambient vs. salinized
soil on A the volume (ul) and B concentration (°Brix) of extra-floral
nectar (EFN) produced by unharmed receiver wild cotton (Gossyp-
ium hirsutum) plants (initial effects of VOCs exposure on EFN, see
“Methods”). Values are model least-square means and standard errors
accounting for plant genotype and main effects in the model

of receivers exposed to damaged emitters exhibited a 240%
increase in EFN volume compared to damaged receivers
exposed to intact emitters (control: 0.37 +0.21 ul; damage:
0.89+0.21 pl) (Table 2A). In contrast, emitter salinization
caused a significant (62%) decrease in receiver EFN volume
produced after damage compared to receivers exposed to
emitters with ambient salinity (control: 0.91 +0.21 pl; salin-
ized: 0.35 £ 0.20 pul) (Table 2A). Furthermore, we observed
a significant damage by salinity interaction (Table 2A),
whereby under ambient salinity receivers exposed to dam-
aged emitters produced significantly more EFN after dam-
age (470%) compared to receivers exposed to undamaged
emitters (control: 0.32+0.27 ul; damaged: 1.50+0.26 pl),
but when emitters were salinized this effect was no longer
present (control: 0.41 +0.25 ul; damaged: 0.29 +0.26 ul)
(Fig. 3A). On the other hand, for receiver damaged leaves
(local induction) there were no significant main effects or
interaction (Table 2B), though in the latter case a similar
trend relative to undamaged leaves was observed (Fig. 3C).
The effect of emitter damage on EFN volume was marginally
significant (Table 2B), with receivers exposed to damaged
emitters exhibiting a 172% greater mean value compared to
receivers exposed to control emitters (control: 0.73 +0.21 pl;
damage: 1.26 +0.22 pl).

There were no significant main effects of emit-
ter leaf damage (control: 4.95 + 3.05°Brix; damaged:
8.98 +3.03°Brix) or salinization (control: 10.84 + 3.12°Brix;
salinized: 3.08 +2.97°Brix) on the concentration of EFN
after damage for undamaged leaves (marginally significant
in the latter case; Table 2B). However, mirroring patterns
for EFN volume, there was a significant emitter damage
by salinity interaction (Table 2B), whereby under ambient
salinization receivers exposed to damaged emitters exhib-
ited a significant (398%) increase in EFN concentration
after damage relative to receivers exposed to intact emitters
(control: 4.35 +4.51°Brix; damaged: 17.33 +4.28°Brix),
but again the effect of emitter damage was lost under

Table 2 Results from general
linear mixed models testing
for effects of emitter soil

Receiver EEN volume

Receiver EFN concentration

salinization and leaf damage

on the volume (ul) and
concentration (°Brix) of extra-
floral nectar (EFN) produced by
receiver plants after leaf damage
(effect of priming on EFN
induction) in wild cotton

Source F df P F df P

A. Undamaged leaves
Emitter damage (D) 5.69 1,30 0.024 0.88 1,30 0.355
Emitter salinization (S) 6.09 1,30 0.019 3.27 1,30 0.081
DxS 8.64 1,30 0.006 4.39 1,30 0.044
B. Damaged leaves
Emitter damage (D) 392 1,29 0.057 322 1,29 0.083
Emitter salinization (S) 1.61 1,29 0.214 6.21 1,29 0.018
DxS 1.44 1,29 0.240 0.80 1,29 0.379

Results were separately analyzed for receiver damaged and undamaged plants to tease apart the effects of
VOCs-mediated priming on local vs. systemic induction.

Significant effects (P <0.05) are in bold, marginally significant effects (0.05 < P <0.10) are in italics
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Fig. 3 Effects of emitter leaf
damage under ambient vs. salin-
ized soil on the volume (ul) and
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Emitter salinity treatment

augmented salinization (control: 5.56 +4.08°Brix; dam-
aged: 0.61 +4.28°Brix) (Fig. 3B). In the case of damaged
leaves, analyses indicated a significant effect of emitter
salinization on receiver EFN concentration in response to
damage (Table 2B), with receivers exposed to salinized
emitters showing a 68% lower mean value compared to
receivers exposed to emitters with ambient salinity (control:
16.58 +3.37°Brix; salinized: 5.20 + 3.46°Brix). The effects
of emitter damage (marginally significant) and the interac-
tion with salinity on EFN concentration of receiver plants
exhibited similar trends to those observed for undamaged
leaves but were not significant (Table 2B; Fig. 3D).

Discussion

Our findings indicated that the salinization treatment
impaired the induction of two groups of VOCs in wild cotton
(sesquiterpenes and aromatic compounds, 48 h after dam-
age initiation), but that volatile composition did not differ
between treatments. Exposure to VOCs from damaged emit-
ters did not initially affect either the volume or concentration
of EFN produced by unharmed receiver plants. However,
after receiver plants were damaged, we found a significant
interaction between the effects of emitter leaf damage and
salinization. Receivers exposed to damaged emitters induced

Emitter salinity treatment

a greater amount and concentration of EFN after damage
when emitters had ambient salinization but there was no
such effect when the emitters had been submitted to salinity
shock treatment, i.e., salinization impaired the plant—plant
signaling effects on EFN. This result was strongest (and only
significant) when analyzing undamaged leaves, suggesting
that salinity effects on plant—plant signaling mainly impacted
systemic EFN induction.

Although salinization did not affect volatile composi-
tion or total VOCs emissions in response to leaf damage,
it did suppress the induction of specific groups of VOCs,
namely sesquiterpenes and aromatic compounds (Table S2,
S3). This result is in line with Quijano-Medina et al. (2021)
who found that high salinity disrupted the induction of phe-
nolics and shaped potential trade-offs between defensive
traits. These results provide robust evidence that salinity
directly affects the induction of defenses in wild cotton, and
in the case of VOCs this can have important consequences
for cotton-associated interactions. The compound groups
affected by salinization have been previously reported to
play an active role as indirect defenses, either in predator
attraction or plant—plant signaling. For example, in maize
the sesquiterpene caryophyllene is essential to attract root
entomopathogenic nematodes (Rasmann et al. 2005) and the
aromatic indole released by damaged plants primes neigh-
boring plants to above-ground herbivore attack (Erb et al.
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2015). It is therefore likely that these sesquiterpenes and
aromatic compounds are involved in VOCs-mediated signal-
ing between cotton plants. It is important to stress the need
for further work assessing the biochemical and physiological
mechanisms by which salinization affects VOCs emissions
to better understand outcomes of plant-associated interac-
tions mediated by these compounds.

We observed no significant increase in either the amount
or concentration of EFN produced by intact receiver plants
upon 48 h of exposure to damaged vs. undamaged emit-
ters. In contrast, heightened resistance in intact cotton plants
due to exposure to VOCs from damaged emitters has been
reported previously and has been attributed to direct chemi-
cal defenses. For example, Bruin et al. (1992) reported for
cultivated cotton that exposure to HIPVs increased resist-
ance to mites (Tetranychus urticae) in undamaged plants.
Likewise, a study by Zakir et al. (2013b) found that ovipo-
sition by S. littoralis females was lower on receiver cotton
plants previously exposed to VOCs from damaged emitters
(i.e., induced resistance). In addition, exposure to VOCs
from damaged emitters increased the concentration of gos-
sypol and heliocides in receiver plants of cultivated cotton,
as well as the expression of defense-related genes (Grandi
2020). These findings, together with results for other plant
species (e.g., Karban et al. 2000; Engelberth et al. 2004;
Moreira et al. 2016), indicate that exposure to VOCs from
damaged plants commonly drives increases in the expres-
sion of secondary metabolites involved in direct defense in
receiver plants. However, there is still limited information
about plant—plant signaling effects on indirect defenses,
particularly EFN. A notable exception is work with lima
bean (P. lunatus) showing that VOCs from damaged emitters
increased EFN secretion as well as primed EFN for increased
induction in response to damage in receiver plants (Heil and
Silva-Bueno 2007). While our results suggest that there was
no change in EFN upon exposure to emitter induced VOCs
for the studied wild cotton genotypes, further work assessing
changes in the expression of defensive genes linked to EFN
is needed, as well as the use of more prolonged VOCs expo-
sure times (see Moreira et al. 2021) and greater amounts of
herbivory (including natural damage). Indeed, cotton plants
may respond slower than other species, as has been shown
for HIPV emissions (Loughrin et al. 1994), for instance
compared to maize plants (Turlings et al. 1998).

Although there were no effects on intact plants of expo-
sure to damaged emitters on receiver EFN, there was a
marked effect on receiver EFN production in plants that were
subsequently damaged. This implies that VOCs from dam-
aged emitters primed receiver EFN responses to damage,
resulting in a stronger induction after being damaged. This
finding is consistent with findings for EFN production in
lima bean (Kost and Heil 2006; Heil and Silva-Bueno 2007),
as well for priming of secondary metabolites involved in
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direct and indirect defense in other species (e.g., Engelberth
et al. 2004; Ton et al. 2006; Catola et al. 2018). Nonethe-
less, our study is the first to test for plant—plant signaling
effects on the induction of EFN in cotton, G. hirsutum. Pre-
liminary work with this species found no evidence of prim-
ing of induced responses involving secondary metabolites
mediating direct defense (gossypol, heliocides) in receivers
exposed to VOCs from damaged emitters (Grandi 2020).
Further investigations that simultaneously measure these
direct defenses and EFN are needed to assess similarities
and differences in the modus operandi (e.g., direct increase
due to VOCs vs. priming of induced responses) and mecha-
nisms by which VOCs-mediated signaling influences direct
and indirect defenses in wild cotton.

There are some studies which have evaluated the effects
of soil salinity on the expression direct defenses in plants
(e.g., Forieri et al. 2016; Han et al. 2016), but fewer have
looked at its effects on indirect defenses such as induced
VOCs and EFN (e.g., Teuber et al. 2008; Quijano-Medina
et al. 2021). Previous work with wild cotton indicates that
soil salinization has no significant effect on EFN volume or
concentration (Quijano-Medina et al. 2021). In comparison,
here we found a significant reduction in EFN volume pro-
duced by undamaged leaves of receivers exposed to salin-
ized emitters, suggesting that salinization effects via changes
in (constitutive) VOCs emissions are more important than
its direct effects on EFN induction, a possibility that merits
further investigation. More importantly, to our knowledge,
the present study is the first to test for and find soil salinity
effects on plant—plant signaling via VOCs. Indeed, saliniza-
tion weakened or disrupted plant—plant signaling, whereby
effects of exposure to VOCs from damaged emitters on both
EFN volume and concentration were observed under ambi-
ent (control) soil salinity but not under augmented salinity.
This could be explained by the reduced induction of sesquit-
erpenes and aromatic compounds in emitter plants under
salinization, the only volatile compounds that were affected
by salinization, which suggests they play an important role
in cotton plant—plant signaling. This finding is consistent
with previous study on wild cotton, which reported a trend
for a reduction of induced VOCs in response to leaf dam-
age when plants had been exposed to augmented saliniza-
tion (Quijano-Medina et al. 2021; see Forieri et al. 2016
for maize example). Interestingly, in the present study the
salinization effect on EFN induction was strongest (and
only significant) for undamaged leaves of damaged plants
(though damaged leaves showed the same trend). This could
be explained by the fact that EFN is more strongly induced
locally (damaged leaf) than systemically (Abdala-Roberts
et al. 2019b).

Overall, our results call for more research aimed at
understanding the physiological mechanisms by which abi-
otic factors affect plant—plant VOCs signaling, as well as
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the ecological consequences for multi-trophic interactions.
In the case of wild cotton, we envision work addressing the
effects of soil salinity on plant—plant signaling via VOCs
and its effects on ant-plant—herbivore interactions. The
results also have implications for pest control strategies
in cultivated cotton. It has been proposed that volatile-
mediated induced resistance to pest insects can be a sus-
tainable alternative to pesticide use (Renou et al. 2011;
Llandres et al. 2018). The presented work reveals that
such an approach may be hampered by unfavorable soil
conditions, but also implies that proper soil management
can help to optimize this mechanism for cotton induced
resistance. Specifically, practices that keep soil salinity in
check or mitigate increases could potentially strengthen
plant—plant signaling effects on direct chemical defenses
(Llandres et al. 2023) as well as EFN via predator recruit-
ment such as in the case of ants (Llandres et al. 2019). This
idea requires testing under field conditions.

Future work

Results from the present study call for further experimental
work measuring effects on both direct and indirect defenses
in situ to obtain a complete understanding of abiotic con-
text-dependency of cotton signaling and its consequences
for multi-trophic interactions. In addition, follow-up studies
are needed to identify key VOCs (e.g., specific sesquiterpe-
nes or aromatic compounds) that mediate signaling between
cotton plants in combination with defense gene expres-
sion measurements to achieve a mechanistic understand-
ing of these effects. Finally, testing for effects of salinity
on receivers (jointly with emitters) would be a logical next
step to achieve a more complete understanding of how this
abiotic factor modulates plant—plant signaling, particularly
given microhabitat-level variation in levels of salinity stress
between neighboring plants or plant patches in wild cotton
populations.
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