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Abstract

Plants activate defense-related pathways in response to subtle abiotic or biotic disturbances, changing their vola-
tile profile rapidly. How such perturbations reach and potentially affect neighboring plants is less understood. We 
evaluated whether brief and light touching had a cascade effect on the profile of volatiles and gene expression of the 
focal plant and a neighboring untouched plant. Within minutes after contact, Zea mays showed an up-regulation of 
certain defense genes and increased the emission of specific volatiles that primed neighboring plants, making them 
less attractive for aphids. Exposure to volatiles from touched plants activated many of the same defense-related 
genes in non-touched neighboring plants, demonstrating a transcriptional mirroring effect for expression of genes 
up-regulated by brief contact. Perception of so-far-overlooked touch-induced volatile organic compounds was of 
ecological significance as these volatiles are directly involved in plant–plant communication as an effective trigger for 
rapid defense synchronization among nearby plants. Our findings shed new light on mechanisms of plant responses 
to mechanical contact at the molecular level and on the ecological role of induced volatiles as airborne signals in 
plant–plant interactions.

Keywords:  Gene expression, host plant acceptance, plant–plant communication, priming, Rhopalosiphum padi, terpenes, 
touch, volatile organic compounds, Zea mays.

Introduction

The sessile nature of plants has led to a dependence on their 
ability to sense, process, and respond to a range of different 
types of environmental stimuli. Contact initiated by conditions 
such as wind, rain, or nearby organisms is one of the most 
common stimuli experienced by plants (Moran & Cipollini, 
1999; Anten et  al., 2010). Plants have evolved very sensitive 
mechanisms that allow them to perceive touch and launch 

appropriate responses that include alterations in gene expres-
sion (Jaffe et al., 2002; Telewski, 2006; Chehab et al., 2012). It 
has been shown that alteration in gene expression in plants like 
Arabidopsis can also rapidly occur within minutes after touch 
(Lee et al., 2005). Some of the genes up-regulated after touch 
includes those that have been implicated in disease resistance 
and defense responses against insect herbivores (Lee et  al., 
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2005; Chehab et al., 2012). Activation of defense-related genes 
is followed by the emission of a large variety of signaling sub-
stances not present in the profiles of untouched plants (Braam, 
2005). Recent studies have shown changes in volatiles released 
by touched plants (Chehab et al., 2012; Markovic et al., 2014, 
2016), but the precise timing of volatile emission upon the 
onset of mechanical stress is still unknown.

The ecological context of plant defense responses in receiv-
ers after exposure to volatiles emitted by infested or damaged 
plants has been examined and shown to have clear adaptive 
significance (Dicke & Bruin, 2001; Engelberth et  al., 2004; 
Kessler et  al., 2006; Heil & Karban, 2010; Ramadan et  al., 
2011). Recently, it has become apparent that chemical inter-
actions between undamaged plants may also carry important 
information that can affect trophic interactions (Ninkovic 
et al., 2013). Plants’ ability to eavesdrop on the status of their 
neighbors may facilitate adaptive responses (Ninkovic et  al., 
2016). However, it is unknown how volatiles released from a 
plant that has simply been touched can influence responses in 
its conspecific neighbors. Furthermore, would the response of 
a receiving plant mimic the defensive response of the emitting 
plant? A plant that comes into contact with a non-self-stimulus 
might be predicted to have a response to this foreign body, as 
it represents a potential threat or future competitor. Therefore, 
would a plant that is receiving contact stimuli elicit a response 
that could affect a neighbor, and would this information carry 
with it the severity of this threat causing a corresponding 
response in the neighbor? To date, potential ecological conse-
quences of touch-induced volatiles in direct chemical interac-
tion between plants as mechanisms contributing to suppression 
of pests have not been elucidated. Due to their particularly 
close interaction with plants, aphids are an excellent herbivore 
model for detecting changes in plant status following chemical 
interactions among plants (Pettersson et al., 2017). Aphids make 
considerable use of chemical information in host plant selec-
tion or avoidance (Birkett et al., 2000; Eigenbrode et al., 2002; 
Pettersson et al., 2017).

Our study was conducted to gain further insight into the 
temporal response of plants to touch and the associated eco-
logical implications. For this purpose, we evaluated (i) changes 
in gene expression and volatile emission, (ii) whether volatiles 
released by touched plants carrying long-range information 
prime activation of the same stress-related genes in neighbor-
ing plants, and (iii) whether induced responses in nearby plants 
may be detected by herbivorous insects.

Material and methods

Plant material

As a model plant, we used maize Zea mays L. cultivar Delprim 
obtained from Delley Seeds and Plants Ltd (Switzerland). Prior 
to sowing, seeds were sterilized in 70% ethanol for 3 min and 
rinsed two times in deionized water; then seeds spent 15 min 
in a 1:1 solution of chlorine and water, and were rinsed again 
four times in deionized water. Plants were grown in plastic 
pots (9 × 9×7 cm) in potting soil (Hasselfors Garden, Sweden) 
with one seed per pot in a glasshouse at 18–22 °C, with a 16 h 

light–8 h dark cycle, light intensity of 150 µmol m−2 s−1, and 
relative humidity of 60 ± 10%; they were watered via an auto-
mated water drip system delivering 22 ml daily at 08.00 h (2 h 
into the photoperiod). Natural light was supplemented by light 
from HQIE lamps. Six days after sowing at the early two-leaf 
stage, all plants were selected for uniformity in size and moved 
into clear Perspex cages.

Insects

Bird cherry-oat aphids, Rhopalosiphum padi L., were reared on 
barley, Hordeum vulgare L.  cultivar Golf, in multi-clonal cul-
tures in a glasshouse with the same conditions as for the plants. 
Aphids used in the experiments were wingless, mixed-instar 
individuals, collected from the cultures 30 min prior to bioassay.

Touching treatments

Plants were grown in clear Perspex cages divided into two 
separate chambers (each 10 × 10 × 40 cm), and connected by 
an opening (7 cm in diameter) in the dividing wall (Ninkovic 
et al., 2002), which prevented plants from interacting with each 
other in any way. Air entered the front chamber through an 
opening in the cage wall (7 cm in diameter) and was extracted 
from the rear chamber through a tube attached to a vacuum 
tank and vented outside the room by an electric fan. Airflow 
through the cages was 1.3 liters min−1. On each test occasion, 
emitting plants were placed in the front chambers while receiv-
ing plants were placed in consecutive rear receiving cham-
bers. Thus, the front chamber in each block contained either 
one touched or one untouched plant adjacent to a plant in a 
receiving chamber (see Supplementary Fig. S1 at JXB online). 
Cages within blocks were distributed spatially to compensate 
any small but potentially important variations in abiotic condi-
tions. Each of the treatments was repeated 18 times and they 
were randomly distributed in different blocks.

To identify activation of stress-related genes that could fur-
ther affect emission of volatiles, we applied contact treatments 
with a soft brush with 3.5 cm-long fibers and a surface area of 
7 cm2 at the point of contact. After 24 h of acclimation in the 
chambers, a maize leaf was carefully touched from the leaf base 
to the top, using previously described methods (Montgomery 
et al., 2003; Liu et al., 2007; Anten et al., 2010; Markovic et al., 
2016). This treatment with a brush has been used to simulate 
the mechanical interactions between plants (Elhakeem et  al., 
2018). Treated plants were touched in the morning for 1 min 
per day over a period of 6 d. Experiments were limited to 6 d 
of growth to avoid plants becoming too large and contacting 
the top of the chambers.

Volatile organic compound analysis by proton-transfer-
reaction time-of-flight mass spectrometry

Volatile organic compound (VOC) measurements were per-
formed using a commercial proton-transfer-reaction time-
of-flight (PTR-TOF) mass spectrometer (PTR-TOF 8000 
model; Ionicon Analytik GmbH, Innsbruck, Austria) and were 
carried out both on young maize plants at the two-leaf stage, 
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still untouched, and on plants previously subjected to touching 
treatment for 6 d. The PTR-TOF 8000 has been described in 
detail in several publications (Jordan et al., 2009), and therefore, 
in this paper, only a brief description will be provided. This 
tool is an analytical instrument with high sensitivity (>200 
cps/ppbv) and high mass resolution (<8000 m/Δm), providing 
a chemical formula identification for each compound (Lanza 
et al., 2015).

VOC measurements were performed using a system simi-
lar to that previously described (Taiti et al., 2016) with some 
modifications. Briefly, each plant was covered with a glass jar 
equipped with a small opening to allow contact treatments and 
two Teflon tubes located on the air inlet and outlet, respectively. 
The shoot headspace of touched and untouched plants was 
sampled directly from the glass jar through the outlet tube con-
nected to the PTR-TOF-MS. The inlet tube was connected 
to a zero-air generator (Peak Scientific) to maintain a constant 
flow of hydrocarbon-free air into the jar during the headspace 
collection. Care was taken to maintain constant temperature 
and humidity during measurements as chemical reactions are 
very sensitive to such parameter changes (Mancuso et al., 2015).

VOC analysis of each plant was performed for a minimum 
of 10 min under control conditions, after which the contact 
treatment was applied for 1  min as described above. Each 
measurement lasted, in total, 150 min. VOC emission of con-
trol plants (untouched) was also recorded along the same time 
period. Moreover, VOCs in the headspace of an empty glass 
jar were analysed as a blank control. The time of sampling for 
each TOF acquisition channel was 0.1 ns, for a mass spectrum 
between m/z 30 and 210. The instrument was set as follows: 
inlet flux to 50 sscm, drift pressure of 2.20 mbar, temperature 
of 50 °C, voltage of 600 V, extraction voltage at the end of tube 
(Udx) of 35 V, which corresponds to an E/N value of 140 Td, 
which provides the necessary balance between excessive water 
cluster formation and ion fragmentation products (Pang, 2015).

Internal calibration was performed off-line after dead 
time correction based on m/z=29.997 (NO), m/z=59.049 
(C2H5O2), m/z=180.937 (C6H4Cl3) to obtain high mass accu-
racy. Raw data were acquired with TofDaq software (Tofwerk 
AG, Switzerland), peak quantification data were corrected with 
the duty cycle, and the signals were normalized to the primary 
ion signal (count per second (cps) to normalized count per 
second (ncps)) (Taiti et  al., 2015). For the identified signals, 
all of the m/z were tentatively assigned to the mass formu-
lae reported, relying on high instrumental mass accuracy and 
resolution. Moreover, the tentative identifications through the 
integration of previous knowledge of the VOCs emitted by 
plants, where analyses were performed with PTR-MS instru-
ments, improved (Maleknia et al., 2007; Kim et al., 2010).

Sample collection

Leaf tissue was collected from plants at either 6 min or 100 min 
after the first and last contact treatments. Maize leaves were 
then sampled without touching the plants, but by moving 
the pots to a BIOREBATM extraction bag and allowing the 
cut sample to fall into the bag before being placed in liquid 
nitrogen. Approximately 3 cm of leaf tissue was removed using 

sterile scissors. Tissue was collected from five plants from each 
treatment: touched plant, T; control untouched plant, C; neigh-
bors exposed to volatiles from touched plant, ET; and neigh-
bors exposed to volatiles from control untouched plants, EC 
(see Supplementary Fig. S1).

RNA preparation and quantitative real-time PCR

Each frozen sample bag with an individual leaf inside was 
stored at –70 °C before RNA extraction. RNA was extracted 
from 100 mg of leaf tissue after being ground in liquid nitro-
gen using Trizol reagent (Life Technologies, USA). The man-
ufacturer’s protocol was modified and 8 M lithium chloride 
was used to remove genomic DNA contamination from the 
extracted RNA. Ten micrograms of the total RNA from each 
sample was then freeze-dried in GenTegra tubes (GenTegra, 
USA) for transport. RNA was dissolved in nuclease-free water, 
quantified and 1 µg of RNA was used from each sample to 
generate cDNA using a High Capacity Reverse Transcriptase 
kit (Life Technologies, USA). Primers for real-time PCR were 
generated using Primer 3 express software and validated with 
BLAST searches in NCBI and Maize Genome databases. The 
lists of primers that were used are provided in Supplementary 
Table S1. Quantitative real-time PCR (qRT-PCR) was per-
formed using SYBR green reagent in the 7900 HT Fast Real-
time PCR System (Applied Biosciences, USA). Actin was used 
as endogenous control for each sample and relative quantifica-
tion (RQ) values were calculated using the ΔΔCT method. The 
average gene expression of five plants, from which plant tissue 
were collected before the start of experiment, were used as a 
calibrator for the RQ calculations for gene expression.

Three categories of genes were investigated: (i) genes regu-
lating the early defense of the plant (e.g. the superoxide dis-
mutase gene, SOD), (ii) genes involved in the production of 
chemical defense against herbivores (e.g. the wound-induced 
protease inhibitor 1 gene, WIP1), and (iii) genes involved in 
the production of volatile compounds priming neighboring 
plants or attracting natural enemies of herbivores (e.g. the ter-
pene synthase 2 gene, TPS2). The names and the function of 
the genes as well as the primers used for their amplification by 
qRT-PCR are listed in Table S1.

Aphid plant acceptance

A no-choice settling test was used to measure aphid accept-
ance of maize plants using previously described methods, sum-
marized below (Ninkovic et al., 2002). All maize plants were 
tested 24 h after the end of the sixth contact treatment. The 
second maize leaf was placed inside a transparent 100 ml poly-
styrene tube (diameter 2.5 cm, length 25 cm). The upper end 
of the tube was sealed with a nylon net and the lower end was 
plugged with a plastic sponge through which the leaf entered 
via a slit. Ten wingless R. padi (larval instars 2–4) were placed 
inside a polystyrene tube around the maize leaf, and the number 
of aphids settled (not walking) on the leaf was recorded after 
2 h, which is sufficient time for aphids to settle and reach the 
phloem (Prado & Tjallingii, 1997). The results were expressed 
as the proportion of aphids originally introduced to ensure that 
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aphids that were able to escape from the tubes did not bias the 
results. The proportions of settling aphids were analysed with 
generalized linear mixed models (GLMs) with binomial error 
distribution in lme4 (Bates et al., 2015) in R (R Core Team, 
2015). The Tukey test was used for post hoc comparisons (SAS 
v. 9.4; SAS Institute, Cary, NC, USA). There were 18 replicates 
of T, C, ET, and EC plants.

Results

Volatile emission

PTR-TOF-MS analysis showed real-time VOC emission from 
maize plants before and after the contact treatments. The time 
course of VOCs emitted by young maize plants at the two-
leaf stage touched for the first time demonstrated a transient 
increase of emission of the volatile compounds after contact for 
compound of m/z 39.02 (tentative identification (TI): isoprene 
fragment), m/z 55.05 (TI: C4 aldehydes fragment), m/z 57.03 
(TI: (E)-3-hexenal), and m/z 81.07 (TI: terpene fragment) 
(Fig. 1A). The initial burst of these compounds exceeded the 
constitutive emission and started about 240 s after the mechan-
ical stimulus was applied and lasted about 300 s, reaching the 
maximum peak after 390–400 s (Fig. 1A).

Plants touched for 1 min d−1 for 6 d prior to PTR-TOF-MS 
analysis (Fig. 1B) seemed to trigger a slower but longer increase 
of some protonated masses, m/z 33.03 (TI: methanol), m/z 
39.02 (TI: isoprene fragment), m/z 69.07 (TI: isoprene), m/z 
57.07 (TI: alkyl fragment), and m/z 81.07 (TI: terpene frag-
ment). The release of these masses started to increase ~4600 s 
after the touching treatment, peaking at 5600 s. All the detected 
masses lasted nearly 2500 s before reaching their constitutive 
emission levels.

Gene expression

Early plant defenses are regulated by the generation of reac-
tive oxygen species (ROS), which not only can alter the redox 
state of the plant and inhibit insect performance, but also may 
function as secondary messengers activating downstream plant 
defense responses (Apel & Hirt, 2004). We measured gene 

expression in response to touch for genes that regulate the 
redox state of the plant such as ascorbate peroxidase (APX), 
calcium-dependent protein kinase (CPK11), mitogen-acti-
vated protein kinase 1 (MKK1), and superoxide dismutase 
(SOD). Plants have been shown to induce CPK11 expression 
in response to wounding and touch in maize (Szczegielniak 
et al., 2012). Expression of genes for mitogen-activated kinases 
such as MKK1 has also been shown to be triggered by ROS 
and antioxidants in maize and to affect the plants’ innate immu-
nity (Zhang et al., 2006; Gao et al., 2008). Maize plants trigger 
expression of early defense genes such as superoxide distmutase 
(SOD) and APX in response to aphid attack (Sytykiewicz, 
2014, 2016). In addition, we also measured transcript abun-
dance of defense genes whose products are known to affect 
insect performance directly, such as proteinase inhibitors and 
benzoxazinoids. Expression of maize protease inhibitor (MPI), 
wound-induced protease inhibitor 1 (WIP1) and benzoxazine-
less 1 (BX1) in maize has also been shown to hinder aphid and 
caterpillar growth on plants (Ahmad et al., 2011; Chuang et al., 
2014; Louis et  al., 2015). A  plants can also prime its neigh-
bors and recruit natural enemies of its insect pests through the 
production of VOCs such as terpenoids, green leafy volatiles, 
and indole through the gene products of terpene synthase 2 
(TPS2), lipoxygenase 3 (LOX3), and indole glycerol phosphate 
lyase (IGL1), respectively. Therefore, we measured the tran-
script abundance of TPS2, LOX3, and IGL1 in response to 
touch. We found that gene expression among T or ET and C 
or EC plants did not show much change after the first 1 min 
of contact. However, T plants exposed to continuous touching 
of 1 min d−1 for 6 d and neighbors exposed to their volatiles 
(ET plants) had significantly higher gene expression compared 
with C or EC plants, respectively.

Promptly after first touch treatment, some early defense 
genes related to redox changes in the plant showed differences 
in transcript abundance compared with control treatments. 
At 6 min after touch treatment (T6), expression of the SOD 
gene was up-regulated and remained that way for 100  min 
after touch treatment (Fig 2D), while CPK11 showed expres-
sion after 100 min exposure (ET100) (Fig 2B). Exposure to 
touch-induced volatiles for only 6  min was enough to up-
regulate the MPI gene involved in direct chemical defenses 

Fig. 1. Real-time VOC emission of young maize plants at the two-leaf stage (A) touched for the first time and (B) touched for 6 d. Touching treatment is 
indicated by a vertical dotted line (time 600 s).
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against herbivores, which remained up-regulated after 100 min 
(Fig. 3B). The other genes, BX1 and WIP1, responsible for the 
production of direct chemical defense against herbivores, did 

not show changes in expression in touched plants, nor in their 
exposed neighbors (Fig.  3A, C). Genes that are involved in 
priming, such as IGL1 and TPS2, did not change in response to 
first touch (Fig. 4A, C). Interestingly, LOX3, which is involved 
in the synthesis of green leaf volatiles, showed suppression in its 
transcript abundance 100 min after touching (Fig. 4B).

Plants that were touched for 1 min d−1 for 6 d showed sig-
nificantly higher levels of the early activated defense-related 
gene MKK1 at both time points T6 and T100 (Fig. 5C), while 
CPK11 and SOD had higher transcripts at T100 compared 
with untouched plants (Fig. 5B, D). Direct chemical defense-
related gene BX1 (Fig.  6A) had higher transcripts 100  min 
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represent significant differences between treatments (Tukey’s test).
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after touch treatment, while genes involved in volatile synthe-
sis such as IGL1 and TPS2 had higher transcript abundance 6 
and 100 min after touching, respectively (Fig. 7A, C). Plants 
exposed to touch-induced volatiles for 6 min (ET6) after the 
last treatment (1 min d−1 for 6 d) showed higher transcripts 
of MKK1, IGL1, and TPS2 (Figs 5C, 7A, C) compared with 
EC plants exposed to volatiles emitted by untouched controls, 
while MKK1 and TPS2 (Figs 5C, 7C) remained up-regulated 
100 min after exposure. Two genes, CPK11 and WIP1, showed 
higher transcripts only at the time point ET100 (Figs 5B, 6C). 
Exposure to induced volatiles from plants touched for the 
extended time (6 d) activated the same defense-related genes 

in the neighbors. We found transcriptional mirroring effects 
in expression of IGL1 (Fig. 7A) at time point ET6, in CPK11 
(Fig. 5B) and TPS2 (Fig. 7C) at ET100 and in MKK1 at both 
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Fig. 5. Transcript levels of early plant defenses related genes after six 
treatments in untouched control plants (C), touched plants after 6 min 
(T6) and 100 min (T100), and neighbors exposed to volatiles released 
from untouched control plants (EC), touched plants after 6 min (ET6) and 
touched plants after 100 min (ET100). Different letters above each variable 
represent significant differences between treatments (Tukey’s test).
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time points ET6 and ET100 (Fig. 5C) in touched and exposed 
plants. Such an effect was also observed for the APX (Fig. 5A), 
MPI (Fig. 6B), and LOX3 (Fig. 7B) genes, which did not show 
transcripts in either touched or exposed plants.

Aphid settling on exposed maize plants

Aphid acceptance was significantly reduced in touched plants 
compared with untouched plants (P=0.001), and the same 
response was also observed for plant neighbors exposed to vol-
atiles from touched plants in comparison with those exposed 
to volatiles from untouched plants (P=0.003) (Fig. 8). Results 

obtained in aphid settling tests demonstrated an important 
ecological role of contact-induced volatiles in chemical inter-
actions among plants.

Discussion

We found that, within minutes, plants can trigger transcrip-
tion of defense-related genes in response to brief contact and 
consequently a rapid change in emission of volatile com-
pounds. Surprisingly, the perception of induced VOCs from 
touched plants by neighboring plants can lead to the activation 
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Fig. 6. Changes in expression of genes involved in the production of 
chemical defense against herbivores after six treatments in untouched 
control plants (C), touched plants after 6 min (T6) and 100 min (T100), 
and neighbors exposed to volatiles released from untouched control 
plants (EC), touched plants after 6 min (ET6) and touched plants after 
100 min (ET100). Different letters above each variable represent significant 
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of defense genes. Taken together, our study demonstrates that 
genes activated in response to touch can contribute to induced 
resistance in the emitter itself and to primed/mirrored resist-
ance in neighboring plants.

Plants touched for shorter periods of time as well as their 
neighbors showed a feeble defense response in gene expres-
sion at both time points (6 and 100 min). Besides searching for 
evidence in gene expression induced by touch, we aimed to 
identify active components in the volatile blend from touched 
plants that influenced up-regulation of defense-related genes 
in the volatile-exposed neighbors. After just 6 min of expo-
sure, neighboring plants up-regulated direct defense-related 
gene MPI (Fig.  3B), and up-regulation of CPK11 occurred 
after 100 min (Fig.  2B). The blend of touch-induced VOCs 
consisted of isoprene fragments, s4 aldehyde fragments, (E)-
3-hexenal, and terpene fragments, which could be responsible 
for the observed receiver response (Fig.  1A). This demon-
strates a fascinating ability of plants to rapidly detect, process, 
and respond to touch-induced changes in the volatile profile 
of their nearby neighbors. Further studies are needed to con-
firm the role of these VOCs in plant–plant communication as 
single components or together as a blend. However, sustained 
touching for 1 min d−1 for 6 d had a significant effect on gene 
expression in touched plants, and exposure to their induced 
VOCs, a blend of methanol, isoprene fragments, isoprene, alkyl 
fragments, and terpene fragments (Fig. 1B), activated the same 
genes in their neighbors.

Notably, the trend of such gene expression was mirrored 
between touched plants and their neighbors. For example, after 
6 d of touching, CPK11, IGL1, MKK1, and TPS2 transcripts 
were higher in both touched plants and plants receiving VOCs 
from these plants, compared with untouched plants or plants 
receiving VOCs from untouched plants, respectively (Figs 5B, 
C, 7A, C). This signifies two things. First, plants have a thresh-
old at which they keep their induction of defense in response 
to touching to lower levels after 1 min of touching compared 
with sustained touching for 1 min d−1 for 6 d. Such a trend 
can be seen in the expression pattern of LOX3 where there 
was a suppression of the transcript at 100 min compared with 
untouched plants on day 1, suggesting the presence of a possible 
checkpoint of one-time touch before activation of downstream 

volatile production to prime its neighbor to the imminent 
threat (Fig.  4B). Second, gene expression between touched 
plants and plants that receive VOCs from these touched plants 
can mirror their level of defense-related gene expression. This 
strongly suggests that the perception of specific VOCs emit-
ted from touched plants can rapidly elevate defense levels in 
neighbors to mimic/copy the potentially adaptive transcripts 
of touched plants. This transcriptional mirroring response 
between touched plants and their neighbors for specific genes 
indicates that induced VOCs from perturbed plants can serve 
as messages to close conspecific neighbors. These results show 
plants’ capacity to sense and discriminate rapidly with great 
accuracy changes in nearby plants’ volatile profiles induced by 
touch, and to copy the response of plants directly exposed to 
mechano-stress. It is interesting to notice that this transcrip-
tional mirroring effect is observable for certain genes of the 
plant early defense (CPK11 and MKK1) (Fig. 5B, C) and of 
the volatile production (IGL1 and TPS2) (Fig.  7A, C), but 
not for the selected genes involved in direct chemical defense 
against herbivores (Fig. 6A, C).

Plants are known to constantly monitor chemical signals as 
these signals often serve as an important source of informa-
tion (Izaguirre et al., 2006; Novoplansky, 2009; Kegge & Pierik, 
2010). Plants benefit only if they are able to detect and respond 
in an appropriate manner to info-chemical signals from their 
environment (Broz et  al., 2010; Ninkovic, 2010). Receivers 
in close proximity utilize volatile cues leading to interactions 
between plants (Baldwin et al., 2006; Ninkovic et al., 2016).

It is apparent that 6 d of direct exposure significantly impacts 
the receivers’ ability to discriminately respond only to touch-
induced volatiles. Such a response indicates that plants have the 
capacity to respond appropriately to the cues pointing to spe-
cific stress changes in their neighbors. This allows the eavesdrop-
ping plant to prepare in a timely fashion for future events that 
may have a consequence for plant performance, as observed in 
the similar response of aphids to directly bothered plants and to 
those that received this information. The production of VOCs 
is complex and constantly altered by interactions of plants with 
biotic factors (Pichersky et al., 2006). VOCs present an indicator 
of the plant’s current state and may include elicitors of defense 
responses in neighboring plants (Karban et al., 2014). Previous 
studies reported that genetic relatedness among sagebrush 
plants influences volatile herbivory-induced defense in receiv-
ing plants (Heil & Ton, 2008; Karban & Shiojiri, 2009; Das et al., 
2013; Sugimoto et al., 2013; Erb et al., 2015). Exposure to vola-
tiles from insect-damaged conspecific plants can induce expres-
sion of several defense-related genes in undamaged neighbors 
(Arimura et  al., 2000). Our study demonstrates, for the first 
time, evidence that touch-induced volatiles from genetically 
identical plants can also play an important role in the induction 
of defense-related genes against herbivores in nearby neighbors.

Changes in volatile emission among the first and last touch-
ing treatments indicate that methanol, isoprene, and alkyl frag-
ments might correlate with higher transcripts of CPK11, IGL1, 
MKK1, TPS2, and WIP1 within exposed plants (Figs 5B, C, 
6C, 7A, C). The expression of genes CPK11, IGL1, WIP1, and 
MKK1 was associated to induced plant defense responses and 
greater resistance to insects and pathogens (Mészáros et al., 2006; 
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Kuśnierczyk et al., 2008; Ahmad et al., 2011; Szczegielniak et al., 
2012; Ding et al., 2013; Gravino et al., 2015). The expression of 
TPS2 was significantly induced by corn leaf aphid feeding (Tzin 
et al., 2015), enabling the production of monoterpenes and ses-
quiterpenes, including linalool and (E)-nerolidol (Richter et al., 
2016). Recent studies showed that sesquiterpenes such as (E)-
nerolidol can increase emissions of plants exposed to volatiles 
from neighboring undamaged plants, which have strong repel-
ling effects on the aphids (Ninkovic et al., 2013; Dahlin et al., 
2015). The complex series of coordinated defense responses 
expressed in plants exposed to touch-induced volatiles reduced 
aphid settling, making these plants a less suitable host for aphids 
(Fig. 8). It is obvious that up-regulation of certain tested genes, 
usually related to plant-induced defense, can be also activated 
after exposure to volatiles from competing neighbors, indi-
cating that these genes may have a physiological role in plant 
adaptation to growing environments. The ecological impor-
tance of touch-induced volatiles in induction of plants defenses 
is reflected in the fact that induction takes place even before 
actual herbivore attack occurs, making the exposed plants ready 
for a quick and more aggressive response.

We propose that brief and light contact events can be effec-
tive stimuli in the activation of transcripts of several defense-
related genes that are also involved in the emission of specific 
volatiles that activate the same genes in exposed plants. This 
study presents evidence of induced volatiles as long-distance 
cues that play important roles in the chemical interactions 
among plants of the same genotype. The presented findings 
should be considered in further studies as potentially important 
factors and valuable mechanisms in plant–plant communica-
tion and in plant community interactions. Furthermore, the 
ecological costs, benefits, and constraints of such signaling are 
in need of further evaluation in this and additional contexts 
to fully understand if such signaling is adaptive for either the 
receiver or the emitter.

Supplementary data

Supplementary data are available at JXB online.
Fig. S1. Exposure of maize plants to volatiles emitted from 

touched or untouched plants.
Table S1. List of primers used in this research.

Acknowledgements
We give thanks to technicians Helena Bötker and Maximilian Mayer for 
their assistance with sample collection. Funding for research was pro-
vided by the Swedish Research Council for Environment (FORMAS) 
(project number 220-2014-225 and project number 220-214-495). 
This project was partially supported by Agriculture and Food Research 
Initiative Competitive Grant no. 2018-67013-27402 from the USDA 
National Institute of Food and Agriculture to JGA.

References
Ahmad S, Veyrat N, Gordon-Weeks R, et  al. 2011. Benzoxazinoid 
metabolites regulate innate immunity against aphids and fungi in maize. 
Plant Physiology 157, 317–327.

Anten NP, Alcalá-Herrera R, Schieving F, Onoda Y. 2010. Wind and 
mechanical stimuli differentially affect leaf traits in Plantago major. New 
Phytologist 188, 554–564.

Apel K, Hirt H. 2004. Reactive oxygen species: metabolism, oxidative 
stress, and signal transduction. Annual Review of Plant Biology 55, 373–399.

Arimura G, Ozawa R, Shimoda T, Nishioka T, Boland W, Takabayashi 
J. 2000. Herbivory-induced volatiles elicit defence genes in lima bean 
leaves. Nature 406, 512–515.

Baldwin IT, Halitschke R, Paschold A, von Dahl CC, Preston CA. 
2006. Volatile signaling in plant-plant interactions: “talking trees” in the 
genomics era. Science 311, 812–815.

Bates D, Mächler M, Bolker B, Walker S. 2015. Fitting linear mixed-
effects models using lme4. Journal of Statistical Software 67, 1–48.

Birkett MA, Campbell CAM, Chamberlain K, et al. 2000. New roles for 
cis-jasmone as an insect semiochemical and in plant defense. Proceedings 
of the National Academy of Sciences, USA 97, 9329–9334.

Braam J. 2005. In touch: plant responses to mechanical stimuli. New 
Phytologist 165, 373–389.

Broz AK, Broeckling CD, De-la-Peña C, Lewis MR, Greene E, 
Callaway RM, Sumner LW, Vivanco JM. 2010. Plant neighbor identity 
influences plant biochemistry and physiology related to defense. BMC Plant 
Biology 10, 115.

Chehab EW, Yao C, Henderson Z, Kim S, Braam J. 2012. Arabidopsis 
touch-induced morphogenesis is jasmonate mediated and protects against 
pests. Current Biology 22, 701–706.

Chuang WP, Ray S, Acevedo FE, Peiffer M, Felton GW, Luthe DS. 
2014. Herbivore cues from the fall armyworm (Spodoptera frugiperda) 
larvae trigger direct defenses in maize. Molecular Plant-Microbe Interactions 
27, 461–470.

Dahlin I, Vucetic A, Ninkovic V. 2015. Changed host plant volatile 
emissions induced by chemical interaction between unattacked plants 
reduce aphid plant acceptance with intermorph variation. Journal of Pest 
Science 88, 249–257.

Das A, Lee SH, Hyun TK, Kim SW, Kim JY. 2013. Plant volatiles as 
method of communication. Plant Biotechnology Reports 7, 9–26.

Dicke M, Bruin J. 2001. Chemical information transfer between plants: 
back to the future. Biochemical Systematics and Ecology 29, 981–994.

Ding Y, Cao J, Ni L, Zhu Y, Zhang A, Tan M, Jiang M. 2013. ZmCPK11 
is involved in abscisic acid-induced antioxidant defence and functions 
upstream of ZmMPK5 in abscisic acid signalling in maize. Journal of 
Experimental Botany 64, 871–884.

Eigenbrode SD, Ding H, Shiel P, Berger PH. 2002. Volatiles from potato 
plants infected with potato leafroll virus attract and arrest the virus vector, 
Myzus persicae (Homoptera: Aphididae). Proceedings of the Royal Society. 
Series B, Biological Sciences 269, 455–460.

Elhakeem A, Markovic D, Broberg A, Anten NPR, Ninkovic V. 
2018. Aboveground mechanical stimuli affect belowground plant-plant 
communication. PLoS One 13, e0195646.

Engelberth J, Alborn HT, Schmelz EA, Tumlinson JH. 2004. Airborne 
signals prime plants against insect herbivore attack. Proceedings of the 
National Academy of Sciences, USA 101, 1781–1785.

Erb M, Veyrat N, Robert CAM, Xu H, Frey M, Ton J, Turlings TCJ. 
2015. Indole is an essential herbivore-induced volatile priming signal in 
maize. Nature Communications 6, 6273.

Gao M, Liu J, Bi D, Zhang Z, Cheng F, Chen S, Zhang Y. 2008. MEKK1, 
MKK1/MKK2 and MPK4 function together in a mitogen-activated protein 
kinase cascade to regulate innate immunity in plants. Cell Research 18, 
1190–1198.

Gravino M, Savatin DV, Macone A, De Lorenzo G. 2015. Ethylene 
production in Botrytis cinerea- and oligogalacturonide-induced immunity 
requires calcium-dependent protein kinases. The Plant Journal 84, 
1073–1086.

Heil M, Karban R. 2010. Explaining evolution of plant communication by 
airborne signals. Trends in Ecology & Evolution 25, 137–144.

Heil M, Ton J. 2008. Long-distance signalling in plant defence. Trends in 
Plant Science 13, 264–272.

Izaguirre MM, Mazza CA, Biondini M, Baldwin IT, Ballaré CL, Ballare 
CL. 2006. Remote sensing of future competitors: impacts on plant defenses. 
Proceedings of the National Academy of Sciences, USA 103, 7170–7174.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/70/2/691/5149525 by Sveriges Lantbruksuniversitet user on 16 January 2019



700 | Markovic et al.

Jaffe MJ, Leopold CA, Staples RC. 2002. Responses in plants and fungi. 
American Journal of Botany 89, 375–382.

Jordan A, Haidacher S, Hanel G, Hartungen E, Märk L, Seehauser H, 
Schottkowsky R, Sulzer P, Märk TD. 2009. A high resolution and high 
sensitivity proton-transfer-reaction time-of-flight mass spectrometer (PTR-
TOF-MS). International Journal of Mass Spectrometry 286, 122–128.

Karban R, Shiojiri K. 2009. Self-recognition affects plant communication 
and defense. Ecology Letters 12, 502–506.

Karban R, Yang LH, Edwards KF. 2014. Volatile communication between 
plants that affects herbivory: a meta-analysis. Ecology Letters 17, 44–52.

Kegge W, Pierik R. 2010. Biogenic volatile organic compounds and plant 
competition. Trends in Plant Science 15, 126–132.

Kessler A, Halitschke R, Diezel C, Baldwin IT. 2006. Priming of plant 
defense responses in nature by airborne signaling between Artemisia 
tridentata and Nicotiana attenuata. Oecologia 148, 280–292.

Kim S, Karl T, Guenther A, Tyndall G, Orlando J, Harley P, Rasmussen 
R, Apel E. 2010. Emissions and ambient distributions of Biogenic Volatile 
Organic Compounds (BVOC) in a ponderosa pine ecosystem: interpretation 
of PTR-MS mass spectra. Atmospheric Chemistry and Physics 10, 
1759–1771.

Kuśnierczyk A, Winge P, Jørstad TS, Troczyńska J, Rossiter JT, 
Bones AM. 2008. Towards global understanding of plant defence against 
aphids – timing and dynamics of early Arabidopsis defence responses to 
cabbage aphid (Brevicoryne brassicae) attack. Plant, Cell & Environment 
31, 1097–1115.

Lanza M, Acton WJ, Sulzer P, et al. 2015. Selective reagent ionisation-
time of flight-mass spectrometry: a rapid technology for the novel analysis 
of blends of new psychoactive substances. Journal of Mass Spectrometry 
50, 427–431.

Lee D, Polisensky DH, Braam J. 2005. Genome-wide identification of 
touch- and darkness-regulated Arabidopsis genes: a focus on calmodulin-
like and XTH genes. New Phytologist 165, 429–444.

Liu Y, Schieving F, Stuefer JF, Anten NP. 2007. The effects of mechanical 
stress and spectral shading on the growth and allocation of ten genotypes 
of a stoloniferous plant. Annals of Botany 99, 121–130.

Louis J, Basu S, Varsani S, Castano-Duque L, Jiang V, Williams 
WP, Felton GW, Luthe DS. 2015. Ethylene contributes to maize insect 
resistance1-mediated maize defense against the phloem sap-sucking corn 
leaf aphid. Plant Physiology 169, 313–324.

Maleknia SD, Bell TL, Adams MA. 2007. PTR-MS analysis of reference 
and plant-emitted volatile organic compounds. International Journal of 
Mass Spectrometry 262, 203–210.

Mancuso S, Taiti C, Bazihizina N, Costa C, Menesatti P, Giagnoni L, 
Arenella M, Nannipieri P, Renella G. 2015. Soil volatile analysis by proton 
transfer reaction-time of flight mass spectrometry (PTR-TOF-MS). Applied 
Soil Ecology 86, 182–191.

Markovic D, Glinwood R, Olsson U, Ninkovic V. 2014. Plant response 
to touch affects the behaviour of aphids and ladybirds. Arthropod-Plant 
Interactions 8, 171–181.

Markovic D, Nikolic N, Glinwood R, Seisenbaeva G, Ninkovic V. 
2016. Plant responses to brief touching: a mechanism for early neighbour 
detection? PLoS One 11, e0165742.

Mészáros T, Helfer A, Hatzimasoura E, et al. 2006. The Arabidopsis 
MAP kinase kinase MKK1 participates in defence responses to the bacterial 
elicitor flagellin. The Plant Journal 48, 485–498.

Montgomery JA, Bressan RA, Mitchell CA. 2003. Application of 
mechano-dwarfing stimuli to Arabidopsis for mutant-screen development. 
Acta Horticulturae 618, 85–93.

Moran PJ, Cipollini DF. 1999. Effect of wind-induced mechanical stress 
on soluble peroxidase activity and resistance to pests in cucumber. Journal 
of Phytopathology 147, 313–316.

Ninkovic V. 2010. Plant communication from an ecological perspective. 
In: Baluska F, Ninkovic V, eds. Volatile interaction between undamaged 
plants: a short cut to coexistence. Berlin, Heidelberg: Springer-Verlag, 
75–86.

Ninkovic V, Dahlin I, Vucetic A, Petrovic-Obradovic O, Glinwood R, 
Webster B. 2013. Volatile exchange between undamaged plants – a new 
mechanism affecting insect orientation in intercropping. PLoS One 8, e69431.

Ninkovic V, Markovic D, Dahlin I. 2016. Decoding neighbour volatiles in 
preparation for future competition and implications for tritrophic interactions. 
Perspectives in Plant Ecology, Evolution and Systematics 23, 11–17.

Ninkovic V, Olsson U, Pettersson J. 2002. Mixing barley cultivars 
affects aphid host plant acceptance in field experiments. Entomologia 
Experimentalis et Applicata 102, 177–182.

Novoplansky A. 2009. Picking battles wisely: plant behaviour under 
competition. Plant, Cell & Environment 32, 726–741.

Pang X. 2015. Biogenic volatile organic compound analyses by PTR-
TOF-MS: Calibration, humidity effect and reduced electric field dependency. 
Journal of Environmental Sciences 32, 196–206.

Pettersson J, Tjallingii WF, Hardie J. 2017. Host-plant selection and 
feeding. In: van Emden HF, Harrington R, eds. Aphids as crop pests. 
Wallingford: CABI, 173–196.

Pichersky E, Noel JP, Dudareva N. 2006. Biosynthesis of plant volatiles: 
nature’s diversity and ingenuity. Science 311, 808–811.

Prado E, Tjallingii WF. 1997. Effects of previous plant infestation on 
sieve element acceptance by two aphids. Entomologia Experimentalis et 
Applicata 82, 189–200.

R Core Team. 2015. R: A  language and environment for statistical 
computing. Vienna, Austria: R Foundation for Statistical Computing.

Ramadan A, Muroi A, Arimura GI. 2011. Herbivore-induced maize 
volatiles serve as priming cues for resistance against post-attack by the 
specialist armyworm Mythimna separata. Journal of Plant Interactions 6, 
155–158.

Richter A, Schaff C, Zhang Z, et al. 2016. Characterization of biosynthetic 
pathways for the production of the volatile homoterpenes DMNT and TMTT 
in Zea mays. The Plant Cell 28, 2651–2665.

Sugimoto K, Matsui K, Ozawa R, Kuramitsu Y, Kley J, David A, Muck 
A, Nakamura K, Boland W, Takabayashi J. 2013. Induced defence in 
lima bean plants exposed to the volatiles from two-spotted spider mite-
infested conspecifics is independent of the major protein expression. 
Journal of Plant Interactions 8, 219–224.

Sytykiewicz H. 2014. Differential expression of superoxide dismutase 
genes in aphid-stressed maize (Zea mays L.) seedlings. PLoS One 9, 
e94847.

Sytykiewicz H. 2016. Expression patterns of genes involved in ascorbate-
glutathione cycle in aphid-infested maize (Zea mays L.) seedlings. 
International Journal of Molecular Sciences 17, 268.

Szczegielniak J, Borkiewicz L, Szurmak B, Lewandowska-
Gnatowska E, Statkiewicz M, Klimecka M, Cieśla J, Muszyńska 
G. 2012. Maize calcium-dependent protein kinase (ZmCPK11): local and 
systemic response to wounding, regulation by touch and components of 
jasmonate signaling. Physiologia Plantarum 146, 1–14.

Taiti C, Costa C, Menesatti P, Caparrotta S, Bazihizina N, Azzarello 
E, Petrucci WA, Masi E, Giordani E. 2015. Use of volatile organic 
compounds and physicochemical parameters for monitoring the post-
harvest ripening of imported tropical fruits. European Food Research and 
Technology 241, 91–102.

Taiti C, Giorni E, Colzi I, Pignattelli S, Bazihizina N, Buccianti A, 
Luti S, Pazzagli L, Mancuso S, Gonnelli C. 2016. Under fungal attack 
on a metalliferous soil: ROS or not ROS? Insights from Silene paradoxa 
L. growing under copper stress. Environmental Pollution 210, 282–292.

Telewski FW. 2006. A unified hypothesis of mechanoperception in plants. 
American Journal of Botany 93, 1466–1476.

Tzin V, Fernandez-Pozo N, Richter A, et  al. 2015. Dynamic maize 
responses to aphid feeding are revealed by a time series of transcriptomic 
and metabolomic assays. Plant Physiology 169, 1727–1743.

Zhang A, Jiang M, Zhang J, Tan M, Hu X. 2006. Mitogen-activated 
protein kinase is involved in abscisic acid-induced antioxidant defense and 
acts downstream of reactive oxygen species production in leaves of maize 
plants. Plant Physiology 141, 475–487.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/70/2/691/5149525 by Sveriges Lantbruksuniversitet user on 16 January 2019


