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RESEARCH ARTICLE

Impact of heat stress on foliar biogenic volatile
organic compound emission and gene expression
in tomato (Solanum lycopersicum) seedlings

Sanjeevi Nagalingam1,*, Roger Seco1,2, Kirill Musaev3, Chhandak Basu3,
Saewung Kim1, and Alex Guenther1,*

We present foliar biogenic volatile organic compound (BVOC) emission data from 24-h heat-stressed tomato
(Solanum lycopersicum) seedlings including speciated monoterpenes and sesquiterpenes and high time-
resolution measurements of methyl salicylate and total monoterpenes. The median total monoterpene and
total sesquiterpene emission rates at 30�C were 18.5 and 0.172 pmol m–2 s–1, respectively, which falls within
the negligible emission category of previous studies. However, initial heat exposure (39�C or 42�C) increased
the emissions of approximately half of the targeted compounds beyond what was predicted by current BVOC
emission temperature response algorithms. The enhanced emissions were not always sustained for the entire
duration of the heat stress and some plants exhibited a delayed monoterpene response, where emissions
peaked toward the end of the heat treatment. Methyl salicylate, a known stress marker, responded
differently to the heat stress than most of the other compounds. Heat stress increased methyl salicylate
emissions in some plants (at least initially), but in others, emissions declined or did not change significantly.
There was no significant correlation between the magnitude of gene expression and emission induction of
monoterpenes or methyl salicylate. Furthermore, the emitted monoterpenes did not exhibit any apparent
light-dependent behavior, which suggests that these monoterpene stress emissions mostly originated from
light-independent foliar storage pools and not from increased de novo production. In contrast, methyl
salicylate emissions appear to have contributions from both de novo synthesis and stored pools, as they
showed both enzyme-controlled (i.e., light-dependent) and light-independent behaviors. Analyses of the
foliar essential oils demonstrate that most of the emitted BVOCs were also present in stored pools. The
pool sizes were generally large enough to sustain unstressed emission levels for days to months, and even
years for some compounds. However, heat-induced emission enhancement can diminish the pool sizes of some
BVOCs, which could decrease subsequent emissions.

Keywords: BVOC emission, Heat stress, Gene expression,Tomato, Essential oil, Post-illumination burst

1. Introduction
Plants emit a diverse range of biogenic volatile organic
compounds (BVOCs) into the atmosphere, including ter-
penes, alkanes, alkenes, aldehydes, ketones, alcohols, and
esters (Penuelas and Llusia, 2003; Seco et al., 2007), and
these emissions are the dominant source of atmospheric
VOCs (Guenther et al., 1995). The global mean annual
total BVOC flux is estimated to be between 760 and
1000 Tg C yr–1 based on the simulation runs of the Model
of Emissions of Gases and Aerosols from Nature

(MEGANv2.1), with isoprene constituting the bulk of the
emissions (70%), followed by monoterpenes (MTs; 11%),
methanol (6%), acetone (3%), sesquiterpenes (SQTs;
2.5%), and other BVOCs (<2% each; Guenther et al.,
2012; Sindelarova et al., 2014). Many BVOCs have high
chemical reactivities and some have high secondary
organic aerosol (SOA) yields and contribute to ozone and
SOA production, which can influence climate and radia-
tive forcing on a regional to global scale (Penuelas and
Staudt, 2010). Therefore, accurate estimations of BVOC
emissions are needed to advance predictions of current
and future climate scenarios. The magnitude of BVOC
emissions is modulated by environmental conditions,
principally light and temperature, and by external stresses
(e.g., heat, drought, ozone; Loreto and Schnitzler, 2010).
Both temperature and light-dependency effects for iso-
prene and MTs have been integrated into current emission
models, for example, MEGANv2.1 (Guenther et al., 2012;
Oderbolz et al., 2013). These models perform well in
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characterizing the emission behavior of constitutive terpe-
noids at unstressed temperatures (less than approximately
35�C; Guenther et al., 1993), but tend to underestimate
the emission response of stored MTs from heat-stressed
plants, as they do not account for the elicitation of some
stress-induced emissions, for example, from ruptured
resin ducts in conifers (Kleist et al., 2012). In contrast, the
emission of de novo MTs from heat-stressed plants can be
lower than that predicted by these models (Kleist et al.,
2012). Furthermore, the temporal variability in the stress
response adds another layer of complexity in modeling
the emission behavior, for example, heat stress may
increase emissions in the short term, but then induce
a reduction in the longer term (Pazouki et al., 2016). It
is evident that we still have an inadequate understanding
of the emission behavior of plants under heat stress. The
increasing prevalence of heat wave events (Perkins et al.,
2012; Perkins-Kirkpatrick and Lewis, 2020) and the pro-
jected increase in global temperatures (Tollefson, 2020)
underscore the importance of improving the accuracy of
model estimates of emissions from heat-stressed
vegetation.

The bulk of the effort to quantify BVOC emissions for
atmospheric chemistry modeling has been focused on
woody plants (e.g., coniferous, broadleaf, evergreen, and
deciduous trees). Relatively fewer studies have been con-
ducted on crop plants, as they generally produce lower
emissions (Gentner et al., 2014; Okereke et al., 2021), and
are therefore expected to have a smaller impact on atmo-
spheric chemistry. We sought to investigate if a low-
emitting crop could transform into a high emitter under
heat stress. Tomato (Solanum lycopersicum) was chosen as
a representative crop species, since previous studies had
indicated that it is a low BVOC emitter in ambient condi-
tions (Table 1; Section 3.1.1). Furthermore, tomato plants
have a wide global distribution due to their economic
value (Costa and Heuvelink, 2018). Two previous studies
have explored the effects of heat stress on tomato foliar
BVOC emissions: Copolovici et al. (2012) and Pazouki et al.
(2016). In both studies, a transient (5 min) heat shock was
applied by temporarily immersing the leaves in a temper-
ature-controlled water bath. The BVOC emission response
was subsequently measured at regular intervals after al-
lowing for a short equilibration period. In our study, the
whole plant was placed in a walk-in, temperature-
controlled environmental chamber to simulate a more
realistic heat wave event over a longer period (24 h). The
plants were heat-stressed at temperatures, 39�C or 42�C,
that occur in heat wave events in some regions. Rivero et
al. (2001) grew tomato plants at different temperatures
(15�C, 25�C, and 35�C) for 30 days and showed that the
physiological effects of heat stress began to manifest at
35�C as indicated by reduced shoot biomass at the end of
the growing period and accumulation of phenolics in the
plant tissue. Accordingly, exposure to 39�C or 42�C for 24
h is likely above the temperature threshold for heat stress
in tomato plants.

The overall objective of our study was to investigate the
emission response of tomato foliar BVOCs to heat stress
and to determine whether the changes in emissions with

temperature followed current model predictions. When
the observed emissions differed from model estimates,
we attempted to determine the source(s) of the stress-
induced emissions, that is, either from foliar storage pools
or from increased de novo production or both. We used
a proton transfer reaction-mass spectrometer (PTR-MS) to
acquire high time-resolution methyl salicylate (MeSA) and
total MT measurements to deduce the temporal pattern in
the emission response to heat stress. We also utilized an
offline gas chromatograph (GC) to obtain periodic spe-
ciated terpenoid measurements; a total of 31 compounds
were targeted for emission quantification. To our knowl-
edge, high time-resolution BVOC emission data from
tomato foliage has not previously been reported. To inves-
tigate possible changes in de novo BVOC production rates,
a subset of the sampled plants was selected for gene
expression measurements. Additionally, we used the
observed changes in daytime and nighttime emission
rates (ERs) to estimate the fractions of light-dependent
(i.e., de novo-synthesized) and light-independent (i.e., stor-
age-derived) BVOC emissions. Finally, we analyzed the
BVOC content in the essential oils of a separate set of
tomato plants to determine their foliar BVOC storage pool
sizes. The measured pool sizes indicated the potential con-
tribution of storage-derived emissions and informed if the
pool capacity was sufficient to sustain the observed rates
of heat stress-enhanced emissions.

2. Materials and methods
2.1. Plant material

The BVOC emission rates from 18 individual tomato (Sola-
num lycopersicum) seedlings were measured in this study.
These potted seedlings were from 9 different cultivated
varieties (cultivars): Roma, Tami-G grape, Cherokee Purple,
Red Beefsteak, Juliet (Roma Grape Hybrid), Summer Set,
Early Girl, Husky Cherry Red, and Black Cherry. The seed-
lings were purchased from a commercial source (Bonnie
Plants, Pala, CA, USA) and were 9–10 weeks old. They were
moved into an environmental chamber (see Section 2.2) at
least 2 weeks prior to the start of measurements. Two
hundred milliliters of water was added daily to each plant
prior to and during the measurement period. A different
set of 8 tomato plants consisting of 4 Roma and 4 Beef-
steak plants were grown from seeds (Ohio Heirloom Seeds,
Columbus, OH, USA) for essential oil extraction and anal-
ysis (see Section 2.7). The seeds were germinated and
grown in an environmental chamber with a temperature
of 25�C, relative humidity of 45%, and a 12-h photocycle.
The essential oil extraction was conducted when the 8
seedlings were 8–10 weeks old. The height of the seed-
lings from both sets was in the range of 25–35 cm. All the
seedlings used in the VOC emissions study appeared to be
in a similar developmental stage and none of the seed-
lings were flowering or bearing fruit at the time of the
experiment.

2.2. Gas exchange and environmental control

system

The heat stress-VOC emissions experiments were con-
ducted in a walk-in (length: 2.5 m, width: 2.5 m, height:
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2.5 m, volume: 15.625 m3) environmental chamber
(Model MAT-G1HD-9X9; Darwin Chambers Co., Saint
Louis, MO, USA) located in the basement of Croul Hall
at the University of California, Irvine. The chamber is
a semi-isolated system with minimal mixing between the
air inside the chamber and the laboratory air outside.
An integrated environmental control system allows for
stable control of the temperature and relative humidity
within the chamber. The VOC emissions from 3 individual
tomato plants were measured concurrently during each
experiment. The plants were enclosed in flexible, transpar-
ent, 5-gallon (approximately 18.9 L) Teflon PFA bag en-
closures (Part number: P-00126; Welch Fluorocarbon, Inc.,
Dover, NH, USA) with a wall thickness of 0.002 inches
(approximately 0.05 mm). A fourth empty Teflon enclo-
sure served as a “blank” to provide background VOC, CO2,
and H2O measurements. Each plant in the environmental
chamber was illuminated artificially using LED growth
lamps (Model Pro 325; LumiGrow, Inc., Emeryville, CA,
USA). The lamps are composed of red, blue, and white
LEDs, and their irradiance pattern closely approximates
the photosynthetically active radiation spectrum of natural
sunlight. The photosynthetic photon flux density incident
upon the plants was approximately 500 mmol m–2 s–1, as
measured inside the enclosures.We simulated a simple 12-h
photocycle by programming the LED lamps to activate at
8 AM and to switch off at 8 PM daily. A type “K” thermo-
couple sensor (OMEGA Engineering, Inc., Norwalk, CT, USA)
was inserted into each enclosure (including the blank) to
measure the air temperature inside. The thermocouple wires
were insulated with PFA to ensure inertness.

An ultra-high purity (UHP) zero air generator (Model
747-30; Aadco Instruments, Cleves, OH, USA) was used to
deliver the influent VOC-free air into the enclosures. Since
the zero air generator removes most of the CO2 from the
input air, CO2 was readded into the air stream from a pure
CO2 cylinder (99.999%; Part number: CD RP200; Airgas
Specialty Gases, Chicago, IL, USA). The flow rate of the pure
CO2 was controlled using a digital mass flow controller
(MFC; Model GE50A; MKS Instruments, Inc., Andover, MA,
USA) to obtain a diluted CO2 mole fraction of approximately
400 mmol mol–1 in the mixed air. An inline static tube mixer
(Part number: Stratos 1/4-34; Koflo Corporation, Cary, IL,
USA) was used to aid in the mixing of the CO2 and the zero
air before the mixed air was split onto 4 separate 1/4 inch
outer diameter PFA inlet lines that were each connected to
one of the four Teflon enclosures. Stainless steel restriction
orifices (O’Keefe Controls Co., Trumbull, CT, USA) were
placed upstream of each of the 4 inlet lines to provide flow
control. The flow rate into each enclosure was slightly dif-
ferent due to variations in the lengths of the inlet lines
connecting the restriction orifices to the enclosures. Mass
airflow sensors (Model AWM5102VN; Honeywell, Inc.,
Golden Valley, MN, USA) were installed in-line and upstream
of each enclosure to continually measure the actual flow
rate into the individual enclosures. The sensors were cali-
brated using a primary gas flow calibrator (Model Defender
510-H; Mesa Laboratories, Inc., Lakewood, CO, USA). The
typical flow rate into each enclosure was approximately
between 3.5 and 3.9 L/min.

The outlet line from each of the 4 enclosures runs out
of the environmental chamber and into a vacuum pump
(Model DOA-P704; Gast Manufacturing, Inc., Benton Har-
bor, MI, USA); the 4 outlet lines were bundled together
inside several contiguous lengths of Buna-N/PVC closed-
cell foam insulation tubing and were heated to a temper-
ature of 43�C–44�C using a self-regulating heating cable
(Model W51; Pentair Thermal Management, Houston, TX,
USA) to inhibit the condensation of water vapor and to
prevent higher boiling point VOCs from sticking to the
inner walls of the flow lines. The vacuum pump ensured
that the outlet flow lines were continuously flushed. Part
of the airflow from each outlet line was diverted into
a PEEK sample manifold (Model P-151; IDEX Health &
Science, Oak Harbor, WA, USA). A 2-way, normally closed
solenoid valve (Model EW-01540-02; Cole-Parmer Instru-
ment Co., Vernon Hills, IL, USA) was installed between
each outlet line and the sample manifold. These 4 sole-
noid valves are constructed of inert PTFE, have low dead
volumes, and short response times (20 ms). The manifold–
valve assembly was encased in a heated (43�C–44�C), ther-
mally insulated enclosure. Each solenoid valve was inde-
pendently actuated by a 167 mA at 24 VDC electrical
signal that was supplied through a power switching board
(Model PS12DC; LabJack Corporation, Lakewood, CO, USA)
coupled to an external 24 VDC power supply and
mounted on a LabJack data acquisition and automation
module (Model T7-Pro; LabJack Corporation). The outlet
port of the sample manifold was connected to a CO2/H2O
infrared gas analyzer (IRGA; see Section 2.5) and to a pro-
ton transfer reaction time-of-flight mass spectrometer
(PTR-TOF-MS; see Section 2.4.2). The LabJack module was
programmed to sequentially actuate each solenoid valve
to allow consecutive sampling of the blank enclosure and
the 3 plant enclosures by the IRGA and the PTR-TOF-MS.
Besides controlling valve actuation, the LabJack module
continually logged sensor data (at a frequency of 1 Hz)
from the enclosure thermocouples and mass airflow sen-
sors. A portion of the airflow from each outlet line was
also periodically diverted to a small, portable pump for
sampling onto sorbent cartridges (see Section 2.4).

2.3. Experimental protocols

The tomato heat stress experiments presented in this
study were conducted between July 20, 2020, and Sep-
tember 22, 2020, and were performed on 3 plants at
a time. An initial survey-type study was conducted on 12
tomato plants from 9 different cultivars. In the survey
study, the control (i.e., preheat treatment) temperature
was set to 30�C, and the heat treatment was performed
at 42�C for 24 h, typically starting at approximately
12 PM. The plants were enclosed and the BVOC emission
measurements were started 1–2 days prior to the com-
mencement of the heat stress and were continued
throughout the duration of the heat stress. For some of
these seedlings, BVOC ERs were also measured during the
post-stress recovery period (at 30�C) for approximately
24 h following the end of the heat treatment.

Six more Roma tomato seedlings were selected for a sec-
ond heat stress study. Three of the Roma seedlings were
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designated as control plants (Roma C1, C2, and C3), while
the other 3 were exposed to heat stress (Roma HS1, HS2,
and HS3). The duration of the heat treatment was the same
as for the survey study (24 h). However, the heat stress
temperature was lowered to 39�C, while the control tem-
perature was set to 25�C. The leaves from the 6 Roma
seedlings were harvested at the end of the experiment for
gene expression analysis via the quantitative real time poly-
merase chain reaction (qRT-PCR) method (see Section 2.6).

2.4. VOC sampling and analysis

A portable sampling pump (Model Gilian GilAir Plus STP;
Sensidyne LP, St. Petersburg, FL, USA) was used to pull
a known volume of air from the outlet line of each plant
enclosure and onto multibed stainless steel cartridges
packed with Tenax TA and Carbograph 5TD, with quartz
wool separating the 2 adsorbents (Part number: C3-AXXX-
5304; Markes International Ltd, Llantrisant, UK). The
sorbent cartridge was positioned in between the enclosure
outlet and the pump. This configuration ensures that the
VOCs in the sample air do not pass through (and therefore
do not interact with) the pump, thereby preserving sample
integrity. Blank (i.e., background) samples were collected
from the blank Teflon enclosure for each sampling day to
characterize the background level of BVOCs in the sam-
pling system. This background BVOC level was subtracted
from the BVOC amount fractions measured in the effluent
air from each plant enclosure, as illustrated in Equation 1.
The background BVOC amount fractions typically ranged
between 0% and 4% of the amount fractions from the
plant enclosures.

A 1-L sample volume was pulled from each enclosure
at a flow rate of 100 mL/min. Prior to sampling, the
sorbent cartridges were first conditioned to remove any
trace amounts of VOCs that may have carried over from
previous samples. Cartridge conditioning was carried out
by flowing UHP nitrogen gas through each cartridge and
heating it at 330�C for 30 min. Once the conditioning
process was completed, the cartridges were capped with
brass storage caps to restrict the passive diffusion of con-
taminants from the laboratory air into the cartridges. After
sampling, the cartridges were promptly analyzed on our
thermal desorption–gas chromatography with mass spec-
trometry and flame ionization detector (TD-GC-MS/FID)
system (see Section 2.4.1), otherwise they were kept under
refrigeration (2�C–3�C) until the GC-MS system was ready
for cartridge analysis. BVOC ERs, normalized to leaf sur-
face area (E, pmol m–2 s–1) were then calculated based on
Equation 1 (Niinemets et al., 2011; Harley et al., 2014):

E ¼ ðCout � CinÞ
AL

F ; ð1Þ

where Cout and Cin (pmol/m3) are the concentrations of
the BVOC of interest in the air leaving and entering the
plant enclosure, respectively. In our gas exchange system,
the value of Cin is characterized by the concentration of
the relevant BVOC measured in the air exiting the blank
enclosure (i.e., background BVOC level). F (m3/s) is the
airflow rate into the plant enclosure and AL (m2) is the
total enclosed, one-sided leaf surface area, which was

determined according to the following protocols. All the
leaves enclosed within each plant enclosure were har-
vested at the conclusion of each stress experiment. The
leaves were photographed together with a 2 cm by 2 cm,
red-colored reference square that was placed in the same
plane as the leaves. The reference square acted as a scale to
calibrate the area of the leaves. The batch of digital images
was then uploaded onto a computer and an open-source
digital image analysis program (Easy Leaf Area; University
of California at Davis, CA, USA) was used to batch-process
the images and rapidly calculate the leaf areas. The meth-
odology and digital protocols employed by the processing
software is further detailed in Easlon and Bloom (2014).
Afterward, the leaves were oven-dried at 70�C for 72 h and
were subsequently weighed using an electronic mass bal-
ance (Model Practum513-1S; Sartorius GmbH, Goettingen,
Germany) to obtain their dry weight. Dry weight values
were not obtained for the leaves from the 6 Roma
seedlings (Roma C1, C2, C3, HS1, HS2, and HS3) since
these leaves were used for gene expression analysis (see
Section 2.6).

The overall combined uncertainty in the reported ERs is
estimated to be approximately 11%–16% and approxi-
mately 18% for GC-MS and PTR-MS-measured values,
respectively, which are comparable to those reported in
other BVOC studies (Harley et al., 2014; Kajos et al., 2015;
McKinney et al., 2019); Equation S1 in the Supplemental
Material describes the calculation of the overall uncer-
tainty. The individual contributions to the overall uncer-
tainty include uncertainties in leaf area measurements
(2%), airflow rate into the plant enclosure (3%), sample
volume (2%; for GC-MS measurements only), and BVOC
amount fractions (10%–15% depending on compound for
GC-MS measurements and 18% for MT measurements via
PTR-MS).

2.4.1. Thermal desorption-Gas chromatography with

mass spectrometry and flame ionization detector

Sampled sorbent cartridges were thermally desorbed
using a TD autosampler (Model ULTRA-xr; Markes Interna-
tional Ltd) at 285�C for 6 min. Prior to desorption, the
cartridges were first prepurged with helium gas for 3 min
to remove oxygen and any trace amounts of water that
may be present. The analytes from the desorbed cartridges
were preconcentrated at 10�C on a focusing trap (Part
number: U-T12ME-2S, material emissions, C4–C32;
Markes International Ltd). The focusing trap was subse-
quently flash-heated from 10�C to 290�C in 2–3s; the trap
was held at 290�C for 3 min to ensure that all VOCs were
desorbed from the trap. A portion of the desorbed sample
(50%) was injected into a GC (Model 7890B; Agilent Tech-
nologies Inc., Santa Clara, CA, USA) through a 1 m heated
transfer line; the remainder of the sample was vented
through a split vent. A 60 m Rxi-624Sil MS (mid-polar
stationary phase) chromatographic column (Restek Corpo-
ration, Bellefonte, PA, USA) with an internal diameter of
0.32 mm and a film thickness (df) of 1.80 mm was used for
compound separation in conjunction with helium as the
carrier gas. The GC oven temperature program used in our
analyses can be summarized as follows: initial
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temperature, 35�C; 5 min hold; Ramp 9�C/min to 280�C;
and 5 min hold (total GC runtime was 37.22 min). The GC
was operated in a “constant flow” mode with the column
flow rate set to 5 mL/min. A built-in electronic pneumatic
control unit regulated the column head pressure as the
oven temperature was ramped to hold the column flow
rate constant throughout the GC run. The eluate from the
outlet of the GC column was split equally onto a flame
ionization detector (FID) and an electron impact ioniza-
tion TOF-MS (Model BenchTOF-Select; Markes Interna-
tional Ltd). The TOF-MS was operated at an ionization
energy of –70 eV and was used for compound identifica-
tion and quantitation. Blank cartridges were run periodi-
cally to characterize the background level of VOCs in the
system. To account for variations in TOF-MS sensitivity, we
routinely calibrated the system by analyzing sorbent car-
tridges loaded with a known amount of an a-pinene gas-
phase calibration standard (Apel-Riemer Environmental,
Inc., Miami, FL, USA; cylinder no.: D479201; a-pinene
mole fraction: 931 nmol mol–1; analysis date: October
24, 2017). The gas stream from the calibration cylinder
was passed through a gas mixing station consisting of two
digital MFCs (Model GE50A), where it was diluted using
VOC-free air (i.e., zero air) from an UHP zero air generator
(Model 747-30) to a final mole fraction of 0.93 nmol mol–1.
The MS peak areas obtained from these calibration runs
were then used to calculate the response factor of a-pinene.
To quantify the other compounds of interest, we calculated
empirically derived response factors based on FID quantita-
tion using the protocols described in Harley et al. (2014).
The MS peak areas of the major ion fragment for each
compound of interest were integrated using the TERN inte-
gration software (TERN ver. 2.16; see Isaacman-VanWertz
et al., 2017 for a detailed description); a list of the major
ion fragments is provided in the Supplemental Material
(Table S1).

2.4.2. Proton transfer reaction time-of-flight mass

spectrometry

A PTR-TOF-MS (Model PTR-TOF 1000 ultra; IONICON Ana-
lytik GmbH, Innsbruck, Austria) was used to acquire high-
time-resolution BVOC emission data from the tomato
plants. The PTR-TOF-MS was sequentially switched
between the 4 enclosures (i.e., the 3 plant enclosures and
the blank) every 4 min. The instrument was equipped with
an ion funnel and was operated in H3O

þmode with a drift
tube pressure of 2.8 mbar and a drift tube voltage of
530 V. We routinely calibrated the instrument using the
same gas standard that was used to calibrate our GC-MS
system. The data output from the instrument was pro-
cessed using PTR-MS Viewer ver. 3.2.13 (IONICON Analytik
GmbH). The different target VOCs were quantitated using
their respective protonated parent ions: total MTs at m/z
137.132 and MeSA atm/z 153.055 (Karl et al., 2008; Peron
et al., 2021; Yanez-Serrano et al., 2021).

2.5. Photosynthesis measurements

A CO2/H2O IRGA (Model LI-840A; LI-COR Biosciences, Lin-
coln, NE, USA) was used to measure the difference in the
CO2 and H2O amount fractions between the influent and

effluent air from each plant enclosure. The IRGA was
cycled between the outlet line of the blank enclosure
(which is representative of the influent air) and the outlet
line of the plant enclosure every 20s via a fast-switching 3-
way solenoid valve (Model EW-01540-12; Cole-Parmer
Instrument Co.) to capture any fluctuations in the back-
ground (i.e., influent) CO2/H2O amount fractions. The air-
flow rate to the IRGA was approximately 270 mL/min. The
common port of the 3-way valve was coupled to the IRGA
inlet, while the normally closed port was connected to the
outlet line of the blank enclosure and the normally open
port was connected to the sample manifold (see Section
2.2), which in turn was cycled between the 3 plant enclo-
sures and the blank every 4 min. This cycling between
enclosures was achieved through preprogrammed, auto-
mated valve switching as described in Section 2.2. CO2/
H2O readings from the first and last few seconds were
discarded during data processing to eliminate transient
effects that arise from the switching between enclosures.
In some cases, plant transpiration rates were very high
(especially during the heat treatment period) and the
IRGA flow cell became saturated with water vapor from
the plant enclosure and consequently, the 20-s blank-
plant switching time was insufficient to completely purge
the flow cell of residual water vapor. Therefore, the fast-
switching background H2O data was unusable. In these
scenarios, the fast-switching background CO2/H2O data
were discarded during data processing and the back-
ground CO2/H2O amount fractions were determined (at
the expense of reduced temporal resolution) from the
4-min periods when both the PTR-TOF-MS and the IRGA
were sampling from the blank enclosure. Net photosyn-
thetic rates were subsequently calculated using the equa-
tions detailed in von Caemmerer and Farquhar (1981) and
after correcting for water vapor dilution effects arising
from plant transpiration. We then used the observed
reduction in net photosynthetic activity (i.e., net carbon
assimilation) following heat exposure as a quantitative
indicator of plant physiological stress.

2.6. Gene expression measurements

At the conclusion of the respective control and heat stress
experiments, the leaves from each of the 6 Roma seed-
lings (Roma C1, C2, C3, HS1, HS2, and HS3) were har-
vested and snap-frozen in liquid nitrogen. The leaf
samples were then placed in resealable polyethylene stor-
age bags, packed in dry ice, and transported to the Basu
Lab (Citrus Hall, California State University, Northridge),
where they were stored at –80�C until analyzed. RNA
extraction and purification was performed on 100 mg of
leaf tissue from each plant sample using a modified TRIzol
method described in Ramadoss and Basu (2018). Reverse
transcription PCR was carried out using iScript cDNA Syn-
thesis Kit (Bio-Rad; Hercules, CA, USA) with 1 mg of ex-
tracted and purified RNA per sample, followed by a 1:10
dilution for optimal complementary DNA (cDNA) concen-
tration. Gene expression quantification was carried out
using quantitative real-time PCR (qRT-PCR) performed
on a CFX96 thermocycler (Bio-Rad) using iTaq Universal
SYBR Green Supermix (Bio-Rad). Primers and qRT-PCR
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protocol were consistent with Schilmiller et al. (2009).
There were at least 3 technical replicates for each biolog-
ical sample and target gene combination, calibrated with
EF-1a housekeeping gene (GenBank accession number:
X14449). Reaction volumes of 10 mL were used, with
1 mL of cDNA, 1 mL of each primer, 3 mL of UltraPure water
(Invitrogen; Carlsbad, CA, USA), and 5 mL of 2X iTaq Uni-
versal SYBR Green Supermix (Bio-Rad). All computations
were performed using CFX Manager software ver.
3.0.1224.1015 (Bio-Rad), including in Gene Study mode
for final expression calculations.

2.7. Essential oil analyses

Several leaves and some stem material were harvested
from each of the 4 Roma (referred to herein as Roma
EO1, EO2, EO3, and EO4) and the 4 Beefsteak tomato
plants (referred to herein as Beefsteak EO1, EO2, EO3, and
EO4). These 8 plants had not been subjected to heat stress.
The harvested plant material was photographed for leaf
area analysis (see Section 2.4) and was then weighed using
an electronic mass balance to determine its fresh weight
(FW; typically in the range of 2000 mg). Next, the plant
material was briefly immersed in liquid nitrogen and was
then ground into a fine powder using a porcelain mortar
and pestle. Afterward, the finely powdered material was
transferred into a glass vial with a screw-top cap. An
extraction solvent (20 mL of methanol) was added to the
vial, the vial was then capped, and the mixture was stirred
overnight at room temperature using a magnetic stirring
plate (Model PC-420D; Corning Inc., NY, USA). Later, 5 mL

of the extract from each plant was injected into a sorbent
cartridge and was subsequently analyzed by TD-GC-MS/
FID (see Section 2.4.1) to identify the VOC species present
in the storage pool of each plant and to measure their
respective pool sizes. Two to 4 replicate cartridges were
prepared and analyzed for each extract.

3. Results and discussion
3.1. BVOC emission

3.1.1. Preheat stress BVOC ERs

A total of 31 compounds were targeted for analysis and
quantification via GC-MS and the results are illustrated in
2-dimensional heat maps (Figures 1 and S1A–B). The va-
lues shown in the heat maps are based on ERs measured
during the daylight phase of the 12-h photocycle. The first
ER measurement from each tomato plant (usually mea-
sured 1–2 h after the plant was enclosed) was not used in
the median ER calculations. This was done because the
emission of BVOCs from most of the sampled plants was
temporarily (circa 1–2 h) elevated after the plant was en-
closed (data not shown), likely due to mechanical
disturbance.

Of the 31 targeted compounds, 29 of them were emit-
ted by the tomato plants at detectable levels at either
ambient temperatures, heat stress temperatures, or both,
including 16 MTs and 9 SQTs. Not all of the 29 compounds
were emitted by all 18 tomato plants. There was signifi-
cant variability in the composition and ERs of BVOCs from
the different plants at both ambient and heat stress tem-
peratures (Figures 1 and S1A–B). However, a few

Figure 1. Preheat stress BVOC emissions. Median values of the preheat stress, daytime emission rates (in pmol m–2 s–1)
for 31 compounds (quantified via GC-MS) from 18 individual tomato plants. The values are expressed on a log2 scale.
BDL ¼ below detection limit; MT ¼ monoterpene; SQT ¼ sesquiterpene; MeSA ¼ methyl salicylate; TMTT ¼
trimethyltridecatetraene; GC-MS ¼ gas chromatography with mass spectrometry. The compound class, molecular
formula, and CAS number (if known) of each of the 31 compounds are listed in the Supplemental Material (Table S1).
DOI: https://doi.org/10.1525/elementa.2021.00096.f1
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compounds including 2-carene, a-pinene, b-phellandrene,
limonene, o-cymene, p-menthatriene, and trimethyltride-
catetraene (TMTT) were universally emitted in some
amount by at least 16 of the 18 plants. TMTT has been
shown to be a plant stress marker and could indicate
possible pathogen infection (Richter et al., 2016). It is
important to note that the absolute value of the preheat
stress ERs of most compounds (especially SQTs) at 25�C/
30�C were relatively low (mostly in the sub-pmol to sub-
nmol m–2 s–1 range), or were below the detection limit

(BDL) of our GC-MS. These emission measurements indi-
cate that these tomato plants would be considered as
“negligible” terpene emitters in unstressed conditions
based on the terpene emission categories established by
Guenther et al. (1994). In general, the preheat stress ERs
were higher for MTs than for SQTs. The median value of
the preheat stress total MT ER (measured via GC-MS)
among the 12 tomato plants sampled at 30�C was 23.1
pmol m–2 s–1 (with a range of 0.287–2480 pmol m–2 s–1),
while the corresponding value for total SQTs was 0.778

Table 1. Range of reported tomato foliar BVOC emission rates based on direct enclosure measurements from 8 different
studies. DOI: https://doi.org/10.1525/elementa.2021.00096.t1

Emission Rates (pmol m–2 s–1)a

Sample Size Temperature (�C)b StudyMajor BVOCs S MT S SQT

b-Phellandrene 868–1560 1290–2200 1.84–6.12 1–3 35–38 Arey et al. (1991)

2-Carene 386–573

a-Pinene 33.8–52.1

b-Phellandrene NR 6.97–73.0 NR 18 18 Jansen et al. (2009)

2-Carene

Limonene

a-Phellandrene

a-Pinene

b-Phellandrene NR 5.00–100 <1.00 8 30 Copolovici et al. (2012)

2-Carene

b-Phellandrene 43.8–91.3 58.4–122 3.57–6.00 7 (MT) 27 Gentner et al. (2014)

2-Carene 8.18–17.0 3 (SQT)

a-Phellandrene 4.09–8.52

b-Phellandrene 3.21–21.6 17.5–74.7 0.070–1.01 � 3 25 Pazouki et al. (2016)

b-Phellandrene NR 49.5–330 NR 3 25 Tomescu et al. (2017)

2-Carene

b-Phellandrene BDL–55.8 32.5–108 3.28–11.5 32–48 30 Dehimeche et al. (2021)

2-Carene BDL–19.3

a-Pinene 1.47–25.1

Linalool BDL–22.4

b-Phellandrene BDL–14.8 0.287–57.0 BDL–19.6 10 30 This studyc

2-Carene BDL–17.7

Limonene BDL–5.89

a-Phellandrene BDL–18.3

a-Pinene 0.252–4.98

TMTT BDL–118

NR ¼ not reported; BDL ¼ below detection limit; BVOC ¼ biogenic volatile organic compound; MT ¼ monoterpene; SQT ¼
sesquiterpene; TMTT ¼ trimethyltridecatetraene.
a Emission rates were normalized to 30�C (if they were not already) for comparability.
b The enclosure temperatures during measurements are reported.
c This study: Only emission data from the plants sampled at 30�C is included in the reported emission range. Emission values from
Husky Cherry 1 and Early Girl 1 are omitted, as explained in the text.
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pmol m–2 s–1 (with a range of BDL–83.3 pmol m–2 s–1;
note the significant range in ERs between individual
plants). Husky Cherry 1 and Early Girl 1 showed signifi-
cantly higher emissions across a wide range of compounds
in comparison to the other tomato plants at ambient
temperatures (Figure 1). The much higher preheat stress
ERs observed for these 2 seedlings could be due to
physiological stress or mechanical disturbance although
there was no visible indication of this. When the emission
measurements from these 2 plants are omitted, then the
median unstressed total MT ER at 30�C from the remain-
ing 10 plants is 18.5 pmol m–2 s–1 (with a range of
0.287–57.0 pmol m–2 s–1), and the total SQT ER is 0.172
pmol m–2 s–1 (with a range of BDL–19.6 pmol m–2 s–1). The
preheat stress emissions from the 18 plants were dominated
by 8 compounds, 2-carene, a-phellandrene, a-pinene,
b-phellandrene, limonene, o-cymene, p-menthatriene, and
TMTT, which together accounted for 72% to 100% of the
total measured BVOC emissions from each plant, except for
Black Cherry 1, for which the 8 compounds only contributed
to 59% of total emissions. The lower relative contribution of
these compounds from Black Cherry 1 was due to the sig-
nificant contribution of hexenol emissions (Figure 1).

The literature-reported tomato foliar BVOC ERs based
on direct enclosure measurements from 8 different stud-
ies (including this one) are summarized in Table 1. Emis-
sion rates that were reported on a leaf dry weight basis
were converted into leaf area-based values for comparison.
This conversion was done using a specific leaf area value
of 0.019 m2/g DW (SD: 0.0038 m2/g DW) that was calcu-
lated based on our dry weight and area measurements of
tomato leaves (see Section 2.4). All reported ERs were also
normalized to 30�C (if they were not already) using the
Guenther et al. (1993) BVOC emission temperature
response algorithm (Equation 2; see Section 3.1.2). In all
of the reported studies, total MT ERs were higher than
total SQT ERs in agreement with our experimental
results, most of the reported emission values were low
(in the low pmol to sub-nmol m–2 s–1 range), and both
b-phellandrene and 2-carene were consistently reported as
dominant BVOCs in 7 out of the 8 studies (Table 1).
However, MT ERs reported by Arey et al. (1991) were sig-
nificantly higher than the values from the other studies. It
is important to note that these emission measurements
were conducted during summertime in Riverside, Califor-
nia, where the enclosure temperatures were considerably
higher (35�C–38�C) than the temperatures reported by
the other studies (Table 1). These plants were likely
heat-stressed, which could explain the relatively high MT
ERs, even after temperature normalization to 30�C. The
relatively high emissions could also be due to the small
sample size (1–3 plants) or disturbance of terpene storage
structures. Tomato plants have been shown to possess
terpene-storing glandular trichomes on their leaf and
stem surfaces (Li et al., 2004; van Schie et al., 2007; Schil-
miller et al., 2009), which when disturbed could emit
terpenoids at enhanced rates. It is possible that the
tomato plants sampled by Arey et al. (1991) were of a cul-
tivar that has a higher concentration of these trichomes.

3.1.2. Emission maximum response to heat stress

The Guenther et al. (1993) BVOC emission temperature
response algorithms include a simple exponential increase
for emissions from storage pools (Equation 2) and an
algorithm based on enzyme activity behavior for emis-
sions of non-stored (i.e., de novo-synthesized), light-
dependent terpenoids (Equation 3):

ET2

ET1

¼ exp½b� ðT2 � T1Þ�; ð2Þ

ET2

ET1

¼
exp cT 1ðT2�T1Þ

RT1T2

1þ exp cT 2ðT2�TM Þ
RT1T2

; ð3Þ

where ET1 and ET2 are the BVOC ERs at temperatures T1
and T2, respectively, b is an empirical coefficient (typically
derived from emission measurements performed at
unstressed leaf temperatures of less than approximately
35�C), R is the universal gas constant (8.314 J K–1 mol–1),
and cT1, cT2, and TM are empirical coefficients. Equation 2
is generally used for modeling MT emissions although it is
widely recognized that the MT emission behavior from
some plants follow Equation 3 (Ciccioli et al., 1997;
Dindorf et al., 2006; Ghirardo et al., 2010). It is also well
established that the MT emissions from some conifer spe-
cies, for example, Norway spruce (Picea abies) and Scots
pine (Pinus sylvestris) can be described by a combination
of Equations 2 and 3 (Lindfors et al., 2000; Oderbolz et al.,
2013). The model-predicted increase in ERs from 25�C to
39�C (E39�C/E25�C), from 30�C to 42�C (E42�C/E30�C), and
the predicted average per-degree emission change (DE/
DT) for 4 MEGAN compound classes were calculated using
Equation 2 with the unstressed b emission coefficients
used in the MEGANv2.1 model (bmodel; Guenther et al.,
2012) and are summarized in Table 2. Guenther et al.
(1993) noted that the value of bmodel varies by about
+20%, so this was used to establish a range for the ex-
pected temperature response. We also calculated b coeffi-
cients based purely on temperature–vapor pressure
relations (bvp) by generating temperature–vapor pressure
curves for different BVOCs using the Antoine coefficients
for pure compounds reported by Yaws and Satyro (2015).
bvp is defined as the slope of the log-linear temperature–
vapor pressure curve (loge P ¼ bvp � T ), where P is the
terpene vapor pressure at temperature T (and T is set to be
in the range between 20�C and 32�C). Hence, the calcu-
lated bvp parameter represents the rate at which terpene
vapor pressure increases with temperature. However,
bmodel values for each of the 4 MEGAN compound classes
are higher than the corresponding bvp values (Table 2),
which indicates that the increase in leaf BVOC emissions
with temperature is greater than that predicted by tem-
perature–vapor pressure relations alone, as was also
shown by Tingey et al. (1991) for a-pinene emissions from
conifers.

b emission coefficients were calculated for the 29 com-
pounds emitted by the 15 heat-stressed tomato plants
using Equation 2. A box-whisker statistical analysis was
then performed on the calculated b values (Figure 2). Two
separate heat stress periods were designated in the
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Table 2. Model-predicted increase in emission rates with temperature (E39�C/E25�C, E42�C/E30�C, and average DE/DT)
for 4 different MEGAN compound classes. DOI: https://doi.org/10.1525/elementa.2021.00096.t2

MEGAN Compound Class bvp (�C–1)a bmodel (�C–1)b E39�C/E25�C E42�C/E30�C Average DE/DT (%/�C)

Monoterpenes 0.056–0.067 0.080–0.120 3.06–5.37 2.61–4.22 14–29

Sesquiterpenes 0.093 0.136–0.204 6.71–17.39 5.11–11.57 38–103

C10 aromatics 0.064–0.073c 0.080–0.120 3.06–5.37 2.61–4.22 14–29

Stress compounds 0.062–0.083c 0.080–0.120 3.06–5.37 2.61–4.22 14–29

E39�C/E25�C and E42�C/E30�C are the expected ratios of emission rates at 39�C to 25�C and at 42�C to 30�C, respectively, as predicted
by the MEGANv2.1 model, while DE/DT is the predicted average per-degree emission change. GC-MS ¼ gas chromatography with
mass spectrometry.
a bvp values were calculated using the Antoine coefficients for pure compounds reported by Yaws and Satyro (2015). The range of bvp
values for several different compounds in each MEGAN class is listed here. bvp values for individual compounds are provided in the
Supplemental Material (Table S2). The bvp coefficient reported for sesquiterpenes is based on data from a single compound,
cadinene, which is the sole sesquiterpene listed in Yaws and Satyro (2015).
b bmodel values were obtained from MEGANv2.1 (Guenther et al., 2012).
c O-cymene is the only C10 aromatic targeted in our GC-MS analysis, while hexenol, methyl salicylate (MeSA), and trimethyltride-
catetraene (TMTT) are the only stress compounds. However, the reported bvp range for these 2 MEGAN classes includes values
calculated from other compounds that were not targeted in our study.

Figure 2. b emission coefficients. Box-whisker plot of b emission coefficients for 29 compounds from 15 heat-stressed
tomato plants during the initial (top plot) and final (bottom plot) periods of the heat treatment. The red circles represent
the data points, the blue squares show the outliers (beyond 1.5 � interquartile range), and the blue triangles show the
far outliers (beyond 3 � interquartile range). Absent data points indicate undetectable emissions during heat stress. b-
elemene and d-elemene were not emitted at detectable levels by any of the sampled plants and are thus excluded from
the box-whisker plot. The cyan-shaded region denotes the expected range of b values for unstressed plants (bmodel) as
listed in Table 2. The dashed line delineates b ¼ 0; b values lower than 0 indicate suppressed emissions (i.e., ET2

< ET1
,

where T2 > T1), while b values greater than 0 denote increased emissions (i.e., ET2
> ET1

). DOI: https://doi.org/10.1525/
elementa.2021.00096.f2
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calculations of b, that is, the initial (first 8 h of the heat
treatment) and final (last 2 h) periods. We then used the
maximum ET2 measured during each of the designated
stress periods (initial and final) and the median value of ET1

measured during the prestress period to calculate b. There-
fore, the reported b values represent the maximum
observed BVOC emission response of each tomato plant.
In cases where ET1 was zero or BDL, we divided ET2 by the
minimum detectable ER (in pmol m–2 s–1) for each com-
pound, which was calculated based on the detection limit of
the GC-MS system. The BVOC response of the tomato plants
can be classified into 5 categories based on their b values:
no detectable emission, suppressed (b < 0; 0 < ET 2=ET1 <
1), low increase (0 < b < lower limit of bmodel), expected
increase (b within the+20% range of bmodel), and elevated
increase response (b > upper limit of bmodel). Heat maps
illustrating the emission response of different BVOCs from
each individual plant are included in the Supplemental
Material (Figure S1A–B).

The box-whisker statistical analysis demonstrates that
the median b coefficients of most of the emitted com-
pounds (25 out of 29 compounds during the initial stress
period and 18 out of 29 during the final) were higher than
the expected range for unstressed plants (bmodel). For 16
compounds, at least 75% of the b measurements (indi-
cated by the interquartile ranges and upper whiskers in
Figure 2) were higher than bmodel during the initial stress
period, and the same was true for 8 compounds during
the final stress period. This elevated increase response (b >
0.204 and DE/DT greater than approximately 103%/�C
for SQTs; b > 0.12 and DE/DT greater than approximately
29%/�C for all other targeted compounds) exhibited by
about half of the measured BVOC species during the ini-
tial stress period indicates the elicitation of “stress
emission” (in addition to the existing constitutive emis-
sion) that causes total observed emissions to be higher
than expected from the behavior of emissions at lower
temperatures (Equation 2). This stressed emission behav-
ior alludes to the existence of other emission

mechanism(s) in these tomato plants in addition to the
simple physical volatilization of BVOCs from existing
pools. Possible mechanisms include the following: (1)
Induced emissions resulting from physical damage to
storage structures, (2) reduction in physical barriers, and
(3) gene upregulation of production. A rupture or an
increase in the wall permeability of specialized external
BVOC storage structures could occur at elevated tem-
peratures (Copolovici et al., 2012). Previous studies have
established the presence of such structures (glandular
trichomes) on the foliar and stem surfaces of tomato
plants that contain various terpenoids including MTs and
SQTs (Li et al., 2004; van Schie et al., 2007; Schilmiller et
al., 2009). At higher temperatures, there could be
reduced resistance in the diffusion pathway or a break-
down of physical barriers between the BVOC synthesis
sites/internal storage pools and the leaf stomata, thereby
facilitating BVOC diffusion and subsequent emission into
the atmosphere (Tingey et al., 1991). Exposure to heat
stress could also result in the upregulation of genes
responsible for the synthesis of specific terpene mole-
cules (Gupta et al., 2014), thereby resulting in increased
de novo production of those terpenes and consequently
increased emissions.

Table 3 summarizes the information presented in the
box-whisker plot (Figure 2) and in the heat maps (Figure
S1A–B) with the percentage of BVOC species out of a total
of 465 (i.e., 31 compounds � 15 plants) that fall into
each of the 5 emission response categories during both
the initial and final periods of the heat stress. For many
of the emitted compounds, the magnitude of the heat
stress emission response (characterized by b) was gener-
ally lower during the final period of the heat treatment
(last 2 h) compared to the initial period (first 8 h; Figures
2 and S1B). The number of compounds that exhibited an
elevated increase response also decreased in the final
period of the heat stress, while the number of com-
pounds with no detectable emission increased during the
same period (Table 3). A few compounds from some
plants showed suppressed emissions (b < 0; 0 < ET 2 =ET1

< 1) after exposure to heat stress and their numbers
increased during the final period of the heat treatment
(Figure 2 and Table 3).

There are several possible explanations for the general
decrease in stress emissions toward the end of the 24-h
heat treatment including: (1) diminished BVOC storage
pools, (2) reduced terpene synthase activity, and (3)
reduced carbon substrate availability due to photosynthe-
sis suppression. If heat stress-enhanced emissions are high
relative to BVOC pool sizes, then the emissions could
diminish or completely exhaust the storage pools of those
BVOCs in a relatively short time (less than approximately
24 h) in the absence of additional de novo production (see
Section 3.4 and Table S4B-C). Terpenoid production is con-
trolled by substrate availability and enzymatic activity; the
latter generally increases with temperature up to an opti-
mum limit. Exposure to temperatures beyond this opti-
mum leads to reduced terpene synthase activity and
possibly synthase denaturation, which diminishes de
novo-derived BVOC emissions (Loreto and Schnitzler,

Table 3. Percentage of BVOC species out of a total of 465
(i.e., 31 compounds � 15 plants) that fall into each of the
5 emission response categories during both the initial and
final periods of the heat stress. DOI: https://doi.org/
10.1525/elementa.2021.00096.t3

Emission
Response
Category

Percentage of BVOC Species (%)

During Initial
Heat Stress Period

During Final Heat
Stress Period

No detectable
emission

34.6 40.0

Suppressed 3.4 8.4

Low increase 9.0 9.7

Expected increase 8.0 7.1

Elevated increase 44.9 34.8

BVOC ¼ biogenic volatile organic compound.
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2010). However, the optimal temperature for MT synthase
activity is reported to be approximately 40�C (Fischbach et
al., 2000; Niinemets et al., 2002), which was exceeded by
only 2�C for most of the heat-stressed tomato plants
(Tstress ¼ 42�C) and may not have been exceeded for the
plants that were treated at 39�C (Roma HS1, HS2, and
HS3). High temperatures partially suppressed photosyn-
thetic activity in some of the sampled plants, and the
degree of suppression typically increased during the final
period of the heat treatment (see Section 3.2; Table 4). It
is conceivable that this time-cumulative photosynthetic
suppression would have progressively limited the avail-
ability of new carbon for the synthesis of terpene mole-
cules, thereby leading to decreased emissions.
Interestingly, Tami-G 1 showed the highest degree of pho-
tosynthetic suppression among the heat-stressed tomato
plants during the final period of the heat treatment
(Table 4), but Tami-G 1 also had the highest MT emission
response among the sampled plants during that same
period. However, the MT emissions from Tami-G 1 peaked

in the dark (Figure S2A), so most of the additional stress
emissions presumably originated from stored pools and
not from light-dependent de novo synthesis. Emissions
from stored pools would likely be unaffected by reduced
photosynthetic activity, at least in the short-term.

3.1.3. Temporal variability in MT emission response

Tomato foliar MT emissions were dominated by 6 com-
pounds: a-pinene, a-phellandrene, a-terpinene, limonene,
b-phellandrene, and 2-carene (Figures 3 and S2A–C). The
sum of the individual MT ERs measured via GC-MS were
generally lower than the corresponding PTR-MS-measured
total MT ERs (Figures 3 and S2A–B), which implies the
significant emission of MT species that were not detected
by GC-MS. We observed a broad spectrum of time-varying
emission behaviors across individual heat-stressed plants.
Most (but not all) of the plants emitted a temporary burst
of MTs following the initial heat exposure (Figure 3; top
panel, Figure 4, and Figure S2B–C). Following the tran-
sient MT burst, MT emissions generally decreased (Figure

Figure 3. Total and speciated monoterpene emissions. Time series of total monoterpene emissions measured via
online PTR-MS and discontinuous GC-MS, and fractional contribution of speciated monoterpenes for 3 select heat-
stressed tomato plants, Husky Cherry 1, Black Cherry 1, and Beefsteak 2. The gray-shaded areas represent nighttime
(i.e., plant chamber lights were turned off), while the beige-shaded area delineates the transitionary period from 30�C
to 42�C. Time series of monoterpene emissions for 9 other heat-stressed tomato plants are presented in the
Supplemental Material (Figure S2A–C). P-menthatriene is excluded from the emission time series because its
protonated mass (m/z 135.117) is different from that of the other monoterpenes (m/z 137.132), and its inclusion
would cause disagreements between the GC-MS and PTR-MS-measured values. PTR-MS ¼ proton transfer reaction-
mass spectrometer; GC-MS ¼ gas chromatography with mass spectrometry. DOI: https://doi.org/10.1525/
elementa.2021.00096.f3
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3; top panel), but in some plants, the emissions started to
increase again in the latter period of the heat stress (Fig-
ures 4 and S2B–C). In Beefsteak 2 (Figure 3; bottom
panel), the initial MT burst was not transient, but was
instead sustained, and the emissions continued to
increase throughout most of the heat treatment period.
In contrast, Black Cherry 1 (Figure 3; middle panel) did
not emit a transient pulse of MTs, but instead exhibited
a delayed response to the ongoing heat stress, where MT
emissions peaked circa 7 h after the start of the heat
treatment. This delayed-type emission response was also
observed in Tami-G 1, Tami-G 2, and Tami-G 3 (Figure S2A).
There were some changes in the composition of the emit-
ted MTs with time and with the imposition of heat stress;
for example, the fractional contribution of a-phellandrene
was marginally higher during the heat stress than before
in some of the plants (Figure 3). However, we did not
observe any notable changes in the MT composition that
appeared consistently across the different plants. This
may indicate emission from a common stored pool
rather than new production. In summary, the time-
dependent MT emission response of heat-stressed
tomato plants may be classified into 2 broad categories:
early burst response and delayed increase response; the
early burst could be either temporary (Figure 3; top
panel) or sustained (Figure 3; bottom panel). However,
these 2 categories are not mutually exclusive, as some
plants exhibited both behaviors with an early MT burst

followed by a second, delayed increase in MT emissions
(Figures 4 and S2B–C).

There were no notable differences in the total MT ERs
between the light and dark hours for any of the sampled
tomato plants (Figures 3, 4, and S2A–C). This apparent
lack of light-dependent emission behavior indicates that
the bulk of the observed tomato foliar MT emissions were
derived from light-independent stored pools as opposed to
light-dependent de novo synthesis. In fact, in two of the
sampled plants (Tami-G 1 and Tami-G 3; Figure S2A), MT
emissions peaked in the dark during the heat treatment
period, which indicates that the source of the stress-
induced MT emissions was primarily from existing MT pools
and not from increased de novo MT synthesis (which would
have been absent in the dark). One of these dark-peaking
plants, Tami-G 1, exhibited the highest MT stress emission
response among the 15 heat-stressed tomato plants with
a peak ER of approximately 85 nmol m–2 s–1 (Figure S2A).
However, the apparent absence of MT light dependency
does not rule out the coemission of a minor fraction of
light-dependent (i.e., de novo) MTs during daytime at rates
that are too minute to cause an appreciable difference
between the observed daytime and nighttime MT ERs.

MT emission data from the post-stress recovery period
were acquired using high-time-resolution PTR-MS for 3
plants (Figure S2B). Two out of the 3 plants (Cherokee 1
and Beefsteak 1) emitted a transient pulse of MTs almost
immediately after temperatures were returned to 30�C. The

Figure 4. Methyl salicylate and total monoterpene emission time series. Time series of emissions of methyl
salicylate (MeSA) and total monoterpenes (MT) from 3 heat-stressed Roma tomato plants (Roma HS1, HS2, and HS3)
[left], and 3 control plants (Roma C1, C2, and C3) [right] measured via PTR-MS. The gray-shaded areas represent
nighttime (i.e., plant chamber lights were turned off). The beige-shaded area delineates the transitionary period from
25�C to 39�C for the 3 heat-stressed plants. PTR-MS ¼ proton transfer reaction-mass spectrometer. DOI: https://
doi.org/10.1525/elementa.2021.00096.f4
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appearance of these emission pulses was also verified via
complementary GC-MS measurements (Figure S2B). The
mechanism behind the post-heat stress MT pulse is unclear.
However, we note that the transition from 42�C to 30�C
was rather rapid (circa 6 min), and this abrupt change in
temperature could have influenced the emission behavior.
These two plants also emitted a second, longer lasting MT
emission pulse during the recovery period as shown by the
PTR-MS time series (Figure S2B). However, these emission
peaks are not discernible in the corresponding GC-MS mea-
surements, which could indicate substantial emission of
MTs that were not detectable via GC-MS.

3.1.4. Emission of stress compounds

Emissions of MeSA and TMTT were observed in the sam-
pled tomato plants. Both compounds have been associ-
ated with plant physiological stress (Rose et al., 1996; Kant
et al., 2004), although some plants, for example, winter-
green (Gaultheria procumbens L.) and sweet birch (Betula
lenta L.) are known to store MeSA in their essential oils
(Murphy et al., 2021). Sixteen out of the 18 sampled
tomato plants (i.e., all except for Summer Set 1 and Black
Cherry 1) were emitting detectable amounts of MeSA at
ambient temperatures (25�C/30�C) prior to the heat treat-
ment (Figures 4 and 5), while all but one of the plants

Figure 5. Methyl salicylate emission time series. Time series of methyl salicylate (MeSA) emissions measured via
online PTR-MS for 9 heat-stressed tomato plants. PTR-MS-measured emission data is unavailable for 3 other plants,
Roma 1, Summer Set 1, and Early Girl 1 (second panel from the top); therefore, the GC-MS-measured emission rates
are shown instead. Each panel in the figure displays a set of 3 plants that were heat-stressed concurrently. The gray-
shaded areas represent nighttime (i.e., plant chamber lights were turned off), while the beige-shaded area delineates
the transitionary period from 30�C to 42�C. For 6 plants (first and second panels from the top), emission rates were
also measured during the post-heat stress recovery period; the cyan-shaded region delineates the brief transitionary
period from 42�C back to 30�C. MeSA emission time series for Roma HS1, HS2, HS3, and Roma C1, C2, and C3 are
shown in Figure 4. PTR-MS ¼ proton transfer reaction-mass spectrometer; GC-MS ¼ gas chromatography with mass
spectrometry. DOI: https://doi.org/10.1525/elementa.2021.00096.f5
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were emitting some amount of TMTT (Figure 1). Of the 16
plants with detectable preheat stress MeSA emissions,
only 3 (Tami-G 1, Husky Cherry 1, and Beefsteak 2) were
emitting MeSA from the beginning of the measurement
period, while the other 13 plants started emitting MeSA
circa 11–24 h after being enclosed in the Teflon enclo-
sures (Figures 4 and 5). MeSA and TMTT emissions are
often associated with biotic stress (e.g., pathogen infection
and insect grazing; Kant et al., 2004). However, MeSA
emissions can also be induced by abiotic stress, for exam-
ple, in walnut (Juglans californica � Juglans regia) plants
exposed to chilling temperatures (Karl et al., 2008). We
note that there were no visible indicators of physical dam-
age or biotic stressors in any of our tomato plants prior to
the heat treatment. Furthermore, in all plants, MeSA emis-
sions were either low or undetectable at the beginning of
the measurement period (Figures 4 and 5). The elevated
preheat stress MeSA emissions that were observed in sev-
eral plants only appeared after some period of enclosure.
If the plants had been subjected to significant preexisting
stress, then the MeSA emissions would likely have been
elevated from the start of the measurements. The pro-
longed enclosure in an artificial enclosure may have
imposed some degree of stress on the plants over time,
and this could have manifested in the elevated preheat
treatment MeSA and TMTT emissions in some of the
plants. We note that the observed MeSA and TMTT emis-
sions could also have been induced by an indiscernible
biotic stress.

There were no consistent differences in the observed
MeSA ERs between the light and dark hours (Figures 4
and 5). This behavior suggests that most of the observed
MeSA emissions were released from light-independent
stored pools. An example of this light-independent emis-
sion behavior can be seen in Cherokee 1 and Juliet 1,
where both plants first began to emit MeSA while it was
dark (Figure 5; top panel), that is, in the absence of de
novo MeSA synthesis. Furthermore, our analyses of the
essential oils of Roma and Beefsteak tomato foliage de-
tected significant quantities of MeSA in the stored pools.
In contrast, TMTT was absent in the essential oils (see
Section 3.4). However, post-illumination bursts (PIBs) of
MeSA were observed during the heat treatment in 6 of the
sampled plants, Roma HS1, HS2, and HS3 (Figure 4) and
Cherokee 1, Beefsteak 1, and Juliet 1 (Figure 5; top panel).
MeSA PIBs were not observed in any of the sampled plants
during non-heat stressed periods. PIBs are transient emis-
sions of plant volatiles that occur when illumination is
abruptly terminated and have been associated with
light-dependent emission behavior (Jud et al., 2016; Sri-
kanta Dani et al., 2017). Plant volatiles that have been
shown to exhibit PIBs include isoprene, methanol, etha-
nol, acetone, acetaldehyde, and green leaf volatiles such as
3-hexenal, 3-hexenol, and 3-hexenyl acetate (Brilli et al.,
2011; Jardine et al., 2012; Jud et al., 2016). To our knowl-
edge, the occurrence of MeSA PIBs has not previously
been reported. The appearance of MeSA PIBs in some of
the heat-stressed plants indicates that some fraction of
tomato foliar MeSA emissions may be derived from
light-dependent, de novo synthesis.

In contrast to MTs, whose emissions generally increased
in response to heat stress, especially during the initial
period of exposure (Figures 2 and 3), MeSA does not
appear to have a consistent response to heat stress
(Figures 4 and 5). In some plants, MeSA emissions
increased initially following heat exposure before gradu-
ally decreasing (e.g., Beefsteak 1, Roma HS1, HS2, and HS3),
while in others, emissions decreased almost immediately
(e.g., Juliet 1 and Early Girl 1). Furthermore, several plants
showed no significant changes in MeSA emissions follow-
ing heat exposure (e.g., Roma 1, Summer Set 1, Tami-G 2,
and Tami-G 3). A few of the tomato plants that were sam-
pled concurrently (e.g., Roma HS1, HS2, and HS3) had sim-
ilar MeSA temporal emission patterns (i.e., the emissions
started to increase and decrease at similar times), although
the magnitude of the emissions varied between the plants.
Considering that part of the foliage was positioned outside
the Teflon enclosure during sampling, this observed simi-
larity in emission patterns could be a result of plant-to-
plant signaling (Park et al., 2007; Chen et al., 2019).

The heat stress-induced rapid decrease in MeSA emis-
sions observed in 3 of the plants (Juliet 1, Cherokee 1, and
Early Girl 1) and the transient decrease shown by 4 plants
(Beefsteak 1, Roma HS1, HS2, and HS3) may be attributed
to a reduction in enzyme activity and production rates. In
contrast, the rate of physical volatilization from stored
pools always increases with temperature and would not
contribute to a decline in emissions. Previous studies have
shown that high temperatures (above the enzyme activity
optimum) have an immediate inhibitory effect on the ERs
of de novo-synthesized BVOCs (e.g., isoprene) that are not
stored in long-term pools or in specialized storage struc-
tures (Loreto et al., 2006; Possell and Loreto, 2013). The
rapid nature of the MeSA emission inhibition observed in
some of the tomato plants therefore suggests that the
emitted MeSA did not originate from long-term storage
pools but rather was produced de novo and/or stored in
small temporary pools with high turnover rates. If the
MeSA were primarily emitted from long-term pools, then
the observed decline in MeSA emissions should have been
more gradual due to the buffering effect of the storage
pools. Instead, the observed “rapid decrease” in emissions
implies direct control by enzyme activity and production
rates and contradicts the evident light-independent MeSA
behavior and may suggest a dual source for the emitted
MeSA, that is, from both (1) light-independent long-term
storage pools and (2) light-dependent de novo production
and/or temporary pools.

The temporary increase in MeSA emissions observed in
some of the plants (Beefsteak 1, Beefsteak 2, Husky Cherry
1, Roma HS1, HS2, and HS3) was likely due to heat stress-
enhanced volatilization from the MeSA pools. The subse-
quent gradual decrease in emissions may have been
caused by diminishing MeSA pool sizes resulting from the
enhanced volatilization, as well as reduced de novo pro-
duction rates stemming from declining enzyme activity
following heat stress. However, we note that the measured
foliar MeSA pool sizes in Roma and Beefsteak tomato
plants were generally large enough to sustain emissions,
even at heat-enhanced rates, for days to months (see
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Section 3.4 and Table S4B–C). Heat stress also reduced
photosynthetic activity in some of the sampled plants,
especially during the latter period (see Section 3.2; Table
4), which would have limited substrate availability for de
novo MeSA production.

3.2. Photosynthetic activity

The time-averaged net photosynthetic (i.e., net carbon
assimilation) rates (Anet) for the circa 3- to 4-h period
preceding the heat treatment and the percentage change
in Anet relative to preheat stress levels during both the
initial and final periods of the heat treatment are summa-
rized in Table 4 for the 15 heat-stressed tomato plants.
The degree of change in Anet following heat exposure can
be used as a quantitative indicator of plant physiological
stress. The prestress Anet values for the 15 plants ranged
from 5.0 to 10.4 mmol CO2 m–2 s–1, with typical diurnal
variations (from 9.00 AM to 7.30 PM) between+1.5% and
+8.3%. The range of diurnal variabilities was estimated
using plants for which gas exchange data were available
for a full unstressed day. Following initial exposure to mild
heat stress (39�C), 2 of the 3 Roma HS seedlings (Roma
HS2 and HS3) experienced a modest increase in Anet

(þ8.8% and þ17.0%, respectively), while Roma HS1
showed no notable change (þ0.3%). During the final

period of the heat treatment, Roma HS1 experienced
a small reduction in Anet (–8.8%), while Roma HS2 and
HS3 showed no notable change (–5.2% and –0.1%,
respectively). The measured DAnet values were generally
within the expected diurnal variability range of the plants,
which suggests that mild heat stress (39�C) has no sub-
stantial impact on the photosynthetic activity of tomato
plants even after prolonged periods of exposure (24 h).
The other 12 tomato plants were exposed to moderate
heat stress (42�C), and following initial exposure, 5 of the
plants exhibited modest reductions in Anet, with values
ranging from –9.0% to –20.3%. However, one plant (Sum-
mer Set 1) experienced a small increase in Anet (þ13.5%),
while 6 others (Beefsteak 2, Black Cherry 1, Cherokee 1,
Husky Cherry 1, Roma 1, and Tami-G 3) showed no notable
change (–8.3%, –1.0%, þ0.1%, –6.2%, –2.3%, and –8.2%,
respectively) during the initial heat treatment period. For
10 out of the 12 plants exposed to 42�C, the magnitude of
reduction in Anet was greater during the final period of the
heat treatment compared to the initial period, which is
expected, since the adverse physiological effects of heat
stress are generally time-cumulative (Song et al., 2014).
The photosynthetic activity of the 3 Tami-G seedlings was
particularly impacted during the final period of the heat
treatment. Two of the 3 Tami-G seedlings (Tami-G 1 and
Tami-G 2) experienced an almost complete shutdown of
photosynthetic activity (DAnet of –99.4% and –95.0%,
respectively), while the net photosynthetic rate of Tami-
G 3 decreased by 47.1% relative to prestress levels.We also
observed physical signs of heat stress damage in Tami-G 1
and Tami-G 2 toward the end of the heat treatment; the
leaves from both plants appeared wilted. The two plants
were rewatered after the heat treatment and the leaves on
both plants subsequently recovered some of their turgid-
ity, suggesting that the physiological damage was not per-
manent. Measurements of stomatal conductance for water
vapor indicate that both Tami-G 1 and Tami-G 2 were
severely droughted during the final period of the heat
treatment (Table S3). This suggests that the extreme reduc-
tion in photosynthetic activity observed in these 2 plants
may be caused by water stress resulting in stomata closure
and not solely due to heat stress. DAnet values for the
other 9 tomato plants measured during the final period
of the 42�C heat treatment ranged from –5.6% to
–44.6%. It should be noted that heat stress-induced sup-
pression of photosynthetic activity (carbon assimilation)
can limit the availability of substrates required for de novo
terpene synthesis, thereby leading to a decrease in some
plant BVOC emissions.

3.3. Gene expression

Gene expression measurements were performed on the
leaves from 3 heat-stressed Roma tomato plants (Roma
HS1, HS2, and HS3) and 3 control plants (Roma C1, C2,
and C3). The differential expression of 3 genes coding for
the enzymes neryl diphosphate synthase 1 (NDPS1), b-
phellandrene synthase 1 (PHS1), and salicylic acid methyl
transferase (SISAMT) in each of the heat-stressed plants
were quantified relative to the control plants (Figure 6).
NDPS1 synthesizes neryl diphosphate and was identified

Table 4. Time-averaged net photosynthetic rates before
the heat treatment (Anet, prestress) and the percentage
change in Anet relative to prestress levels during the initial
(DAnet, HS-initial) and final (DAnet, HS-final) periods of the heat
treatment for the 15 heat-stressed tomato plants. DOI:
https://doi.org/10.1525/elementa.2021.00096.t4

Plant

Anet, prestress

(mmol CO2

m–2 s–1)
DAnet, HS-initial

(%)
DAnet, HS-final

(%)

Beefsteak 1 10.4 –9.0 –35.3

Beefsteak 2 7.5 –8.3 –14.3

Black
Cherry 1

5.0 –1.0 –18.8

Cherokee 1 6.4 þ0.1 –19.6

Early Girl 1 6.4 –20.3 –30.9

Husky
Cherry 1

6.0 –6.2 –5.6

Juliet 1 9.2 –13.8 –7.8

Roma 1 7.2 –2.3 –18.7

Roma HS1 7.3 þ0.3 –8.8

Roma HS2 6.5 þ8.8 –5.2

Roma HS3 7.1 þ17.0 –0.1

Summer Set
1

6.6 þ13.5 –44.6

Tami-G 1 7.3 –10.8 –99.4

Tami-G 2 7.3 –17.4 –95.0

Tami-G 3 6.9 –8.2 –47.1
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in tomato leaf trichomes by Schilmiller et al. (2009). PHS1
is a terpene synthase that uses the substrate neryl diphos-
phate to synthesize b-phellandrene and other MTs, includ-
ing 2-carene, a-terpinene, limonene, g-terpinene, and a-
phellandrene. PHS1 was also detected in tomato leaf tri-
chomes by Schilmiller et al. (2009). Meanwhile, SISAMT is
an enzyme that catalyzes methylation of salicylic acid to
produce MeSA and has been observed in tomato plants
(Tieman et al., 2010).

Some amounts of b-phellandrene, 2-carene, and limo-
nene were emitted constitutively by all 6 Roma tomato
plants (Figure 1). None of the plants emitted detectable
levels of a-terpinene or g-terpinene prior to the heat treat-
ment, while 4 out of the 6 plants emitted a-phellandrene
(Figure 1). Following initial exposure to heat stress, emis-
sions of b-phellandrene, 2-carene, a-terpinene, limonene,
g-terpinene, and a-phellandrene increased in all 3 heat-
stressed plants (Figure S1A; top plot), and we also
observed a corresponding increase in total MT emissions
(Figure 4). Emissions of b-phellandrene, 2-carene, a-terpi-
nene, limonene, a-phellandrene (Figure S1A; bottom
plot), and total MTs (Figure 4) remained elevated relative
to prestress levels at the end of the heat treatment for all 3
plants, while g-terpinene emissions decreased to unde-
tectable levels for 2 out of the 3 plants (Figure S1A; bot-
tom plot). Even though all 3 heat-stressed plants exhibited
sustained induction of most MTs, the gene expression data
indicates downregulation of NDPS1 and PHS1 in Roma
HS1 relative to the control plants (Figure 6). In contrast,
both terpene synthases were upregulated in Roma HS2
and Roma HS3, and the degree of upregulation was com-
parable in both plants (Figure 6). There were no notable
differences in the ERs of total MTs (Figure 4) and spe-
ciated MTs (Figure S3) between Roma HS1, HS2, and
HS3 in the final period of the heat stress (i.e., shortly
before the leaf samples were harvested and snap-frozen
for gene analysis). For the control plants, the total MT ERs
were higher in Roma C3 than in Roma C1 and C2, which

both emitted at similar rates (Figure 4). The total MT ERs
from all 3 control plants remained relatively stable over
the measurement period, and the notable increase in MT
emissions observed in the heat-stressed plants was beyond
the intrinsic temporal emission variability of the control
plants (Figure 4). The weak correlation between the mag-
nitudes of NDPS1 and PHS1 expression and the ERs of MTs
in the heat-stressed plants suggests that the bulk of the
observed MT stress emissions were likely derived from
existing foliar stored pools and not from increased de
novo synthesis via gene upregulation. The apparent
absence of light-dependent MT emissions from the sam-
pled plants (Figure 4) also suggests emissions from stored
pools.

Emission rates of MeSA were higher in the heat-
stressed plants than in the control plants, with the excep-
tion of Roma HS3, in which the emissions were compara-
ble to the control plants (Figure 4). MeSA emissions from
all 3 heat-stressed plants peaked circa 4 h after the start of
the heat treatment, and then decreased gradually with
time (Figure 4). However, it should be noted that MeSA
emissions from these 3 plants began to increase even
before the heat treatment. There is very poor correlation
between the magnitude of SISAMT expression and the
observed MeSA ERs in the heat-stressed plants. SISAMT
was downregulated in Roma HS1 relative to the control
plants (Figure 6), but Roma HS1 had the highest MeSA
emissions among the 3 heat-stressed plants (Figure 4). In
contrast, Roma HS3 showed the highest degree of SISAMT
upregulation among the 3 plants but had the lowest
MeSA emissions. There are several possible explanations
for the disparity in the SISAMT expression levels and
observed MeSA emissions. Firstly, the emitted MeSA may
have mostly originated from existing foliar stored pools
and not from de novo synthesis. However, the appearance
of MeSA PIBs during the heat treatment in all 3 plants
(Figure 4) indicates at least some de novo contribution to
the observed MeSA emissions (see Section 3.1.4). Secondly,

Figure 6. Differential gene expression. Differential expression of 3 genes coding for the enzymes neryl diphosphate
synthase 1 (NDPS1), b-phellandrene synthase 1 (PHS1), and salicylic acid methyl transferase (SISAMT) in 3 different
heat-stressed Roma tomato plants (Roma HS1, HS2, and HS3). Y axis denotes normalized gene expression relative to
control plants. The figure was generated using CFX Manager (Bio-Rad) software. The software used gene expression
values in the control plants (Roma C1, C2, and C3) to generate this data normalized against EF-1a, a housekeeping
gene (GenBank accession number: X14449). DOI: https://doi.org/10.1525/elementa.2021.00096.f6
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significant de novo synthesis of MeSA may have occurred
in Roma HS1 at the plant level, but the particular leaf that
was sampled for gene expression could have been a low
expressor of SISAMT, and vice versa for Roma HS3. Fur-
thermore, Rong et al. (2016) and Maruri-Lopez et al.
(2019) reported that MeSA and its salicylic acid precursor
are readily interconvertible. It is conceivable that Roma
HS3 was indeed synthesizing large amounts of new MeSA
as evidenced by the significant upregulation of SISAMT
(Figure 6), but the newly synthesized MeSA could have
been demethylated back to salicylic acid, thereby resulting
in relatively low MeSA emissions.

Moreover, it is possible that the expression levels of
all 3 targeted genes corresponding to the enzymes
NDPS1, PHS1, and SISAMT were changing with time. All
3 genes may have been upregulated in Roma HS1 during
some period of the heat treatment, and the plant may
have been synthesizing new MeSA and MTs at increased
rates, but the gene expression levels could have
decreased toward the end of the heat treatment, when
the leaves were harvested for gene analysis. Pazouki et
al. (2016) reported a circa 2-h time delay between the
onset of gene expression and terpenoid emission
response in 5-min heat-shocked tomato leaves. However,
our data show an almost immediate induction of MT
emissions following heat stress (Figure 4), which again
indicates a physical pool volatilization origin for the
bulk of the observed MT stress emissions. Further inves-
tigation into the role of genes in modulating heat stress-
induced BVOC emissions would require gene expression
measurements at higher temporal resolutions from
more plant replicates with multiple leaf samples from
each plant in conjunction with high time-resolution
BVOC emission measurements.

3.4. Essential oil composition and pool size

The VOC content in the essential oils of 4 Beefsteak and 4
Roma tomato seedlings were quantified via GC-MS. It is
important to note that the essential oil analyses were not
conducted on the same plants used in the heat stress-VOC
emission study (henceforth referred to as “chamber”
plants to differentiate them from the plants selected for
essential oil analyses). We found that there was some var-
iability in the absolute amounts, but the composition (i.e.,
presence or absence) of individual VOC species in the
stored pools was mostly consistent among the 8 sampled
plants (Figures 7 and S4). The VOC species with the high-
est pool concentrations were MeSA (22.9–37.6 mg/g in
Beefsteak and 27.9–47.9 mg/g in Roma), b-phellandrene
(14.9–55.4 mg/g in Beefsteak and 9.1–16.4 mg/g in Roma),
b-caryophyllene (4.3–28.3 mg/g in Beefsteak and
2.1–13.6 mg/g in Roma), 2-carene (6.1–30.3 mg/g in
Beefsteak and 3.9–6.5 mg/g in Roma), and limonene
(3.8–14.6 mg/g in Beefsteak and 2.2–4.0 mg/g in Roma).
The sum of these 5 compounds accounted for 77% to
88% of all stored VOCs in the sampled plants. In general,
the pool concentrations of most VOC species were higher
in the sampled Beefsteak plants than in the Roma (Figure
S4). In a recent study, Dehimeche et al. (2021) reported
the major constituents of tomato foliar essential oil to be
a-pinene, 2-carene, b-phellandrene, and b-caryophyllene,
which together accounted for 70% to 95% of all stored
VOCs in their sampled plants. The pool concentration va-
lues for most of the major compounds reported in our
study are comparable with the values reported by Dehi-
meche et al. (2021). However, Dehimeche et al. (2021) did
not report limonene as a stored VOC, and their reported
MeSA pool concentrations were notably lower than our
values. This disparity could be a result of the different

Figure 7. VOC storage pool sizes. VOC content (mg/g FW) in the stored pools of 4 Beefsteak and 4 Roma tomato
plants (quantified via GC-MS). The values are expressed on a log2 scale. BDL ¼ below detection limit; GC-MS ¼ gas
chromatography with mass spectrometry. DOI: https://doi.org/10.1525/elementa.2021.00096.f7
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cultivars used in the two studies. The high MeSA pool
concentrations reported in our study could also be attrib-
uted to some undetected physiological stress.

Both our study and Dehimeche et al. (2021) identified
b-caryophyllene as the dominant stored SQT in the essen-
tial oil of tomato foliage. The measured storage pool con-
centrations of b-caryophyllene are comparable to those of
b-phellandrene (Figure 7 in our study; table 1 in Dehi-
meche et al., 2021), which is typically the dominant com-
pound in tomato foliar BVOC emissions (see Section 3.1.1;
Table 1). However, the literature-reported ERs of b-caryo-
phyllene from tomato foliage are consistently much lower
than that of b-phellandrene. The average unstressed ERs
(normalized to 30�C) of b-phellandrene and b-caryophyl-
lene are 29.9 and 2.04 pmol m–2 s–1, respectively, based on
values reported by Gentner et al. (2014), Pazouki et al.
(2016), Dehimeche et al. (2021), and this study. Heat
stress enhances b-caryophyllene emissions (Figure 2 in
our study; figure 5B in Pazouki et al., 2016), but the
stressed emission value is still much lower than that of
b-phellandrene. Despite having similar storage pool
sizes, the ER of b-caryophyllene is approximately 15
times lower than that of b-phellandrene. This disparity
is likely a result of the difference in volatilities between
the 2 compounds. b-phellandrene has a vapor pressure of
1.59 mmHg at 25�C, while the corresponding predicted
value for b-caryophyllene is 0.0255 mmHg (EPA Comp-
Tox), which is 62 times lower. Assuming an average bvp

value of 0.062�C–1 for MTs and 0.093�C–1 for SQTs (Table
2), the vapor pressure of b-caryophyllene at 42�C would
be 0.124 mmHg, which is still 37 times lower than the
corresponding value of 4.56 mmHg for b-phellandrene.
Due to its significantly lower volatility, b-caryophyllene
would have a greater tendency than b-phellandrene to
remain inside its storage pool, rather than emit into the
atmosphere, even at moderately elevated temperatures.
Another possible explanation for the lower emissions is
that some portion of the stored b-caryophyllene in
tomato foliage might reside within internal pools that
are not open to the atmosphere. Two other SQTs, b-ele-
mene and d-elemene were also consistently present in
our stored pool measurements, but these were not emit-
ted at detectable levels by any of the “chamber” tomato
plants at either ambient or heat stress temperatures (Fig-
ures 1 and S1A–B), likely due to their lower pool con-
centrations (0.21–7.5 mg/g; Figure 7) and presumed low
volatilities.

To deduce the impact of heat stress on BVOC storage
pool sizes and long-term ERs, we estimated the pool
depletion time of each BVOC species for the 2 Beefsteak
and 4 Roma “chamber” tomato plants (Figure 8 and Table
S4A–C) by dividing the BVOC pool size (expressed on a leaf
area basis in units of pmol/m2) by the observed ER (quan-
tified via GC-MS). This derived variable characterizes the
time required to completely exhaust the BVOC of interest
from its storage pool if emission to the atmosphere

Figure 8. VOC storage pool depletion times. Median storage pool depletion times (in days) for 31 compounds. The
values were calculated using the emission rates from the 2 Beefsteak and 4 Roma “chamber” plants measured both
before and during the heat stress. Absent data points indicate either undetectable emissions, undetectable storage
pools, or both. The pool depletion times for the individual plants (including both median and minimum values) are
tabulated in the Supplemental Material (Table S4A–C). DOI: https://doi.org/10.1525/elementa.2021.00096.f8
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continues at the observed rate and there is no additional
production. Three different pool depletion times were cal-
culated for each BVOC from each of the 6 plants: (1)
median value before heat stress, (2) median value during
heat stress, and (3) minimum value. The median pool
depletion times were calculated using the median ERs,
while the minimum time was derived from the maximum
ER observed during the experimental period. Both day-
time and nighttime emission values were included in the
calculations, except for the first emission measurement
(i.e., 1–2 h after the plant was enclosed), which was typi-
cally artificially elevated.

The storage pools of most of the emitted compounds
were large enough to sustain unstressed emission levels
for at least a few days, and for several months and even
years for some compounds (Figure 8). Roma HS1, HS2,
and HS3 generally had longer pool depletion times than
the other 3 plants (Table S4A–C) due to their relatively
lower emissions. Exposure to heat stress enhanced the
emissions of most compounds, which in turn would have
depleted the storage pools at a faster rate (Figure 8). The
relatively short minimum pool depletion times of some
BVOCs (Table S4C) indicate that high emissions, even if
only temporary, could diminish the pool sizes of those
BVOCs, thereby depressing subsequent emissions. Fur-
thermore, the duration of emissions would presumably
be shortened if there were no additional de novo produc-
tion to replenish the exhausted pools. We note that our
estimated pool depletion times did not always agree with
the observed BVOC emission persistence. For example, g-
terpinene emissions from Roma HS2 and HS3 and MeSA
emissions from Roma HS3 decreased to undetectable le-
vels by the final period of the heat treatment (Figure S1A),
even though the corresponding minimum pool depletion
times were much longer than the experimental duration
(11.6, 29.6, and 303 days, respectively; Table S4C). In con-
trast, a-terpinene, camphene, and o-cymene emissions
from Beefsteak 2 remained at elevated levels during the
final period of the heat stress (Figure S1A), even though
the corresponding median pool depletion times were
shorter than a day (0.312, 0.358, and 0.175 days, respec-
tively; Table S4B). This suggests that de novo-synthesized
BVOCs made a significant contribution, thereby sustaining
emissions. Several compounds including MT 18.69, a-co-
paene, SQT 27.57, SQT 28.50, and TMTT were not detected
in the foliar storage pools of Beefsteak or Roma but were
present in the emission profiles of some of the plants
(Table S4C). It is possible that the amount of these BVOCs
in the storage pools was BDL, but this still indicates that
the stored amount was small compared to the atmo-
spheric emission, which suggests that the majority of
these emissions originated from de novo synthesis. How-
ever, having the essential oil analyses conducted on plant
individuals that were different than those used in the
BVOC emission study adds to the uncertainties associated
with these results.

4. Conclusions
Foliar BVOC emissions from 24-h heat-stressed tomato
plants were investigated using real-time PTR-MS technique

for continuous MeSA and total MT emission measure-
ments and off-line GC-MS (via sorbent cartridge sampling)
for speciated terpenoid measurements. Preheat stress
BVOC ERs were generally low, for 16 out of the 18 sampled
plants, with a median total MT ER at 30�C of 18.5 pmol
m–2 s–1 and median total SQT ER of 0.172 pmol m–2 s–1,
where both values were measured via GC-MS.We therefore
conclude that tomato foliage is not a significant source
of BVOC emissions at ambient temperatures and in
unstressed conditions, as also shown by Jansen et al.
(2009), Copolovici et al. (2012), Gentner et al. (2014),
Pazouki et al. (2016), Tomescu et al. (2017), and Dehi-
meche et al. (2021). However, following initial exposure
to heat stress, the ERs of approximately half of the tar-
geted compounds from the sampled plants increased
beyond what was expected based on current BVOC emis-
sion temperature response algorithms. These results dem-
onstrate that the current algorithms do not perform well
in modeling the emission behavior of heat-stressed plants
(i.e., at temperatures greater than approximately 35�C), as
they do not account for the elicitation of stress emissions
in addition to the existing constitutive emissions. It is
important to note that not all compounds responded to
heat stress in the same manner. MT emissions, for the
most part, exhibited an increase, especially in the initial
period of the heat treatment. In contrast, MeSA, a known
stress marker, had a variable response to heat stress, where
in some plants, MeSA emissions increased initially after
heat exposure, while in others, emissions declined or did
not change significantly. The heat stress emission magni-
tude subsequently decreased for many of the emitted
compounds during the final period of the heat treatment,
likely due to diminishing terpene storage pools and/or
reduced terpene synthase and photosynthetic activity. This
heat-enhanced emission behavior underscores the impor-
tance of using temperature-controlled enclosure systems
for emission factor measurements. Unintended physiolog-
ical stress stemming from elevated enclosure tempera-
tures can bias plant emission data toward higher than
normal values even after temperature normalization and
could therefore reduce the accuracy of emission models.
Consequently, the atypically high tomato foliar BVOC ERs
reported in some of the earlier studies (Arey et al., 1991;
Winer et al., 1992) must be revised and should not be used
in emission models. The tomato plants that were sampled
in these studies were likely heat-stressed and/or mechani-
cally disturbed, and their emission values would not be
representative of unstressed tomato plants in ambient
conditions.

The results from our gene expression measurements
on select tomato plants were inconclusive. We found no
significant correlation between the magnitude of gene
expression and emission induction of MTs or MeSA
among the sampled plants. Elucidating genetic-level con-
trols on tomato stress emission response would require
additional gene expression measurements at higher tem-
poral resolutions from more plant samples. Our contin-
uous BVOC measurements via PTR-MS indicate that the
bulk of the observed MT stress emissions likely originated
from existing foliar storage pools and not from increased
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de novo synthesis, as evidenced by the weak light-
dependence of MT emissions. In contrast, MeSA emis-
sions exhibited both enzyme-controlled (i.e., light-depen-
dent) and light-independent behaviors and likely had
contributions from both de novo synthesis and stored
pools. Our analyses of the BVOC composition and con-
tent in the essential oils of tomato foliage demonstrate
that most of the emitted compounds were also consis-
tently present in the stored pools of the sampled plants,
barring a few exceptions. The measured pool sizes of
most compounds were sufficiently large to sustain
unstressed emissions on the order of days to months and
even years. However, heat stress-enhanced emissions
would deplete these pools at a faster rate. Therefore,
long-term heat exposure would presumably shorten the
duration of emissions if there were no additional de novo
production.
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