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Tetranychus utricae Koch (the two-spotted spider mite, TSSM) is a major pest of sugar
beet plants (Beta vulgaris L.), which quickly develops resistance to miticides. Volatile or-
Received: February 26, 2024 ganic compounds (VOCs) have the potential of providing an environmentally friendly al-
Accepted: April 29, 2024 ternative to currently used insecticides. The main goal of this study was to evaluate the
Online publication: September 01,2025  changes in the qualitative and quantitative composition of the VOCs released by sugar
beet plants under drought conditions, TSSM infestation, or subjected to combined types
*Corresponding address: of stress. Volatiles were collected over a 2 h period on days 2, 3 and 6 following TSSM
Dariusz.Piesik@pbs.edu.pl feeding and/or drought and, following elution, were analyzed by gas chromatography
with mass spectrometric detection. In particular, plants that were subjected to combined
abiotic and biotic stress resulted in even higher levels of VOCs being released than from
plants subjected to a single stress. Ten key volatiles were identified, namely: (Z)-3-hexenal,
(2)-3-hexen-1-ol, (E)-2-hexen-1-ol, (Z)-3-hexen-1-yl acetate, (Z)-ocimene, linalool,
B-pinene, (E)-p-farnesene, p-caryophyllene and benzyl acetate. Of these 10, three were
emitted with significantly higher quantities than the other seven: B-pinene, B-caryophyllene
and benzyl acetate. This suggests that these three volatiles are potentially the most useful
as natural alternatives to synthetic miticides to protect sugar beet crops from TSSM. Fur-
ther research is needed to assess this hypothesis and to determine their activity against the
mites.
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Introduction

Owing to its high sucrose concentration, sugar beet produced 16.2 million tons of sugar beet (CEFS sta-
(Beta vulgaris L.) is an important crop for use in sugar  tistics, 2021). However, decreases in yields of sugar
production (Stevanato et al. 2019; Zicari et al. 2019). beet have been observed due to droughts (Alavilli et al.

During the years 2021/2022, the European Union 2023) and to local infestation of Tetranychus utricae
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Koch (two-spotted spider mite, TSSM for short) (Neher
and Barbour 2019). It is claimed that intensive feeding
by the spider mites can cause losses of up to 25-30% or
more (Neher and Barbour 2019), which is considered
to be a result of decreased sugar beet photosynthesis
and transpiration (Kumar et al. 2015). Sugar beet crop
losses resulted in decreased biomass and a reduction in
sucrose content (Neher and Barbour 2019).

TSSM infestation is generally manifested by the
yellowing of leaves, defoliation, and leaf burning (As-
souguem et al. 2022; Shaabow et al. 2019). One genera-
tion of TSSM (from egg to adult stage) can be com-
pleted within 7 days when the air temperature is above
30°C (Tehri 2014). Such a short life cycle can result in
20-25 generations of this pest per year (Lucini et al.
2015), and, under the climatic conditions in Poland,
with 4-6 generations during the growing season
(Jakubowska et al. 2018). Such a developmental cycle
significantly increases the damage that can be achieved
by this pest.

Management of TSSM is primarily based on chemi-
cal control (Marcic 2012; Van Leeuwen et al. 2013).
An important trait that makes the control of TSSM
difficult is their high excretive metabolism, which re-
sults in a realistic possibility of the TSSM developing
miticide resistance (Rioja et al. 2017; Jakubowska et al.
2022). Thus, there is an urgent need to look for new
alternatives for TSSM control, especially environmen-
tally friendly (namely biological control), which would
result in a much limited impact on the environment
and on human health (Gay 2012; Ayelo et al. 2021).

Biological control of TSSM can be initiated by at-
tracting predatory insects that locate their prey by
plant-induced volatile organic compound (VOC)
emissions in response to TSSM feeding. The use of
plant-derived volatiles that enhance the effective-
ness of attracting the natural enemies of an attack-
ing pest (or that act to deter feeding insects) can help
reduce the extent of plant damage, as well as im-
prove plant condition and yield (Dicke and Baldwin
2010). Therefore, VOCs are an important potential
alternative to synthetic chemical insecticides for crop
protection.

The emission of VOCs induced in response to
a herbivorous insect attack can be altered by numer-
ous abiotic factors (Ninkovic et al. 2021), including
drought (Salerno et al. 2017). Water deficit stress is
arguably one of the most common and important en-
vironmental factors associated with crop production.
Drought affects the physiological and biochemical pro-
cesses of plants (Loreto and Schnitzler 2010; Truong
et al. 2014), and results in significant decreases in the
growth and yield of most plants (Chandrasekaran et al.
2022; dos Santos et al. 2022). Drought conditions also
alter plant-pest-predator and parasitoid-plant interac-
tions (Rahman 2023).

The main goal of this study was to evaluate chang-
es in the quantity and quality of the blend of VOCs
released by sugar beet plants under drought condi-
tions (abiotic stress), TSSM infestation (biotic stress),
or subjected to combined types of stress simultane-
ously. The investigation’s main objective was to iden-
tify emitted VOCs that could be of potential use in
Integrated Pest Management. It was expected that
from the investigation the following would be found:
(i) that biotic and abiotic stress elicit distinct blends
of VOCs released from sugar beet plants; (ii) VOC
synthesis will vary over the days following a biotic
stress and/or a continuing abiotic stress; and (iii)
that combined biotic and abiotic stresses will result
in even greater quantities of volatile emissions than
one type of applied stress. The importance of this
study is that it provided an improved understanding
of the effects of drought on the release of VOCs from
TSSM-infested sugar beet plants, and thereby contrib-
utes to the knowledge required to facilitate the use
of VOCs as a part of an Integrated Pest Management
protocol.

Materials and Methods

Spider mite and plant materials

Sugar beet plants of the Kujavia variety (Kutnow-
ska Hodowla Buraka Cukrowego Sp.z 0.0.) were
grown in a glasshouse under conditions of 20 + 1°C
and day and night lengths of 16 h and 8 h (PPFD =
238.91089 pmol - m™? - s7'), respectively, until they
reached the 12-14 growth phase of the BBCH-scale
(Biologische Bundesanstalt, Bundessortenamt und
Chemische Industrie). The plants were then placed
in plastic trays (30 cm x 50 cm X 5 cm = 7500 cm?)
in glasshouse cabins maintained at a temperature of
23 + 1°C, 50-55% relative humidity and applying
the same photoperiod (16/8 h) for a further 2 weeks.
These sugar beet plants were then placed in one of four
groups: (1): control plants, i.e., those left unstressed
and watered twice a week with 1400 ml (per tray con-
taining eight plants) of water throughout the study;
(2): plants watered twice a week with 1400 ml of water,
but subjected to TSSM feeding for 24 hours at the end
of the 2 week period (day 0); (3): plants watered twice
a week with 800 ml of water, which will be referred to
as a drought stress; and Group (4): plants subjected to
the drought stress throughout the study (provided with
800 ml of water twice a week), but also subjected to
24 hours of TSSM feeding at the end of the 2 week pe-
riod (day 0). Plants placed in groups 3 and 4 had con-
tinued water stress throughout the sampling period
covering 6 days. Each of the above-mentioned groups
of plants (1-4) consisted of eight plants.
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For those groups of plants subjected to TSSM feed-
ing (groups 2 and 4), five adult female mites were ap-
plied to just one leaf (third young leaf) per plant. All
females used in the experiment were 1-2 days old and
developed from nymphs selected 1 day earlier from
a population reared on sugar beet plants under con-
trolled conditions (25 + 2°C, 16L:8D, 50 — 55% relative
humidity). The newly emerged females were not fast-
ed before the experiment and were not gravid. After
24 h of application of the females to the plants, the
mites were gently removed from the plants’ leaves us-
ing a brush. Signs of TSSM feeding were visible only
on the leaf on which the mites were applied. As ex-
pected, sugar beets exposed to drought stress were cha-
racterized by fewer leaves than the well-watered plants
(Fig. S1).

Volatile collection of samples

For volatile collection, the plants to be analyzed were
individually placed in Nalophan sleeves (MediS-
ense, NL) of volume 6000 cm®. Only the plants were
enclosed by these bags. The pot containing the soil
was not enclosed in order to avoid volatiles com-
ing from the soil. The air containing the VOCs was
drawn through Super-Q traps consisting of glass tubes
76 mm in length and having an outside diameter of
6.35 mm (Analytical Research System, Inc., Gaines-
ville, FL, USA). These glass tubes contained 30 mg of
Super-Q as the VOC adsorbent (Altech Associates,
Inc., Deerfield, IL, USA). To sample, a glass tube was
connected to one side of the sleeve and to a flexible
tube, which was in turn connected to a suction pump
(Thermo Fisher Scientific, Waltham, MA, USA). Posi-
tive pressure was maintained within the Nalophan
sleeves to limit volatiles entering the sleeves from the
outside. This was achieved by using an inlet flow of
a purified and humidified air stream being delivered
at a rate of 1.0 I - min™ and having a suction pump
maintaining an exhaust airstream at 0.8 | - min™'. The
VOCs were collected and trapped over a period of
2 h (the same time was used in the study by Cao
et al. 2022) on sampling days 2, 3 and 6 following fe-
male TSSM feeding on plant groups 2 and 4. For the
group of plants subjected to drought stress (group 3),
VOCs were collected on a date close to that on which
VOCs were collected from TSSM-damaged plants.
VOCs were collected from unstressed and well-wa-
tered sugar beet plants (control) at the beginning and
at the end of the sampling period. Five clean air sam-
ples (laboratory blanks) were also gathered from Nalo-
phan sleeves. Trapped volatiles were eluted from the
Super-Q collection traps using 225 pL of hexane, with
7 ng of decane (CAS Number 204-686-4, > 99%) being
used to provide an internal standard. The quantity of
hexane used has been found from previous studies to
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be sufficient to extract all of the trapped VOCs (Piesik
etal 2011a, b).

Analytical methods

The total number of samples analyzed was 88 (plus 5
blank samples). Individual samples, each of 1 pl, were
injected into and analyzed by a GC-MS using an Auto
System XL/Turbomass instrument (Perkin Elmer, Shel-
ton, CT, USA) with a capillary column (30 m Rtx-5MS,
0.25 mm ID, 0.25 um film thickness, Restek, USA). The
temperature program used during analysis increased
from an initial 40°C up to 200°C at a rate of 5°C - min™".
The identification of the plant volatiles was verified us-
ing standards purchased from Sigma-Aldrich (USA),
with the f-ocimene standard solution containing both
Z and E isomers. The identification of the GLVs was
achieved through a comparison of the experimentally
obtained mass spectra and the linear retention indices
calculated against the C8-C20 n-alkane mixture (Sig-
ma-Aldrich, Steinheim, Germany) with those avail-
able in NIST 17 Mass Spectral and Retention Index
Libraries (The National Institute of Standards and
Technology, Gaithersburg, MD, USA). The emission
rate of each VOC (in units of ng - h™') was determined
by comparing its associated peak area relative to the
peak area of the internal decane standard. Only those
VOC:s that were consistently emitted at rates of greater
than 0.1 ng - h™'are reported in this paper.

Statistical analysis

The normality of the distributions of the observed
VOCs was tested using Shapiro-Wilk’s normality test
(Shapiro and Wilk 1965). Multivariate analysis of vari-
ance (MANOVA) was carried out to determine the
multivariate effects of stress, day and stress x day inter-
action (or unstressed for control). Two-way analyses
of variance (ANOVA) were carried out to determine
the effects of stress type and sampling day as well as
stress type x sampling day interaction on the vari-
ability of the observed VOCs. The mean values of the
individual VOCs were calculated. Moreover, Fisher’s
least significant differences (LSDs), at the 0.05 level
(LSDO'OS), were calculated. On this basis, homogene-
ous groups were determined for stress type, day and
stress type x day sampling interaction. Relationships
between observed VOCs were assessed using Pearson’s
linear correlation coeflicients, which are presented
later in the results section as a heatmap. A canonical
variate analysis (CVA) was applied to present a multi-
VOC assessment of similarities for the combinations
of the various stress type and sampling day in a lower
number of dimensions with the least possible loss of
information. CVA is a statistical tool making it pos-
sible to solve the problem of multivariate relationships
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between combinations of stress type and sampling
day for all VOCs jointly (Wronska-Pilarek, Szkudlarz
and Bocianowski 2018; Bocianowski and Majchrzak
2019). Mahalanobis distances (Mahalanobis 2018)
were used as a measure of “multi-VOC” similarity of
combinations of stress type and sampling day (Seidler-
Lozykowska and Bocianowski 2012), the significance
of which was verified using the critical value D , the
least significant distance (Bocianowski and Liersch
2022). Mahalanobis distances were calculated for all
pairs of combinations of stress type and sampling day.
The differences between the analyzed combinations of
stress type and sampling day as well as between VOCs
were verified by cluster analysis using the nearest
neighbor method and presented in dendrograms. The
GenStat v. 23 statistical software package (2023) was
used for the analyses.

Results

Identified VOCs

In response to water deficit stress and/or TSSM feed-
ing, 10 VOCs that had emission rates > 0.1 ng/h from
the sugar beet plants were identified from the gas
chromatography with mass spectrometric detection
(GC-MS) analysis, namely: four green leaf volatiles
(GLVs): (Z)-3-hexenal = (Z)-3-HAL; (Z)-3-hexen-
1-ol = (£)-3-HOL; (E)-2-hexen-1-ol = (E)-2-HOL;
(Z)-3-hexen-1-yl acetate = (Z)-3-HAC; three mono-
terpenes: (Z)-ocimene = (Z)-OCI; linalool = LIN;
B-pinene = B-PIN; two sesquiterpenes: (E)-(B-farne-
sene = (E)-B-FAR; p-caryophyllene = f-CAR; and one
aromatic benzenoid benzyl acetate = BAC. Blank meas-
urements did not show any background contributions
to these volatiles. Raw data from the GC-MS analy-
ses are provided in the supplementary information
(Table S1).

Effects of stress type and sampling day
on VOC emissions

All of the 10 VOCs had normal distribution.
MANOVA results indicate that the main effects of
stress type (Wilk’s [ = 0.18668; F, . = 7.1), sampling
day (Wilk's [ = 0.01918; F, = 33.59) and stress type
sampling day interaction (Wilks | = 0.06604;
Fior = 5.41) were significant (p < 0.0001) for all
10 VOCs jointly. ANOVA indicates that the main
effects of stress type (p < 0.001), the sampling day
(p < 0.001) of the volatile, effect of stress type sampling
day interaction (p < 0.001 for (Z)-3-HOL, (E)-2-HOL,
(2)-3-HAC, (2)-OCI, LIN, B-PIN, (E)-p-FAR, BAC;
p < 0.05 for (Z)-3-HAL and B-CAR) were significant
for all of the identified VOCs, with one exception

being for (E)-B-FAR for effects of stress type and stress
type “ sampling day interaction (Table S2). These ob-
servations and their associated results are discussed in
more detail further below.

TSSM feeding (biotic stress) induced higher
emission of VOCs

As expected, the analysis of the emitted VOCs from
unstressed plants (the controls) revealed differences
in their quantity compared to those VOCs emitted by
plants that underwent any type of stress. The plants
exposed to female TSSM feeding released significantly
higher amounts of the 10 volatile compounds than
the unstressed plants, regardless of the sample day
(Fig. 1 and Table 1). The highest emission levels for
all 10 VOCs were recorded on the second day of sam-
pling, with the highest emissions being found for
B-PIN (1468 ng - h™'), B-CAR (2959 ng - h™'), and BAC
(2400 ng - h™). The emission of VOCs by sugar beet
plants in response to TSSM feeding decreased over
time. For sampling day 6 significantly lower emis-
sions of all 10 VOCs than for the other two-time sam-
pling points were observed. Based on these results, it
can be concluded that the strongest response of sugar
beet plants to TSSM damage occurred 48 hours after
treatment and that the high emission rates of p-PIN,
B-CAR and BAC over all of the sampling days suggest
that they play a key role in the early sugar beet plant
response to TSSM feeding.

Drought (abiotic stress) induced
higher VOCs emission

The emission levels of individual volatile compounds
were found to be higher in plants exposed to drought
stress than in unstressed and well-watered plants, but
lower than in plants exposed to TSSM infestation
(Fig. 1 and Table 1). For all 10 VOCs, the greatest re-
lease from the plants was recorded on sampling day
2, with p-CAR (2754 ng - h™'), BAC (1558 ng - h™)
and B-PIN (920 ng - h™') being released in the great-
est amounts. As found for biotic stress, there was
a decrease in the amount of each volatile compound
released with increasing time.

Combination of drought and TSSM
infestation on the release of VOCs

The application of both biotic and abiotic stresses re-
sulted in an additive effect on the release rate of VOCs,
with the emission rates of the VOCs being increased
when the water-stressed sugar beet plants were addi-
tionally subjected to TSSM infestation. With respect
to the individual compounds, the emission rates of
B-CAR, BAC and B-PIN were found to be the highest
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Fig. 1. The density of the 10 VOC distributions that were consistently found to be emitted at rates greater than 0.1 ng/h from the sugar
beet plants exposed to drought, mites, and combined drought and mite. (2)-3-hexenal = (2)-3-HAL, (2)-3-hexen-1-ol = (2)-3-HOL,
(E)-2-hexen-1-ol = (E)-2-HOL, (2)-3-hexen-1-yl acetate = (2)-3-HAC, (2)-ocimene = (2)-OCl, linalool = LIN, B-pinene = B-PIN,
(E)-B-farnesene = (E)-B-FAR, B-caryophyllene = 3-CAR and benzyl acetate = BAC.

Table 1. Mean values and Fisher’s least significant differences (LSDs) at the 0.05 level of the 10 VOCs depending on the type of stress
applied (drought, mites, or combined drought and mites) for sugar beet plants on sampling days 2, 3, and 6. The control plants were
unstressed, well-watered sugar beet plants from which VOCs were collected at the beginning and at the end of the sampling period.
Only those VOCs that were consistently detected at rates of greater than 0.1 ng - h™'are reported: (2)-3-hexenal = (2)-3-HAL, (2)-3-hexen-
1-ol = (2)-3-HOL, (E)-2-hexen-1-ol = (E)-2-HOL, (2)-3-hexen-1-yl acetate = (2)-3-HAC, (2)-ocimene = (2)-OCl, linalool = LIN, B-pinene =
B-PIN, (E)-B-farnesene = (E)-B-FAR, B-caryophyllene = B-CAR and benzyl acetate = BAC

Aromatic
Sampling Green leaf volatiles (GLVs) Monoterpenes Sesquiterpenes  benze-
day Stress type noid
(2)-3-HAL (2)-3-HOL (E)-2-HOL (2)-3-HAC (2)-OClI LIN B-PIN  (E)-B-FAR B-CAR BAC
drought 2549c¢ 549c 6191c¢ 7003c 650.7c 653c 920.1c 3972b 2754a 15579c
2 mites 329.8b 9194b 1051.9b 1086.2b 1046.2b 1056.7b 1468.1b 422.1ab 2959a 2399.6b
drought and mites 397.4a 1091.9a 12324a 1347.6a 12635a 1280.8a 17342a 4855a 3124a 27784a
drought 516ef 762e 843e 1128ef 110ef 923e 1443ef 41.7c 3317cd 2345ef
3 mites 80.7e 113.1e 1293e 1855e 1718e 1457e 2312e 751c 566¢c 387.3e
drought and mites 169.9d 3129d 357.1d 4333d 3742d 3696d 512d 702c¢ 1590b 871.7d
drought 5f 59e 7e 11.2f 102 f 79e 17.9f 4.2c 35d 25.2f
6 mites 83f 105e 113e 17.6f 169f 128e  219f 6.2¢C 50d 36.2f
drought and mites 37.4ef 482e 514e 758ef 8lef 62.7e 976ef 308c 240cd 156.2¢ef
LSD, 54.26 123.2 1327 165.7 147.7 151.5 200.2 79.24 510.9 326.7
Drought 103.8C 2104C 2368C 2748C 257C 251.1C 3608C 147.7B 1040B 605.8C
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Table 1. Mean values and Fisher’s least significant differences (LSDs) at the 0.05 level of the 10 VOCs depending on the type of stress
applied (drought, mites, or combined drought and mites) for sugar beet plants on sampling days 2, 3, and 6. The control plants were
unstressed, well-watered sugar beet plants from which VOCs were collected at the beginning and at the end of the sampling period.
Only those VOCs that were consistently detected at rates of greater than 0.1 ng - h™"are reported: (2)-3-hexenal = (2)-3-HAL, (2)-3-hexen-
1-ol = (2)-3-HOL, (E)-2-hexen-1-ol = (E)-2-HOL, (2)-3-hexen-1-yl acetate = (2)-3-HAC, (2)-ocimene = (2)-OCl, linalool = LIN, B-pinene =
B-PIN, (E)-B-farnesene = (E)-B-FAR, B-caryophyllene = 3-CAR and benzyl acetate = BAC - continuation

Aromatic

Sampling Green leaf volatiles (GLVs) Monoterpenes Sesquiterpenes  benze-
day Stress type noid

(2)-3-HAL (2)-3-HOL (E)-2-HOL (2)-3-HAC (2)-0Cl LIN B-PIN  (E)-B-FAR B-CAR BAC
Mites 139.6B 3477B 3975B 4297B 411.6B 4051B 5737B 1678AB 1192B 941B
Drought and mites 201.6 A 4843A 547A 6189A 5729A 571A 7813A 1955A 1651A 1268.8A
LSD, os 31.33 71.1 76.6 95.7 85.3 87.5 115.6 45.75 295 188.6
2 days 3274X 8534X 967.8X 1044.7X 986.8X 996.8X 1374.1X 4349X 2946X 22453X
3 days 100.7Y 167.4Y 190.2Y 2439Y 2187Y 2025Y 2958Y 623Y 829Y  497.8Y
6 days 16972 2157 2327 3487 367 2787 4587 137Z 108Z 726Z
LSD, os 31.33 71.1 76.6 95.7 85.3 87.5 115.6 45.75 295 188.6
Control before the experiment 33 1.3 1.5 0.7 1.2 0.8 0.9 0.9 1.0
Control after the experiment 2.2 1.5 1.1 0.7 0.8 0.4 1.3 1.6 0.7

a, b, ¢, d, e f, g, h-incolumns, mean values denoted by the same letters are not statistically significantly different
A, B, C - in columns, mean values denoted by the same letters are not statistically significantly different
X,Y, Z—in columns, mean values denoted by the same letters are not statistically significantly different

for the infested and water stressed sugar beet plants for
each of the sampling days (Fig. 1 and Table 1). The emis-
sion rates of these three VOCs were recorded to be the
greatest on the second day of sampling (B-CAR - 3124
ng-h', BAC-2778 ng-h'and B-PIN - 1734 ng - h™').

Correlation between monitored VOCs

All pairs of VOCs were found to have statistically
significant linear correlations (all coefficients are
significant at the 0.001 level), except for pairs with
(E)-B-FAR, for which no significant differences were
noted for sampling days 2 and 3, being directly cor-
related positive (Fig. 2).

Differences between plant stresses

The first and second canonical variates provided about
80% and 15%, respectively, of the total variation be-
tween the type of stress to which the sugar beet plants
were subjected and sampling days. A clear clustering of
the samples for sampling days 3 and 6 is observed. In
contrast to the sampling day variable, no clear cluster-
ing of samples is evident for stress type (Fig. 3).

Differences between volatile compounds

For all analyzed volatile compounds, no statistically
significant correlation with the first (V) and second
(V) canonical variate was noted (Table 2). The greatest

variation in terms of all of the 10 VOCs was found be-
tween plants subjected to drought on sampling day 6
and drought plus mites feeding on sampling day 2 (Ma-
halanobis distance of 13.55). The greatest similarity was
found between plants subjected to mites and drought on
sampling day 6 (Mahalanobis distance of 0.22).

Clustering analyses combinations of stress
type, sample days, and VOCs

All of the examined combinations of stress type and
sample days were divided into two groups. The first
group included well-watered plants exposed to TSSM
feeding (sampling days 3 and 6 of the VOC collection)
and plants subjected to drought stress (sampling days
3 and 6 of the VOC collection) or drought stress and
TSSM infestation (sampling day 6 of the VOC collec-
tion). The second group included drought plus mites
on sampling days 2 and 3 as well as mites, drought
on sampling day 2, which is presented in a heatmap
(Fig. 4). The 10 VOCs were also divided into two
groups. The first group included B-CAR and BAC. The
second group included all of the other VOCs (Fig. 4).

Discussion

Previous studies have shown that abiotic stress can
modulate the blend of VOCs emitted by plants by in-
ducing or suppressing the release of pre-existing VOCs
and/or by inducing de novo synthesis of other VOCs
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Fig. 2. Heatmaps showing the correlation coefficients between the 10 VOCs collected from sugar beet plants on sampling days 2
(A), 3 (B), and 6 (C). VOCs that were consistently detected at rates of greater than 0.1 ng/h are reported: (2)-3-hexenal = (2)-3-HAL,
(2)-3-hexen-1-ol = (2)-3-HOL, (E)-2-hexen-1-ol = (EF)-2-HOL, (Z)-3-hexen-1-yl acetate = (2)-3-HAC, (2)-ocimene = (2)-OCl, linalool = LIN,
-pinene = B-PIN, (E)-B-farnesene = (E)-B-FAR, B-caryophyllene = 3-CAR and benzyl acetate = BAC. Dark blue depicts the lowest and
red the highest mean emission rates. *p < 0.05; **p < 0.01; *** p < 0.001

(Sharifi and Ryu 2021; Lazazzara et al. 2022). In this
study, the effect of drought, TSSM infestation and
a combination of these two stresses on the quantity of
VOC:s released by sugar beet plants were examined.
The emission rates of 10 VOCs from sugar beet
plants were found to be higher for plants subjected to
drought conditions than for well-watered plants (the
controls). These findings are consistent with other
studies that have examined the effects of drought
stress on the release of VOCs by other plants (Vallat
et al. 2005; Wei et al. 2007), but inconsistent with an-
other study dealing with sugar beet (Rahman 2023).

Vallat et al. (2005) observed that the emissions of four
monoterpenes (alpha-pinene, beta-pinene, limonene,
and camphene, with the latter only detected in the
summer of 2023) and two GLVs [(E)-2-hexenal and
(Z)-3-hexen-1-ol)] emitted from apple trees were
negatively correlated to rainfall. The authors suggested
that their results support the hypothesis that drought
leads to a higher formation of secondary metabolites
(several individual monoterpenes and resin acids).
A similar finding was reported by Turtola et al. (2003),
who analyzed monoterpenes in the main stem wood
of Scots pine (Pinus silvestris L.) and Norway spruce
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Fig. 3. Effects of the type of stress (drought, mites, and drought plus mites) on the distribution of the 10 VOCs emitted by sugar beet
plants on the three sampling days (days 2, 3 and 6) in terms of the first two canonical variates, V, and V,

Table 2. Results of discriminant analysis of the 10 VOCs detected
at emission rates of greater than 0.1 ng/h from sugar beet
plants in terms of the first two canonical variates (V, and V,).
(2)-3-hexenal = (2)-3-HAL, (2)-3-hexen-1-ol = (2)-3-HOL,
(E)-2-hexen-1-ol = (E)-2-HOL, (2)-3-hexen-1-yl acetate = (2)-3-
HAC, (2)-ocimene = (2)-OCl, linalool = LIN, B-pinene = B-PIN,
(E)-B-farnesene = (E)-B-FAR, B-caryophyllene = 3-CAR and benzyl
acetate = BAC

Color Key

500 1500 3000
Value

. . Second canonical
First canonical

VOCs variate (V) variate
(V)

(2)-3-HAL -0.4149 0.1758
(2)-3-HOL -0.3954 0.0918
(E)-2-HOL -0.3964 0.0895
(2)-3-HAC -0.4065 0.1026
(2)-0Cl -0.4022 0.1004

LIN -0.3973 0.0992
B-PIN -0.3966 0.1108
(E)-B-FAR -0.3052 0.345

B-CAR -0.3779 0.3114

BAC -0.3972 0.1297

[Picea abies (L.) Karst] seedlings subjected to medium
and severe drought stress for two growing seasons.
They found that medium drought stress had statis-
tically no significant effect on the concentration of
monoterpenes in both conifer species, whereas under
severe drought stress an increase in the concentra-
tions of several individual monoterpenes and the to-
tal amount of monoterpenes were noted. In contrast
to these findings Rahman (2023) and Rahman et al.
(2024) noted that sugar beet plants exposed to drought
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Fig. 4. Heatmap showing the quantitative occurrence of individ-
ual VOCs according to the stress type (M — mites, D — drought)
applied or combined stresses (D + M - drought plus mites) and
day of the sample collection (i.e., on sampling days 2, 3, and 6 fol-
lowing TSSM feeding). A dendrogram of clustering analyzed com-
binations of stress type and sample days, as well as the 10 VOCs
that were emitted by the sugar beet plants consistently at rates of
greater than 0.1 ng/h: (2)-3-hexenal = (2)-3-HAL, (2)-3-hexen-1-ol
= (2)-3-HOL, (E)-2-hexen-1-ol = (E)-2-HOL, (2)-3-hexen-1-yl ace-
tate = (2)-3-HAC, (2)-ocimene = (2)-0OC|, linalool = LIN, B-pinene =
B-PIN, (E)-B-farnesene = (E)-B-FAR, 3-caryophyllene = 3-CAR and
benzyl acetate = BAC

stress emitted fewer volatiles and at lower concentra-
tions than well-watered plants, with decreasing emis-
sions being observed with increasing drought. The dif-
ferent outcomes in these three studies could imply that
the amount of VOC emissions from plants under wa-
ter stress depends not only on the species of the plants,
but also on the severity and duration of drought stress.

Compared to a single stress, the combined stress of
drought and TSSM infestation resulted in higher levels
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of VOCs being released from the sugar beet plants than
obtained from plants under one type of stress. This
agrees with a study by Truong et al. (2014) dealing with
Arabidopsis plants exposed to water stress and Myzus
persicae (Sulzer) feeding. In their study, more terpenes
were found to be emitted under double stress condi-
tions than emitted by plants only subjected to a single
stress. A similar finding was obtained by Copolovici
et al. (2014). They reported significantly higher emis-
sions of monoterpenes (a-pinene, f-pinene, camphene,
limonene, 3-carene, p-cymene, B-phellandrene and
(E)-p-ocimene) from drought stressed larvae-infested
Alnus glutinosa plants (on days 2 to 7) than from those
released from control plants and those exposed to only
drought stress or larval feeding. Further, Gouinguené
and Turlings (2002) indicated that soil humidity had a
considerable effect on the amount of volatiles emitted
from mechanically damaged corn plants, where cater-
pillar Spodoptera littoralis (Boisduval) - derived regur-
gitant was applied to the damage. Significantly higher
emissions of indole and (3E)-4,8-dimethyl-1,3,7-non-
atriene were detected when the soil was relatively dry
(20-40% relative humidity).

The problem of combined abiotic and biotic stress
is complicated by the fact that the response of sugar
beet plants to an abiotic stress can alter its ability to
respond to biotic attack. Drought affects not only the
physiological and biochemical processes of plants (Lo-
reto and Schnitzler 2010; Truong et al. 2014), but it
may also alter the plants’ interactions with herbivorous
pests by altering the blend of VOCs emitted (Orlovs-
kis et al. 2015). Previous investigations have indicated
that different abiotic stresses can have antagonistic or
synergistic effects on a plant’s resistance response to
herbivorous insects (Suzuki et al. 2014). For example,
Rahman (2023) and Rahman et al. (2024) found that
drought altered the interaction between sugar beet
plants, an aphid (Aphis fabae) and the attraction of its
parasitoid (Aphidius colemani), owing to reduced plant
volatile emissions, which benefited Aphis fabae with
faster development and hence higher reproduction
rates. In contrast to this, Copolovici et al. (2014) found
that larvae of the green alder sawfly (Monsoma pulver-
atum) mostly preferred well-watered Alnus glutinosa
plants to those plants subjected to drought stress. The
leaf area eaten by this pest was significantly higher for
well-watered plants than for drought-stressed plants.
The authors suggested that plants subjected to drought
were probably less palatable to the larvae. In turn,
Takabayashi et al. (1994) noted that water-stressed
Lima bean plants released greater amounts of linalool,
(E)-B-ocimene, (3E)-4,8-dimethyl-1,3,7-nonatriene,
and methyl salicylate than non-water-stressed plants.
Thanks to these compounds, plants subjected to water
stress were probably more attractive to predators than
unstressed plants.

Of the 10 volatiles which were monitored, three,
namely p-CAR (a sesquiterpene), B-PIN (a monoter-
pene) and BAC (an aromatic benzenoid), are consid-
ered to be useful as natural alternatives to synthetic
miticides to protect sugar beet plants from TSSM.
Surprisingly, BAC was recorded from green leaves not
flowers, which is typical for this compound. However,
Piesik et al. (2022, 2023, 2024) and Sendel et al. (2022)
also found this component following the injury of
green parts of the plant. This is because of their sig-
nificant increase in their emissions from the sugar beet
plants subjected to biotic/abiotic stresses compared to
the unstressed plants. Various other studies suggest
that most of the vegetative volatiles that have been
identified in repelling herbivores or attracting herbi-
vore enemies are either terpenes ((E)- B-farnesene,
(E)-p-ocimene, and (E)-P-caryophyllene) or GLVs
(e.g., isoprene) (Unsicker et al. 2009). For instance,
the effect of constitutive overexpression of (E)-{-ca-
ryophyllene synthases increased the attraction of par-
asitoids to rice plants (Xiao et al. 2012) or improved
the defense response of maize plants by attracting en-
tomopathogenic nematodes that infect and kill vora-
cious root pests (Degenhardt et al. 2009). The function
these volatiles play in sugar beet plant-TSSM interac-
tions is unknown. Hence, further research focusing on
these three compounds will be undertaken.
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