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Positive correlations between volatile organic compounds (VOCs) and defense chemicals
indicate signaling of defense status. Such aposematic signaling has been hypothesized to
be widespread in plants, however, it has up to now only been shown for visual signals.
Correlations between identical compounds in different plant tissues, on the other hand,
can be informative about the (co-)regulation of their biosynthesis or emission. Here I
use Brassica rapa to investigate (1) correlations between identical metabolites (volatiles,
glucosinolates) in leaf and flower tissue, and (2) correlations between volatiles and
glucosinolates in the same plant organs (flowers and leaves). Whereas the amounts
of many glucosinolates were positively correlated in leaves and flower tissue, identical
leaf, and floral VOCs showed no such correlations, indicating independent regulation of
emission. None of the leaf or flower volatiles showed positive correlations with the two
major glucosinolates (gluconapin, glucobrassicanapin) or the sum of all glucosinolates in
either leaves or flowers. Some VOCs, however, showed positive correlations with minor
glucosinolates which, however, represented less than one percent of the total amounts of
glucosinolates. Some leaf monoterpenes showed negative associations with gluconapin.
The lack of consistent positive correlations between VOCs and major defense compounds
suggests that plants do not chemically signal their defense status. This could be adaptive
as it may avoid eavesdropping by specialist herbivores to locate their host plants. Negative
correlations likely indicate chemical trade-offs in the synthesis of secondary metabolites.
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INTRODUCTION
Plants produce an array of different secondary metabolites with
many different functions. Volatile compounds can act as signals to
interacting organisms (Turlings et al., 1995; Schiestl and Johnson,
2013), and may contain “honest” information, for example about
reward or defense status of a plant (Eisner and Grant, 1981;
Wright and Schiestl, 2009; Cooney et al., 2012). The informa-
tion in a signal can be mediated qualitatively (presence/absence)
or quantitatively, namely through a correlation between the
strengths of the signal and the trait of interest. Examples of hon-
est signals are flower size or shape indicating the available amount
of floral rewards (Gomez and Perfectti, 2010), or correlations
between amounts of given volatiles and floral rewards (Knauer
and Schiestl, unpublished). In leaves, patterns such as stripes and
red margins have been shown to signal defense (i.e., aposematic
signaling; Lev-Yadun, 2009a,b; Cooney et al., 2012). Volatiles that
are quantitatively associated with defense have so far not been
found in plants (Pearse et al., 2013). Nevertheless, some plant
volatiles have been shown to deter herbivores (Massei et al., 2007;
Unsicker et al., 2009). Some of those signals are, however, not
honest but mimic e.g., alarm pheromones of herbivores and thus
act through sensory bias (Schiestl and Johnson, 2013).

Here I use the white turnip Brassica rapa to investigate associa-
tions between volatile organic compounds (VOCs) and defense

compounds (glucosinolates) in leaves and flowers. In princi-
ple, associations between volatiles and defense compounds can
be both constitutive or herbivore-induced. Natural populations,
however, almost always contain plants with and without her-
bivory, I thus analyze a large sample of plants with and with-
out herbivore infestation. In addition, I analyze the subset of
plants without herbivory separately, to detect specific constitu-
tive associations. The study was designed to control for genetic
background by using full sib families, with each family includ-
ing both control and herbivore-infested plants. Defense com-
pounds of Brassicaceae are glucosinolates which are not volatile;
their breakdown products are isothiocyanates (ITCs), which are
volatile and are emitted from flowers and leaves (Textor and
Gershenzon, 2009). Isothiocyanates are thus good candidates for
honest signals of defense status, because a positive correlation
between the amount of glucosinolates and isothiocyanates seems
plausible. Brassicaceae typically contain aliphatic, indolic, and
aromatic glucosinolates in leaves and flowers, which’s biosynthe-
sis is regulated by different genes (Sonderby et al., 2010). Some,
especially indolic glucosinolates, are upregulated after herbivory
(Hopkins et al., 2009). Among plant volatiles, flower and leaf
VOCs also show considerable chemical overlap, i.e., many com-
pounds are shared and originate from the same biosynthetic path-
ways (Schiestl, 2010; Dudareva et al., 2013). Whereas flower and
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leaf glucosinolates presumably have the same defense functions,
flower and leaf VOC evolve under different primary selection
pressures, namely for sexual reproduction (i.e., attraction of pol-
linators) in floral volatiles, but survival (deterrence of herbivores,
attraction of predators) in leaf VOCs. It seems thus likely that
identical glucosinolates are correlated between leaves and flow-
ers, whereas this may not be the case for volatiles. In this study I
address the following specific questions: (1) Are identical flower
and leaf glucosinolates and VOCs correlated with each other? (2)
Do any of the floral or leaf VOCs show correlations with either
floral or leaf glucosinolates?

MATERIALS AND METHODS
PLANTS AND TREATMENTS
Seeds of B. rapa from a natural population near Maarssen, the
Netherlands, were grown in a greenhouse, and full sib families
were created by artificial crosses. Ten individuals from 40 differ-
ent genotypes (full sib families) were sown out sequentially from
February to March, 2013, in a greenhouse under standardized
soil, light and watering conditions. All plants were treated once
a week with the pesticides Alaxon and Thiovit (Maag, Dielsdorf,
Switzerland). These treatments were stopped and not resumed 4
days before the first application of caterpillars. At the start and
during the experiment, families that had at least six members at
approximately the same growth stage were selected for inclusion
in the experiment. Six individuals from each family were used,
of which two plants were randomly assigned to one of the three
treatment groups; specifically, the control group (C), the Pieris
group (P), and the Spodoptera group (S). Plants in P and S were
infested with 2–10 caterpillars (depending on larval instar) of
either P. brassicae or S. littoralis ca 5 days before flowering (i.e.,
when the flowering shoot was approximately 10 cm long). Pieris
and Spodoptera caterpillars were obtained from the Institute of
Agricultural Sciences, ETH, Zürich and Syngenta Crop Protection
AG, Stein, respectively. Feeding was limited to the leaves by con-
taining caterpillars in clip cages made of petri dishes. Feeding was
regularly monitored, and the caterpillars were replaced, if neces-
sary. At the time of volatile sampling, Pieris had consumed a mean
(± s.e.m.) 12.24% ± 1.83 total leaf area, whereas Spodoptera had
consumed only 2.25% ± 0.58 leaf area [t(39.5) = 5.2, P < 0.001].
In the C group, empty clip cages were applied as the control treat-
ment. Generally, volatiles and glucosinolates were analyzed from
the same plant individuals, but the numbers of plants analyzed
for each type of compounds differed as described below.

VOC COLLECTION
Volatiles of all plants were collected by headspace sorption in a
non-destructive way, before bioassays, 2–3 days after the onset of
flowering. Floral volatiles were sampled from 32 C, 32 P, and 27 S
plant individuals. Leaf volatiles were sampled from a subsample of
those (12 C, 13 P, and 12 S individuals) but from the same indi-
viduals and at the same time when floral volatiles were sampled.
For floral and leaf volatile collection, a push-pull system was used.
Inflorescences or leaves were enclosed in glass cylinders previously
treated with Sigmacote (Sigma-Aldrich, St Louis, USA), and the
number of open flowers was counted. The glass cylinders were
closed with Teflon plates that had a central hole to avoid injuring

the petiole. Air cleaned with activated charcoal filters was pushed
into the glass cylinder at a rate of 100 ml/min. At the same time,
air was pulled out of the cylinder at the same flow rate over a glass
tube filled with 20 mg Tenax TA (60/80 mesh, Supelco, Bellefonte
USA). Volatile collection was performed from 13:00 to 15:30 on
14 days. Samples from empty glass cylinders were collected as air
controls.

CHEMICAL ANALYSIS
VOC analysis
For the analysis of floral and leaf scent, gas chromatography
with mass selective detection (GC-MSD) was used. Samples
were injected into a GC (Agilent 6890 N, Agilent Technologies,
Santa Clara, USA) using a Gerstel thermodesorption system
(TDS3, Gerstel, Mühlheim, Germany) with a cold injection sys-
tem (KAS4, Gerstel). For thermodesorption, the TDS was heated
from 30 to 240◦C at a rate of 60◦C/min and held at a final temper-
ature for 5 min. The KAS was set to −150◦C during the trapping
of eluting compounds from the TDS. For injection, the KAS was
heated to 250◦C at a rate of 12◦C/s, and the final temperature
was held for 3 min. The GC was equipped with a DB-5 column
(0.32 mm ID, 0.25 lm film thickness, 30 m length), and helium
was used as carrier gas at a flow rate of 2 ml/min. Compound
determination and quantification was completed using a mass
selective detector (Agilent MSD 5975). Compounds were iden-
tified by comparing the spectra obtained from the natural sam-
ples with those from a reference collection (NIST mass spectral
library). In addition, retention times and spectra of synthetic
standard compounds were compared against those of natural
samples. The Agilent MSD ChemStation Program was used for
quantification. Three different amounts (1, 10, and 100 ng) of
the synthetic standards of all compounds were analyzed on the
GC-MSD system, and specific target ions were selected for each
compound. The peak areas of target ions were used to calculate
calibration curves and subsequent quantification implemented
in the ChemStation program. All amounts of VOCs were calcu-
lated in ng per flower per liter of sampled air. For comparison,
the amounts of all compounds were also calculated and com-
pared at the per inflorescence level, with very similar results being
obtained (data not shown). Compounds that were found in less
than 20% of plants were not included in the analysis.

Glucosinolate analysis
Samples of fresh leaves and flowers were collected from each plant
and immediately flash frozen in liquid nitrogen. Samples were
weighed (50–60 mg) and ground to a fine powder in liquid nitro-
gen with a mortar and pestle. The fresh grinded powder was
collected in an Eppendorf tube and 1 ml of ice cold MeOH:water
(70:30; methanol HPLC grade) with sinalbin (5 μg/ml) as inter-
nal standard was added. Samples were vortexted for 5 s and
immediately incubated at 85◦C for 10 min in a block heater and
simultaneously mixed with 600 rpm (Eppendorf Thermomixer®
comfort). For further extraction, samples were put in an ultra-
sonic bath for 10 min (Advantage-Lab, Typ AL 04-04). Extracts
were then centrifuged at 14,000 rpm for 10 min (Sorvall RMC
14), Kendro Laboratory Products (USA) and the supernatant was
transferred to a new tube and stored at −20◦C until UHPLC
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analysis. Extractions of flower samples were diluted (1:10) with
ice cold MeOH:water (70:30) and the sinalbin standard. For
UHPLC/MS analysis, gluconapin, glucobrassicin and sinalbin
were used as internal standards (IS; Applichem Darmstadt,
Germany). Acetonitrile (ACN), methanol (MeOH) and formic
acid were ULC/MS grade solvents (Biosolve, Chemie Brunschwig,
Basel, Switzerland). Ultra-pure water (<2 ppb) was supplied by
a MilliQ Gradient water purification system (Millipore, Milford,
MA, USA). Quantitative determination of the glucosinolates was
performed on an UHPLC-high-resolution mass spectrometer
(MS), which was composed of a Waters Acquity UPLC system
(Waters, Milford, USA) connected to a Bruker quadrupole time-
of-flight mass spectrometer (maXis; Bruker Daltonics, Bremen,
Germany; Glauser et al., 2012). Glucosinolates were separated at
25◦C on a Waters Acquity UPLC CSH column (2.1 × 100 mm,
1.7 μm), which had a flow rate of 0.4 mL/min, and a mobile
phase composed of water (solution A) and ACN (solution B),
both of which contained 0.1% HCOOH. The gradient program
conditions were (the values indicate theroportion of percentage
of solvent B used): 2% at 0.0 min, 45% at 6 min, and 100% at
6.5 min. The gradient was followed by a washing step with 100%
solvent B for 2 min and a re-equilibration step with the initial
composition for 2 min. The UHPLC was connected to the MS
equipped with an electrospray ion source operated in negative
ionization mode. Nitrogen was used as nebulizer (4.0 bar) and
as dry gas (2.5 l/min, 205◦C). Detection was performed in the
full scan mode in the mass range of 50 to 1400 m/z, and at a
scan rate of 1.5 Hz. Flex Analysis software (Bruker) was used
for the control of the instrument and Quant Analysis was used
for quantitative data processing. Glucosinolates were quantified
using two calibration curves with fives level (k = 5) prepared in
MeOH/water (70/30 ratio) at the following concentrations: 2, 10,
50, 200, 500, and 1000 ng/ml for gluconapin (quadratic curve fit,
R = 0.9992), and 0.02, 0.1, 0.5, 2, and 5 μg/ml for glucobrassicin
(linear curve fit, R = 0.9996). Calibration curves and quantifica-
tions were based on the peak area ratio between each analyte and
the internal standard (sinalbin at 5 μg/ml). The concentration
range was selected to include the expected natural glucosinolate
values and the calibration curve (gluconapin or glucobrassicin)
selected accordingly.

STATISTICS
Before statistical analysis, all volatile and glucosinolates variables
were ln(1+x) transformed to obtain homogeneity of variance,
and approach normal distributions. A dependent samples t-test
was calculated to compare amounts of glucosinolates in leaves and
flowers. Pearson product moment correlations were calculated
between amount of floral VOCs, leaf VOCs, and the respective
glucosinolates. All variables were examined for outliers using
boxplot diagrams, and in case outliers were found, the corre-
lation analyses were repeated without outliers. For VOCs and
major glucosinolates (gluconapin, glucobrassicanapin, sum of all
glucosinolates), correlations were also calculated for the three
treatment groups separately (control, Pieris, Spodoptera). For
those compounds where different significant correlations were
found between the treatment groups, a univariate general linear
model with the VOC as dependent variable, treatment as fixed

factor and glucosinolate as covariate was calculated. The model
included the interaction between treatment and glucosinolate, to
assess whether the association between VOC and glucosinolate
was significantly different among treatments. To reduce number
of variables, a principle component analysis (PCA) with vari-
max rotation was done with glucosinolate and scent variables
separately. Principle components (factors) with an eigenvalue
above one were extracted and saved as variables. For floral traits,
PCAs were calculated for all treatments together, and for the
control treatment only (plants without herbivory). For flower
glucosinolates with all treatments, 4 factors were extracted which
explained 79.8% of the total variance. For floral volatiles, 6 factors
were extracted explaining a total of 74.5% of the total variance.
For leaf traits, PCA with glucosinolates of all treatment groups
resulted in 3 factors explaining 66.4% of the total variance. For
leaf volatiles, 6 factors explaining 77.3% of the total variance
were extracted. For PCAs with only control plants, 3 glucosino-
late factors explaining 74.4% of the total variance were extracted,
and 5 volatile factors explaining 81.0% of the total variance.
Subsequently, multivariate regressions were calculated using each
of the glucosinolate factors as dependent, and all factors of the
scent variables as explanatory variables. All statistical analyses
were carried out in IMB SPSS Statistics 22 (http://www-01.ibm.

com/software/analytics/spss/products/statistics/).

RESULTS
GLUCOSINOLATES
Nine glucosinolates were detected in leaves and flowers, one
was found only in flowers (for names see Table 1). Absolute
amounts of individual compounds are reported in (Schiestl
et al., 2014). Flowers produced a sum of 12.11 μg/mg fresh
weight glucosinolates, whereas leaves produced 9.1 μg/mg fresh
weight [t(69) = −7.47, P < 0.001). The glucosinolate content
was strongly dominated by two aliphatic glucosinolates, glu-
conapin and glucobrassicanapin. These two compounds made
up 91.6 and 5.9% of the total glucosinolate content in flow-
ers, and 91.8 and 7.4% of the total glucosinolate content in
leaves. Each of the other glucosinolates constituted less than 1%
of the total amount in both flowers and leaves. Strong posi-
tive correlations were found between major identical leaf and
flower glucosinolates (Table 1; Figure 1A). Also there were corre-
lations between different glucosinolates in leaf and flower tissue;
correlation were evident both within different aliphalic glucosi-
nolates but also between aliphatic and indolic glucosinolates
(Table 1).

VOCs
Nineteen VOCs were found to be emitted from leaves and flow-
ers, two were found only in flowers, one only in leaves (Table 2).
Identical leaf and flower scent compounds were not correlated
(Table 2; Figure 1B). This lack of correlations was also evi-
dent when the three treatment groups were analyzed separately.
For all treatments together, correlations were found, however,
between different VOCs emitted from leaves and flowers. Leaf
benzaldehyde, for example, showed negative correlations with
floral phenylacetaldehyde, phenylethyl alcohol, and positive cor-
relations with floral nonanal and decanal (Table 2).
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LEAF VOCs AND GLUCOSINOLATES
α-Pinene and 3-carene were negatively correlated with the major
leaf glucosinolate gluconapin (Table 3; Figure 1C). α-Pinene
was also negatively correlated with the sum of all glucosino-
lates. Acetophenone showed a positive correlation with one of
the minor glucosinolates, hydroxybrassicin, and tetradecane was
positively correlated with methoxyglucobrassicin. Interestingly,
1-butene-4-isothiocyanate was not correlated with any of the
leaf glucosinolates. When the three treatment groups were ana-
lyzed separately, benzaldehyde was positively correlated with
the sum of glucosinolates in the control group [r(10) = 0.608,
P = 0.047], but negatively correlated with glucosinolates in the
Spodoptera group [r(9) = −0.849, P = 0.002]. Methyl salicy-
late was positively correlated with gluconapin in the Spodoptera
group [r(9) = 0.673, P = 0.033]. To test whether the associa-
tions between VOCs and glucosinolates were statistically different
between treatments, I calculated a univariate general linear model
with interactions between treatment and sum of glucosinolates or
gluconapin. For both compounds this analysis showed no signifi-
cant interactions [benzaldehyde: F(3) = 0.848, P = 0.478; methyl
salicylate: F(3) = 0.199, P = 0.896], indicating that the slope of
the regression did not differ significantly between treatments.
In the multivariate regression analyses with PC factors includ-
ing all treatments, only volatile factor 4 (highest factor loadings:
α-pinene and limonene) had a significant negative association
(β = −0.431, P = 0.012) with glucosinolate factor 2 (loadings:
gluconapin, glucoraphanin, glucoerucin). Multivariate regression
with PC factors of only control plants showed no significant
associations.

FLOWER VOCs AND GLUCOSINOLATES
None of the floral VOCs were correlated with the two main floral
glucosinolates (gluconapin, glucobrassicanapin) or the sum of all
glucosinolates (Table 4; Figure 1D). The same was true when the
three treatment groups were analyzed separately. For all treatment
groups together, several VOCs were correlated, however, with
minor glucosinolates. Among the aromatics, methyl salicylate
was negatively correlated with hydroxy- and methoxyglucobras-
sicin, p-anisaldehyde was negatively correlated with hydroxyglu-
cobrassicin, and phenylethyl alcohol was positively correlated
with glucoraphanin. Among the terpenoids, α-pinene and α-
farnesene were positively correlated with gluconasturtiin; among
the fatty acid derivatives (FADs), nonanal and decanal were posi-
tively correlated with gluconasturtiin, and nonanal was positively
correlated with glucoallyssin. (Z)-3-Hexenol was negatively cor-
related with hydroxyglucobrassicin, and (Z)-3-hexenyl acetate
was positively correlated with glucobrassicin and neoglucobras-
sicin. Again, floral 1-butene-4-isothiocyanate was not correlated
with any of the flower glucosinolates.

In the multivariate regression analyses with PC factors of all
treatment groups, volatile factor 3 (highest factor loadings: ben-
zaldehyde, benzyl acetate, methyl salicylate, methyl benzoate) had
a significant negative association (β = −0.283, P = 0.020) with
glucosinolate factor 1 (highest factor loadings: hydroxyglucobras-
sicin and methoxyglucobrassicin). For the same analysis with only
control groups included, volatile factor 3 (loadings: 6-methyl-
5-heptene-2-one, nonanal, decanal) had a positive association
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FIGURE 1 | Scatter plots showing amounts of glucosinolates and VOCs

(ln transformed values) in Brassica rapa. The figure shows examples of
strong correlation between leaf and flower glucosinolates (A), lack of

correlation between identical leaf and flower VOCs (B), negative correlation
between glucosinolates and VOCs in leaves (C) and an example for no
correlation between glucosinolates and VOCs in flowers (D).

(β = 0.447, P = 0.012) and factor 4 (loadings: benzaldehyde,
methyl salicylate, methyl benzoate) had a negative association
(β = −0.503, P = 0.005) with glucosinolate factor 3 (loadings:
hydroxyglucobrassicin and methoxyglucobrassicin).

DISCUSSION
Aposematic signaling is well known in animals, both through
warning coloration (Bradbury and Vehrencamp, 2011) and
chemical signals (Eisner and Grant, 1981; Weldon, 2013). My
study shows no evidence for consistent chemical aposematic sig-
naling in Brassica rapa, as none of the leaf or floral VOCs were
positively correlated with major defense compounds. The alterna-
tive to aposematic signaling, “chemical crypsis,” may be a strategy
to avoid detection by specialist herbivores.

Associations between plant metabolites can be caused by vari-
ous different biochemical and/or evolutionary processes. Positive
correlations can be based on shared biosynthetic pathways or
common regulation, or caused by selection for co-occurrence

(abundance). Negative correlations, on the other hand, indicate
chemical trade-offs, e.g., through competition for substrate avail-
ability during biosynthesis, or ecological trade-offs (Agrawal,
2011). In my study, the amounts of many identical glucosino-
lates were positively correlated between flower and leaf tissue.
Shared regulatory mechanisms in the biosynthesis of these com-
pounds in leaves and flowers seem thus likely and may underlie
these correlations. As an evolutionary explanation, glucosinolates
probably have similar defense functions in both plant organs, and
may thus face similar patterns of selection. Flowers, however, con-
tained higher amounts of glucosinolates, which is explained by
optimal defense, because flowers contain the reproductive organs
and are thus more valuable for plant fitness (McKey, 1974; Strauss
et al., 2004). In contrary to glucosinolates, identical leaf and
flower volatiles were not correlated, indicating independent reg-
ulation of emission. This makes sense because flower and leaf
VOCs have primarily different functions, despite their similar
chemistry. Floral VOCs serve as key pollinator-attracting signal,
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and thus primarily mediate reproduction. Recently, however,
potential defense functions of floral VOCs have also been high-
lighted (Kessler et al., 2012). Leaf VOCs, on the other hand,
primarily serve defense functions such as the attraction of para-
sitoids after herbivore attack (Turlings et al., 1995). Occasionally,
leaf VOCs may also be involved in pollinator attraction, though
(Dufay et al., 2003).

Volatiles that indicate host plant or floral reward quality can be
used by insects to optimize host plant use (Zakir et al., 2013). In
contrast to visual signals (Cooney et al., 2012), volatiles that quan-
titatively indicate defense status have not yet been found in plants.
Pearse et al. (2013), for example, found no correlation between
leaf VOC abundance or diversity and defense in oaks. In line
with these results, my data show no positive correlations between
any of the analyzed volatiles and major glucosinolates. Some of
the analyzed VOCs, however, showed positive correlations with
some of the minor glucosinolates, but these correlations would
only contain meaningful information about defense if a herbivore
would be especially susceptible to these particular compounds,
as each of them constitutes less than one percent of the total
glucosinolate content. On the other hand, several VOCs showed
negative correlations with glucosinolates. Most notably, α-pinene
and 3-carene emitted from leaves were negatively correlated with
gluconapin, the major glucosinolate in B. rapa. α-Pinene was also
negatively correlated with the total amount of glucosinolates. This
negative association was confirmed for α-Pinene and limonene
in multivariate regression with principle components. These ter-
penoids thus can act as a cue for low defense, which could be
exploited by herivores. Such negative associations are, however,
unlikely the product of adaptive evolution of defense signaling,
as lower amounts of a volatile will be more difficult to detect by
a receiver. The likely reason for a negative association between
volatiles and defense compounds are allocation trade-offs in the
biosynthesis of the compounds (Agrawal, 2011).

Interestingly, my data did not show a correlation between
1-butene-4-isothiocyanate and its precursor glucosinolate, glu-
conapin. Isothiocyanate (ITC) production in B. rapa may thus
be regulated via myrosinase activity, rather than substrate avail-
ability (Textor and Gershenzon, 2009). It is known that ITCs
are used as volatile oviposition cues by herbivores specialized on
Brassicaceae plants (Renwick et al., 2006; Agerbirk et al., 2009).
Therefore, a correlation of ITCs and gluconapin would lead to
a trade-off between defense against generalists and attraction of
specialists, which may be selectively disadvantageous if specialists
invoke more damage to the plant than generalists. In summary,
lack of aposematic chemical signaling, “chemical crypsis,” could
be adaptive if such signals can be used by specialist herbivores,
that are not negatively affected by defense compounds (Wittstock
et al., 2004; Winde and Wittstock, 2011) to locate or identify their
host plants. Visual signals are perhaps better suited for aposematic
signaling as they are less specific and thus not easily exploited by
specialist herbivores.
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