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and incubated for another 2 days, the P/OS transcript level
was significantly higher (P<0.05) compared with 0.1 mM JA
treatment alone. After 7 days of incubation, plants treated
with the combination of 0.1 mM JA and four 7' urticae for
2 days showed higher P/OS levels compared with control,
0.1mM JA, and four 7' urticae treatment alone (P<0.05 for
all comparisons). Compared with 0.1 mM JA or four 7. urti-
cae alone, the combination had a higher P/OS level than
would be obtained from additive effects of four 7. urticae and
0.ImM JA, indicating a synergistic effect of the two treat-
ments on P/OS transcript levels.

This experiment has been repeated two and three more
times respectively and the results were consistent with those
presented in Fig. 1. See Supplementary Fig. 1 and 2 at JXB
online for the results.

Phytohormone levels

We investigated the effects of single treatments (i) water (con-
trol), (i1) 0.1mM JA, (iii) four 7. urticae, and (iv) the com-
bined treatment of 0.1 mM JA with simultaneous inoculation
of four T. urticae on JA levels (Fig. 2). A significant treatment
effect was found (P=0.01; Fig 2A). Application of 0.1mM
JA resulted in higher JA levels at 48 h compared with control
plants. Four 7. urticae, however, did not increase JA levels in
the plants compared with the control treatment. Plants treated
with the combination of 0.1 mM JA and simultaneously four
T. urticae also showed higher JA levels compared with con-
trol, but not different from 0.1 mM JA treatment alone.

Significant differences in JA levels were also found among
treatments when mites had been inoculated 7 days after JA or
water application (P<0.01; Fig 2B). After 7 days of incuba-
tion with 0.1mM JA there is still an increase (P<0.001) in JA
level compared with control. The combination of 0.1 mM JA
application and inoculation of 7. urticae 7 days later that had
been feeding for 2 days resulted in JA levels after 9 days that
were similar to that of the control treatment. The introduc-
tion of four 7 urticae alone did not affect JA levels.

No treatment effect was found for SA levels between
control and other treatments for simultaneous (P=0.81;
Supplementary Fig. 3A at JXB online) or sequential mite
application (P=0.33; Supplementary Fig. 3B at JXB online).

Volatile emission

Emission rates of the monoterpene (E)-p-ocimene were
compared among treatments and time of trapping of the
simultaneous 7. urticae application experiment. There was a
treatment effect (P<0.05), however, although emission rates
of plants treated with 0.1 mM JA, mites, or both, were higher
than control treatment, the post-hoc test did not yield statisti-
cal differences among treatments (P>0.05; Fig. 3A). However,
the time of trapping (morning, i.e. ca. 11.00-13.00h or after-
noon, i.e. ca. 14.00-16.00h) may also have an effect. Volatile
trappings executed during mornings showed no overall effect
of treatments (P=0.20; Fig. 3B). In afternoon trappings,
however, a treatment effect was found (P=0.02; Fig. 3C), and
plants treated with 0.1 mM JA and four 7. urticae showed
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Fig. 2. JA levels in ng JA per g FW in P lunatus plants treated with (i)
water (control), (i) 0.1 mM JA, (iii) four T. urticae (water+4Tu), or (iv) 0.1mM
JA with four T. urticae mites (0.1 mM JA+4Tu). (A) Plants were inoculated
with four adult female T. urticae immediately after JA treatment and
incubated for 48h, and (B) plants were inoculated with four adult female
T. urticae 7 days after JA treatment and incubated for an additional 48h.
Values are the mean (+SE) of four biological replicates, and were analysed
by Kruskal-Wallis test (A) or ANOVA (B) respectively (a=0.05).

increased (E)-f3-ocimene emission compared with other treat-
ments (P<0.05).

Emission of a total of the ten major volatile compounds
was also compared among the treatments (Fig. 4). These
ten compounds were (E)-2-hexenal, (£)-3-hexen-1-ol, (Z)-
3-hexen-1-ol acetate, (E)-f-ocimene, linalool, methyl salicy-
late, indole, B-caryophyllene, (E)-DMNT, and (E E)-TMTT.
They constitute well-known herbivore-induced plant vola-
tiles (HIPV) observed in 7. urticae-infested Lima bean plants
(Dicke et al., 1990; Dicke et al., 1999). PLS-DA including all
four treatments resulted in a model with one significant com-
ponent, whereby volatile blends emitted by control (water-
treated) plants clearly differed from those emitted by plants
exposed to the other three treatments. The volatile emission
profiles of plants exposed to the combined 0.1 mM JA plus
four T. urticae treatment overlapped to a large extent with
those of plants exposed to 0.1 mM JA alone. Volatile blends

102 ‘92 JequinoN uo Ariqi] dn usbuiuelepn e /Blo'seulnolployxogxly:dny woiy papeojumoq



4826 | Menzel et al.

A

60
504
< a
=
L 404 a
2
2 [
o 304
c
: \
E 20| a
o T
A I
ﬁ:T 104
0
water 0.1 mMJA water+4Tu 0.1 mM JA+4Tu
(control)
60 a
50 }
= J a
o
o 404 a
=]
=
2 30+
g a
S 204 |
2 |
T
Q104
0
water 0.1 mMJA water+4Tu 0.1 mMJA+4Tu
(control)
60 b
504
<
=
W 404
2
2
o 304
c
g a
'5 20— T
Q a I
<« T
[ﬁ 104 +
0

water 0.1 mMJA water+4Tu 0.1 mM JA+4Tu
(control)

Fig. 3. Average (F)-B-ocimene emission rates in ng per g FW h™" after
four different treatments of P, lunatus plants. Treatments were (i) control
(water), (i) 0.1 mM JA, (iii) four T. urticae (water+4Tu), or (iv) 0.1mM JA
with four 7. urticae mites (0.1 mM JA+4Tu) inoculated immediately after
JA application and incubated for 48h. (A) depicts combined morning and
afternoon trappings, (B) morning trappings only (ca. 11.00-13.00h), and
(C) afternoon trappings only (ca. 14.00-16.00h). Values are the mean (+
SE) of six to seven biological replicates for (A), and three to four biological
replicates for (B) and (C), except for water+47Tu in (C) with two biological
replicates. Different letters above bars indicate significant differences in
emission rates between treatments (Fisher’s LSD tests, a=0.05).

emitted by plants exposed to four 7. urticae exhibited simi-
larities with those from control plants, but also with those
from 0.1 mM JA-treated plants. Treatment of plants with
JA, mites, or a JA-mite combination increased the emission
of all ten volatiles (Fig. 4B). Compared with the control
treatment, treatment of plants with JA (J and J7u, Fig. 4B)
resulted in higher emissions of indole, the green leaf volatiles
(Z)-3-hexen-1-ol acetate and (Z)-3-hexen-1-ol, and to a lesser
extent the terpenoids (E)-DMNT, (E)-f-ocimene, as well as
[-caryophyllene. The emission rates of the latter three com-
pounds were intermediate in plants exposed to mites alone.

A pairwise comparison of volatile profiles from treatments
including mites, i.e. water plus four 7. urticae (W Tu) and com-
bined 0.1 mM JA treatment plus four 7. urticae (J Tu) resulted
in a significant PLS-DA model with one significant compo-
nent (Fig. 5). Pre-treatment with JA before 7. urticae infesta-
tion resulted in a plant volatile profile that was separate from
the profile of plants without the JA treatment.

Discussion

In their natural environment plants are frequently exposed
to multiple herbivory, whereby herbivores may arrive simul-
taneously or separated in time. Both types of infestations
may influence the plant phenotype and therefore affect tri-
trophic interactions with natural enemies involved in plant
indirect defence. Here, we used the phytohormone JA fol-
lowed by herbivory by a low number of herbivores to study
the effects of this phytohormone on transcript levels of
(E)-p-ocimene synthase, emission of the corresponding
volatile compound, and other volatiles commonly emitted
from plants in response to simultaneous and sequential her-
bivory. The volatile organic compound (E)-f-ocimene plays
an important role in plant indirect defence in many plant
species, including Lima bean, by attracting natural enemies
of herbivorous arthropods (Dicke er al., 1990; Arimura
et al.,2000; Arimura et al., 2002; Zhang et al., 2009a; Muroi
etal.,2011).

We found that Lima bean plants treated with a low dose
of JA exhibited increased P/OS transcript levels in a syner-
gistic manner when followed by minor herbivory, irrespective
of the herbivory occurring simultaneously or sequentially.
Accordingly, Gols et al. (2003) found that plants treated with
a low dose of JA followed by simultaneous or sequential
minor herbivory by 7. urticae were highly attractive to the
predatory mite P. persimilis: the predators preferred volatiles
emitted from plants treated with 0.1 mM JA and infested with
four 7. urticae over volatiles from plants infested with only
four T wrticae. Quantification of (E)-f-ocimene emission
in the headspace of Lima bean plants shows that the emis-
sion rate of the volatile itself was also increased in combina-
tion treatments. The increase was only significant during the
afternoon. The latter connects to findings of Arimura er al.
(2008) that show that (E)-f-ocimene emission rates increase
from the onset of light and peak during the afternoon after
herbivory or leaf damage. Generally, (E)-f-ocimene seems
to play an important role in the attraction of P persimilis
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Fig. 4. Multivariate data analysis by PLS-DA and corresponding loading plot of targeted volatiles of R lunatus plants exposed to (i) water (control, W), (ii)
0.1mM JA (J), (i) water and four T. urticae spider mites (WTu), or combined treatment (iv) 0.1 mM JA with immediate application of four T. urticae (JTu).
(A) PLS-DA score plot showing the ordination of the samples according to the first two PLS components based on the quantitative values of volatiles
between different treatments. Explained variance by first and second PLS components is given in brackets. Loading plot (B) shows the contribution

of each volatile to the discrimination between treatments using the first two PLS components. Numbers represent: 1, (E)-2-hexenal; 2, (2)-3-hexen-
1-0l; 3, (£)-3-hexen-1-ol acetate; 4, (E)-p-ocimene; 5, linalool; 6 (£)-4,8-dimethyl-1,3,7-nonatriene [(E)-DMNT]; 7, methyl salicylate (MeSA); 8, indole; 9,
p-caryophyllene; 10, (E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene [(E,E)-TMTT]. Squares represent the four treatments (labelled W, WTu, J, and JTu).

in plant interactions with multiple herbivores. For instance,
De Boer et al. (2008) found that (E)-p-ocimene emission and
predator attraction were increased in a synergistic manner in
response to simultaneous infestation by prey and non-prey
herbivores on a Lima bean plant. Moreover, Zhang et al.
(2009b) showed that feeding by a non-prey herbivore, i.e.
whiteflies, negatively affected (E)-f-ocimene emission and
corresponding transcript levels of P/OS, which resulted in
decreased attraction of P persimilis to Lima bean plants
simultaneously infested with spider-mites and whiteflies.
The main underlying mechanism seems to be phytohormone
induction and crosstalk among them. Whiteflies induce SA,
which antagonizes the JA pathway, whereas caterpillars and
spider mites mainly induce the JA pathway (Blechert et al.,
1995; Arimura et al., 2002; Schmelz et al., 2003). In our study
we found a synergistic effect of a low dose 0.1 mM JA and a
low density infestation by four 7. urticae on P/OS transcript
levels after 48 h of spider-mite infestation. In the case of a
7-day delay between JA treatment and spider-mite inocu-
lation, JA did not induce P/OS transcription, but in com-
bination with spider mite feeding resulted in an enhanced
transcription compared with spider-mite induction alone.
Thus, in this case JA had primed the transcription of this
gene. Yet JA levels were similar for JA-treated plants and
plants induced with both JA and T. urticae. Even when JA
titres and PIOS transcript levels returned to control levels,
subsequent mite infestation still increased P/OS transcript
levels to higher values than recorded after mite infestation

alone. Introduction of a time lag between first induction of
plant defence by JA and a second induction by herbivory
did not impair plant ability for enhanced defence induction.
In fact, this corresponds with behavioural results reported
by Gols et al. (2003) for the predatory mite P. persimilis,
which was more strongly attracted to sequentially induced
plants than to plants only induced by spider mites. It has
been previously suggested that plants are able to form some
sort of memory, sometimes called a “primed state”, which
enables them to accelerate and/or enhance defence responses
to a second challenge (Frost et al., 2008; Conrath, 2009).
Maintenance of plant defence is thought to entail costs and
is ineffective in the absence of herbivores. Consequently,
plants have developed defence mechanisms that are induc-
ible by herbivory (Heil and Baldwin, 2002). In the case of
priming, costly defence metabolites are not produced imme-
diately upon a minor challenge, thereby considerably reduc-
ing the cost of this mechanism (Van Hulten ez al, 2006;
Walters et al., 2008; Perazzolli et al., 2011). In our experi-
ments, previous induction of P/OS by JA seemed to sensi-
tize the gene in such a way that a second challenge using a
small number of herbivores at a later time point resulted in
increased transcript levels. The ability of phytohormones to
generate a primed state in terms of enhanced defence gene
transcription has previously been reported for e.g. SA and
the SA-analogue benzothiadiazole (BTH) in Petroselinum
crispum L. and Arabidopsis thaliana (Thulke and Conrath,
1998; Kohler et al., 2002).
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Fig. 5. Multivariate data analysis using PLS-DA and corresponding loading plot of volatile compounds emitted by P, lunatus plants subjected to either
four T. urticae (WTu) or the combination of 0.1 mM JA and four T. urticae (JTu). The score plot (A) visualises the separation pattern of the samples
according to their classes using the first and second PLS component with the explained variance in brackets and the loading plot (B) depicts the
contribution of volatiles to the class separation using the first two PLS components. The second PLS component was not significant and is only shown
for representational purposes. Numbers represent: 1, (E)-2-hexenal; 2, (£)-3-hexen-1-ol; 3, (£)-3-hexen-1-ol acetate; 4, (E)-pf-ocimene; 5, linalool; 6 (E)-
4,8-dimethyl-1,3,7-nonatriene [(E)-DMNT]; 7, methyl salicylate (MeSA); 8, indole; 9, 3-caryophyllene; 10, (E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene

[(E,E)-TMTT]. Squares represent the two treatments (labelled WTu and JTu).

Natural enemies of herbivores respond to mixtures of
HIPYV rather than to a single volatile. Blends can carry infor-
mation on e.g. herbivore identity or herbivore developmental
stage (Takabayashi ez al., 1995; De Moraes et al., 1998; Stout
et al., 1998; De Vos et al., 2005; Mumm and Dicke, 2010). JA
application is known to induce a volatile blend that is similar
to the blend induced by 7. wurticae mites (Dicke et al., 1999;
Gols et al., 1999). However, defence induction by JA seems
to be more generic and natural enemies often prefer HIPVs
induced by actual hosts or prey over JA-induced plants (Van
Poecke and Dicke, 2002; De Boer and Dicke, 2004; Ozawa
et al., 2004; Bruinsma et al., 2008; Bruinsma et al., 2009b).
Our targeted chemical analysis comparing the volatile profiles
of 10 well-known major HIPVs emitted by Lima bean plants
among treatments showed indeed a large overlap for JA- and
mite-treated plants and a clear separation from the blend
emitted by control plants. However, Gols ez al. (2003) found
that volatiles emitted by Lima bean plants in response to a
low dose of 0.1mM JA do not attract the predator P. persi-
milis, whereas a low infestation density of four 7. urticae, and
particularly the combination of treatments, does. Qualitative
and quantitative differences in volatile blends must thus affect
the behaviour of the predatory mite. Volatile emission profiles
of plants with herbivores with and without simultaneous JA
treatment do not only show a great overlap, but also demon-
strated that other volatiles, besides (E)-f-ocimene, are likely
to determine attractiveness of the volatile blend attractive

to P. persimilis. Although (E)-B-ocimene is known to be an
important host location cues in Lima bean, De Boer et al.
(2004) found that (E)-p-ocimene is also emitted in response to
caterpillar feeding. Predators must therefore gain additional
information from other HIPVs, such as MeSA and (E,E)-
TMTT, to distinguish prey-infested plants from non-prey
infested plants.

Conclusion

Application of a low dose of the phytohormone JA results
in augmented transcript levels of a terpene biosynthetic gene
and emission of a volatile metabolite crucial in plant indirect
defence, when followed by a minor infestation of herbivores.
This synergistic effect is observed irrespective of whether phy-
tohormone and infestation occur simultaneously or sequen-
tially, and might lead to a memory effect of plant indirect
defence. Phytohormone application has thus the potential
to induce enhanced biological pest control against spider
mites. Moreover, this study provides information that indi-
rect defence is stable in case of simultaneous and sequential
attack by herbivores that induce similar signal transduction
pathways in plants and may even be enhanced in the presence
of multiple herbivores. However, the effect on other tritrophic
interactions, other plants species, and the persistence of this
effect require further investigation.
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Supplementary data

Supplementary data are available at JXB online.

Figure S1. Relative gene transcript levels of PIOS of
3 independent experiments spaced in time, quantified in
P, lunatus plants treated with (i) water (control), (i) 0.1 mM
JA, (ii1) four T, urticae (water+4Tu), or (iv) 0.1mM JA with
four 7. urticae mites (0.1 mM JA + 4Tu). Simultaneous appli-
cation of four 7. wurticae on plants for 48h. Values are the
mean (£ SE) of ten to twelve biological replicates, different
letters above bars indicate significant differences in transcript
levels between treatments (Fisher’s LSD tests, a=0.05). PIOS
transcript levels were normalized to the normalization factor
obtained from geometrically averaging the Ct values of the
two reference genes PIACTI and PINMP]I for each sample.
Baseline represents transcript level in control plants.

Figure S2. Relative gene transcript levels of P/OS of two
experiments spaced in time, quantified in P. lunatus plants
treated with (i) water (control), (ii) 0.1mM JA, (iii)) four
T urticae (water+4Tu), or (iv) 0.1mM JA with four 7. urti-
cae mites (0.1 mM JA + 4Tu). Sequential application of four
T urticae placed on plants for 48h after prior application
with water or 0.1 mM JA 7 days before. Values are the mean
(£ SE) of six to eight biological replicates, different letters
above bars indicate significant differences in transcript lev-
els between treatments (Fisher’s LSD tests, a=0.05). PIOS
transcript levels were normalized to the normalization factor
obtained from geometrically averaging the Ct values of the
two reference genes PIACTI and PINMPI for each sample.
Baseline represents transcript level in control plants.

Figure S3. SA levels in ng SA per g FW in P, lunatus plants
treated with (i) water (control), (ii) 0.1mM JA, (iii)) four
T urticae (water + 4Tu), or (iv) 0.1 mM JA with four T urti-
cae mites (0.1mM JA+4Tu). (A) Inoculation of four adult
female 7. urticae on plants was done immediately follow-
ing JA-treatment and mites had since been feeding for 48h,
and (B) inoculation of four adult female 7. urticae for 48h
was done 7 days after incubation with water or 0.1 mM JA
started and mites had since been feeding for 48 h. Values are
the mean (+ SE) of four biological replicates, and were ana-
lysed by ANOVA (A) or Kruskal-Wallis test (B) respectively
(o =0.05).
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