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Abstract Nitrogen (N) is an important macronutrient for
plants and insects alike, and the availability of this critical
element may considerably modify bottom-up effects in
tritrophic systems. By using hydroponically cultured Gly-
cine max, we investigated the impact of N deficiency on
plant growth, photosynthetic efficiency, primary metabo-
lism, and herbivore-induced volatile (VOC) emission.
Cascading effects of N deficiency on higher trophic levels
were assessed by measuring the performances of the
herbivore Spodoptera frugiperda and its parasitoid Cotesia
marginiventris. In addition, we studied the volatile-guided
foraging behavior of C. marginiventris to explore whether
nutrient stress affects the plant’s indirect defense. Our
results show that photosynthetic efficiency, leaf N, and
soluble protein content were significantly reduced in N
deficient plants whereas root biomass was increased.
Nitrogen starved plants emitted the same range of
herbivore-induced VOCs as control plants, but quantitative
changes occurred in the release of the main compound and
two other volatiles. Herbivore growth and the performance
of parasitoids developing inside the affected hosts were
attenuated when caterpillars fed on N deficient plants. The
behavioral response of C. marginiventris to induced VOCs
from N deficient hosts, however, remained unaffected. In
summary, N stress had strong bottom-up effects over three
trophic levels, but the plant’s indirect defense remained
ntact.
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Introduction

In terrestrial ecosystems, nitrogen (N) is an important
macronutrient for plants. Due to soil properties, N avail-
ability can be patchy and may vary even on a small scale
(Keddy 2007). Plants show plastic responses to N deficien-
cy by profoundly reprogramming N and carbon (C)
metabolism (Lou and Baldwin 2004; Scheible et al.
2004). In an effort to acquire the missing nutrients more
efficiently, plants resort to altered biomass allocation
between shoot and root and enhanced root branching.
Deficiency also leads to sugar and starch accumulation in
leaves, and exerts negative feedback on photosynthesis.
Eventually, impeded uptake will lead to reduced leaf N
content and a higher C/N ratio (Hermans et al. 2006).

Ecologically, a shift towards more C and less N can cause
significant changes in bottom-up interactions between prima-
ry producers and subsequent trophic levels. Plant N content
may affect either herbivore development directly (Scriber
1977; Fischer and Fiedler 2000; Berner et al. 2005; Coley et
al. 2006), or deficiency effects can cascade up to higher
trophic levels, thus altering top-down influences. Soil
conditions may indirectly alter the abundance or performance
of parasitoids and predators. For instance, ladybird beetles
(diolocaria hexaspilota) feeding on willow leaf beetles
(Plagiodera versicolora) had a higher adult mass and shorter
developmental time when their prey was reared on leaves
with high N content (Kagata et al. 2005).

A plant’s nutritional quality is determined not only by the
amounts of primary compounds such as proteins or carbohy-
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drates but also by the levels of secondary metabolites. Both
factors are intertwined as N availability may affect the
synthesis of constitutive and induced defensive secondary
compounds. Depending on the metabolites and plant species
in question, N availability may lead to changing levels of
secondary compounds (e.g., Dudt and Shure 1994; Stout et al.
1998; Hemming and Lindroth 1999; Cipollini et al. 2002;
Lou and Baldwin 2004; Chen et al. 2008a).

As a response to feeding or egg deposition by herbivores,
plants release volatile organic compounds (VOC), which
comprise mainly fatty acid derivatives, terpenoids, phenyl
propanoids, and benzenoids. Within the ecosystem, these
metabolites can have multiple functions, but primarily they
are known as signals that guide natural enemies to their
herbivorous prey or host (Holopainen 2004; Heil 2008; Dicke
2009). The production and release of VOCs may vary
considerably depending on the plant’s nutritional status.
Maize seedlings, for example, show decreased emissions of
induced plant VOCs when N-P-K fertilization was reduced
(Gouinguené and Turlings 2002). Manipulating N availability
alone, however, resulted in enhanced levels of induced VOCs
in maize (Schmelz et al. 2003) and cotton (Chen et al. 2008a)
but not in Nicotiana attenuata at low levels of N (Lou and
Baldwin 2004). Concentrations of the phytohormone jas-
monic acid (JA) correlated negatively with N availability and
positively with VOC induction, thus, it was suggested that
changes in JA provide a mechanism to regulate the
magnitude of plant defense responses (Chen et al. 2008a).

A blend of VOCs that varies in the composition or
quantity of its components due to abiotic factors may
constitute a signal with altered information content and may
potentially modify the host finding behavior of natural
enemies (Turlings and Wiéckers 2004; Rostas and Turlings
2008). Several studies have explored the effects of abiotic
factors, such as light (Maeda et al. 2000; Gouinguené and
Turlings 2002), humidity (Gouinguené and Turlings 2002),
carbon dioxide (Vuorinen et al. 2004b), UV radiation
(Winter and Rostas 2008; Blande et al. 2009), ozone
(Vuorinen et al. 2004a), or nutrient supply (Gouinguené
and Turlings 2002) on VOC induction. Only some of these
also have tested whether altered VOC blends affect
parasitoid or predator attraction (Maeda et al. 2000;
Vuorinen et al. 2004a, b; Winter and Rostas 2008; Blande
et al. 2009). However, behavioral experiments are neces-
sary to understand whether a given abiotic factor has the
potential to disrupt the facultative mutualism between
plants and natural enemies. Changes in the release rate of
certain compounds do not automatically translate into
differential host searching behavior (Rostas et al. 2006),
while stronger or weaker attraction may not always be
reflected by detectable changes in the measured VOCs of
an induced plant (Gouinguené et al. 2005; Rostas and
Turlings 2008; D’Alessandro et al. 2009).

Soybean plants (Glycine max) demand high amounts of
N, and a large proportion of it is acquired from N-fixing
rhizobacteria. This makes soybean generally less dependent
on soil N, but nevertheless, deficiency may occur in patches
where appropriate symbionts are lacking or whenever
plants and bacteria fail to establish good root nodulation.
Unfavorable environmental conditions or fungicide appli-
cation has been shown to reduce strongly root nodulation
and thus nitrogen acquisition (Roth 2009; Zilli et al. 2009).

Here, we addressed the question, whether N deficiency
would result in significant bottom-up effects in a tritrophic
system consisting of soybean, the herbivore Spodoptera
Sfrugiperda, and its larval parasitoid Cotesia marginiventris.
In addition to direct effects on the growth, development,
survival, and longevity of plants and insects, we focused on
the impact of low N availability on the quantity and quality
of herbivore induced plant VOC and the attractiveness of
the blends for host searching parasitoids.

Methods and Materials

Plant and Insect Material Soybean seeds (Glycine max (L)
Merr. cv. London) were obtained from Saatbau Linz
(Leonding, Austria). Seedlings were grown in plastic trays
(30%x20x4.5 cm, Wiesauplast, Wiesau, Germany) contain-
ing silica sand for 14-16 d and then subjected to N
treatments. Further rearing conditions of plants and insects
are described in Winter and Rostas (2008).

Nitrogen Treatments After 14-16 d, plants (V 1 stage,
McWilliams et al. 1999) were removed carefully from the
sand, and roots were rinsed with deionized water. All
seedlings then were transferred to black plastic containers
(30.5%20.3x13.3 cm, Rotilabo® Drehstapelwanne, Carl
Roth, Karlsruhe, Germany) containing 5.6 1 of hydroponic
solution, aerated with a membrane pump. Fifteen plants
were grown in each container with a distance of 7 cm
between each individual. The hydroponic solution was
exchanged every 3-4 d. To maintain appropriate salt
concentrations and pH of the solution, electric conductivity
(EC) and pH were regularly controlled with a combined
pH/EC tester (Combo 2, Carl Roth, Karlsruhe, Germany).
EC was adjusted to 2.2 mS, pH was kept at 5.9-6.1.

Plants were exposed for 5 d to a modified Hoagland
solution (Hoagland and Arnon 1938). For plants growing in
nitrogen deficient solution (-N treatment), KNO;3; was
replaced with K,SO, (Carl Roth, Karlsruhe, Germany), and
Ca(NO;), with CaCl, (AppliChem, Darmstadt, Germany) in
equivalent concentrations.

Effects of Nitrogen Deficiency on Plant Growth and
Physiology The effect of N deficiency on growth and
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physiology of soybean was assessed by exposing plants to
the respective N treatments for 5 d. Then, shoots and roots
of six plants per treatment were freeze-dried for 48 h and
weighed to calculate shoot-to-root-ratios. Eight plants per
treatment grown in the same cohort were used to determine
C/N-ratios and concentrations of soluble proteins in the
leaves. For this, leaf discs were cut out with a cork borer
(diam 17.8 mm) from unifoliate leaves, freeze-dried,
weighed, and ground. Half of the material was used to
analyze total C and N content by quantitative decomposi-
tion of substances by oxidative combustion (CHN-O-Rapid,
Heracus, Hanau, Germany). The other half was extracted
3 x with 500 pl deionized water. Extracts were combined,
and soluble protein content was determined with Bradford
reagent (Sigma-Aldrich, Seelze, Germany) using bovine
serum albumin (1.4 mg ml™" in water) as standard. Samples
were arranged in a 96 well plate, and absorbance was
measured with a photometer (Multiskan EX, Thermo
Labsystems, Vantaa, Finland) at 595 nm.

To assess the effects of N limitation on the photosynthetic
efficiency of soybean, the adaxial leaf side of the first trifoliate
leaf of 5 plants per treatment was examined with a PAM-2000
fluorometer (Walz Mess—u. Regeltechnik, Effeltrich, Ger-
many). Maximum photochemical yield of photosystem II
(PSII) was measured in dark-adapted leaves as the ratio of
variable (Fv) to maximal (Fy;) chlorophyll fluorescence at
room temperature with Fv/Fy; = (Fyp - Fo)/Fyv (Schreiber et
al. 1986). Minimum fluorescence (F,) was excited at 655 nm
and 600 Hz modulation frequency, and maximum fluores-
cence (Fy) was measured with 100 kHz modulation
frequency. The Fy; was elicited by saturating pulses of
0.8 s duration from a built-in halogen lamp.

Plant-Mediated Effects of Nitrogen Deficiency on Herbivore
Growth, Developmental Time, Survival and Feeding Behav-
ior An herbivore performance test was conducted to assess
the effects of plant N limitation. Fifty neonate larvae of
Spodoptera frugiperda were weighed and kept individually
in Petri dishes (diam. 8.5 cm) with moistened filter paper in
a climate chamber as described above. They were fed ad
libitum with fresh cut leaflets of the first trifoliate soybean
leaves from plants kept for 5 d in +N or —N solution. Each
plant was harvested only once. Weight increases of larvae
were measured between day 5 and 6 (L,) and day 10 and 11
(L3). In addition, pupal and adult weights, as well as
developmental times were recorded.

Two feeding trials were performed to see whether larvae
(L,) compensated for potentially lower food quality due to
N limitation by ingesting larger quantities of leaf tissue (no-
choice assay), or by choosing food with potentially higher
quality (choice assay).

For the no-choice assay, 15 single larvae (L,) were placed
in Petri dishes (diam. 8.5 cm) and fed with one soybean
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leaflet (first trifoliate leaf) from plants grown for 5 d in +N
or —N solution, respectively. For the choice assay, 12 single
larvae (L,) were placed in Petri dishes (diam. 8.5 cm) and
allowed to choose between two soybean leaflets of the first
trifoliate leaf, one from plants grown for 5 d in +N solution,
the other leaflet from a plant grown in —N solution.

After 24 h, leaf consumption was measured by scanning
the leaves and calculating the removed areas as described in
Rostés et al. (2006).

For C/N analyses, another cohort of 8 neonate larvae
was treated as described for the performance test. After 6
and 15 d, respectively, the larvae were starved for 1 hr,
frozen, freeze dried, and ground. Total C and N content was
analysed as described above.

Herbivore-Mediated Effects of Plant Nitrogen Deficiency on
Parasitoid Growth, Developmental Time and Longevity The
developmental time, growth, and longevity of the parasitoid
Cotesia marginiventris developing inside S. frugiperda was
measured to assess host-mediated effects of plant N
limitation. Three-day old S. frugiperda larvaec were fed
with freshly cut soybean leaves of the respective N
treatment for 2 d. The larvae then were offered in six
groups of 5 to a 46 d old mated C. marginiventris female
in a Petri dish (diam. 5.5 cm). After parasitism of 15 larvae
per treatment was observed, caterpillars were kept sepa-
rately in Petri dishes (diam. 8.5 cm) with moist filter paper
and fed ad libitum with freshly cut leaves from +N or —-N
plants. Food was exchanged at least every 2nd day.
Emerging parasitoid cocoons were transferred to individual
Petri dishes (diam. 5.5 cm) with dry filter paper. Eclosed
parasitoids were provided with water only. Developmental
time, pupal weight at 24 hr post emergence, and longevity
of the adult parasitoids were recorded.

Plant-Mediated Nitrogen Effects on VOC Emission and
Parasitoid Behavior The effects of N limitation on the
emission of herbivore-induced volatiles and consequently
on the behavior of the parasitoid was investigated in a six-
arm-olfactometer (for details see Turlings et al. 2004).
Soybean plants exposed for five days were placed individ-
ually into the cup of an odor source vessel of the six-arm-
olfactometer and provided with approximately 50 ml of the
accordant hydroponic solution. The cup was covered with
two semicircular polycarbonate plugs that had an opening
in the center to hold the plant in an upright position and to
prevent larvae from falling into the solution. Twenty-five S.
frugiperda larvae (L,) were placed on each plant and were
allowed to feed overnight (approx. 16 hr). On the following
day, volatile collections and behavioral assays were carried
out simultaneously from 9:00 AM till 12:00 AM. Ten
fluorescent lamps (PAR inside odor source vessels:
130 pmol photons m 2 sec ' at 30 cm distance from
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lamps) were switched on 3 hr before testing the wasps.
Odor source vessels containing a plant that had received
either +N or —N treatment were placed vis-a-vis in the
olfactometer. The other four vessels remained empty as
controls. After connecting the vessels to the air delivery and
the olfactometer, the air stream was allowed to stabilize for
10 min. The flow rate was 1.2 1 min~' for incoming air and
0.6 | min' for air going out to the behavioral arena or the
volatile traps, respectively.

Mated 3-5 d old females of C. marginiventris were used
in the behavioral assays. Wasps had no oviposition
experience prior to the experiment. All wasps were tested
in groups of 6, as they do not interfere with each other’s
choices (Turlings et al. 2004). After 30 min, the choices
made by the parasitoids were recorded, and the group was
replaced by a new one. Five groups of wasps were tested on
the same day. One day with 5 releases was considered as
one replicate. Six replicate days were carried out with a
new pair of plants and new wasps each day. Volatiles
emanating from soybeans were collected with SuperQ traps
as described previously (Rostas and Eggert 2008). After
each experimental day, the glass and teflon parts of the
olfactometer were cleaned with deionized water and rinsed
with ethanol (v/v 70%), acetone, and hexane. After
evaporation of the solvents, all glass parts were placed in
an oven at 200°C for 1 hr.

Trapped volatiles were eluted with 150 pl methylene
chloride. Two internal standards (n-octane and nonyl
acetate, Sigma-Aldrich, Taufkirchen, Germany, 400 ng each
in 20 pl methylene chloride), were added, and the samples
were stored at —80°C. The qualitative and quantitative
volatile composition of each sample was analyzed on an
Agilent Technologies 6890N Network GC System coupled
with a 5973 Network Mass Selective Detector. Three ul of
each sample were injected with an automated injection
system in pulsed splitless mode. The column was an
Agilent 19091-s933 HP-1 capillary column (length 30 m,
diam 0.25 mm, film thickness 0.25 um). The oven was held
at 35°C for 3 min and then increased with 8°C min ' to a
final temperature of 230°C that was held for 10 min.
Helium (1.5 ml min~") was used as carrier gas. Compounds
were identified using MSD ChemStation (Agilent Technol-
ogies) software with the Wiley 275 mass spectrum library
and by using the software MassFinder3/Terpenoids library
(Hochmuth Scientific Software, Hamburg, Germany). Iden-
tities were confirmed further by co-injection of authentic
standards (Sigma-Aldrich, Taufkirchen, Germany). Quanti-
fication was obtained by comparing the area of the
compounds to the areas of the internal standards.

Statistical Analyses Plant parameters were analyzed with a
Mann-Whitney-U-test. Values of plant C/N ratios and
soluble protein contents were Bonferroni corrected prior

to the analyses. Performance parameters of S. frugiperda
and C. marginiventris were compared with ANCOVA using
initial weight of S. frugiperda as covariable and measured
performance parameters as variables. Herbivore mortality
was analyzed with a y*-test.

Plant photosynthetic efficiency, larval feeding in the no-
choice assay, larval C/N ratios, and differences in VOC
compositions were analyzed with Student’s #-tests for
independent samples. Only VOCs occurring in at least
50% of all samples were analyzed statistically. Larval
feeding in the choice assay was assessed with a #-test for
dependent samples. The analyses were conducted using the
STATISTICA 7.1 software package (StatSoft, Tulsa, OK,
USA).

For the six-arm-olfactometer, the entity computing a
repetition in the statistical analysis corresponds to the
response of a group of 6 wasps released, which was shown
to follow a multinomial distribution (Ricard and Davison
2007). As the data did not conform to simple variance
assumptions implied in using the multinomial distribution,
we used quasilikelihood functions to compensate for the
overdispersion of parasitoids within the olfactometer. The
model was fitted by maximum quasi-likelihood estimation
in the software package R (http://www.R-project.org), and
its adequacy was assessed through likelihood ratio statistics
and examination of residuals (Turlings et al. 2004).

Results

Effects of Nitrogen Limitation on Plant Morphology and
Physiology Plants exposed to —N conditions for 5 d showed
a significantly decreased shoot-to-root ratio due to in-
creased root biomass (dry weight) compared to +N exposed
plants (Table 1). In leaves of —N plants, the amounts of
soluble proteins were reduced significantly whereas the
C/N ratio was increased due to a lower N content (Table 1).
Maximum photochemical efficiency of PS II, measured as
Fy/Fy\;, was reduced significantly in —N compared to +N
treated plants (Table 1).

Plant-Mediated Nitrogen Effects on Herbivore Growth,
Developmental Time, Survival, and Behavior Herbivore
larvae fed with leaves from N deficient plants gained
significantly less biomass during their development, which
resulted in significantly lower pupal and adult weights
(Table 2). The C/N ratios in these larvae were reduced
compared to larvae fed with +N treated plants. However,
developmental time (Table 2), as well as larval mortality (x*
test, X2:0.08, df=1, P>0.5) and successful adult emer-
gence (y° test, °=0.35, df=1, P>0.5), were not influenced
by plant N limitation. In choice and no-choice tests, the
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Table 1 Morphological and physiological parameters of soybean exposed to different N treatments

Parameter +N*? ~NP Statistics®

Shoot/root ratio 9.84+1.74 3.73+0.44 N=6, Z=2.88, P<0.005
Soluble leaf protein content (mg g ' DW) 57.74+6.02 37.36+2.78 N=8, Z=2.42, P<0.05
Leaf C/N ratio 10.19+0.40 16.26+1.16 N=8, Z=-3.05, P<0.005
Maximum photochemical efficiency of PS II (F\/F,,) 0.806+0.003 0.788+0.006 N=5, t=2.87, P<0.05

P-values in bold indicate statistically significant differences

#Mean values + SE for plants exposed to full Hoagland solution for 5 days

° Mean values + SE for plants exposed to N deficient Hoagland solution for 5 days

¢ Statistical parameters are indicated for Mann-Whitney-U-tests and Student’s t-test (F/Fy)

larvae did not consume significantly more leaf tissue from
—N treated than from +N treated plants (Fig. 1).

Plant-Mediated Nitrogen Effects on Parasitoid Growth,
Developmental Time, and Longevity Individuals of C.
marginiventris reared in caterpillars of S. frugiperda, which
in turn were fed with leaves from —N treated soybeans, had
significantly lower pupal weights. Developmental time and
longevity did not differ between wasps reared in herbivore
larvae fed with +N or —N treated leaves (Table 3).

Plant-Mediated Nitrogen Effects on VOC Emission and
Parasitoid Behavior In both N treatments, only trace
amounts of (E,E)-«-farnesene could be detected from
undamaged soybean plants. In contrast, plants damaged
by S. frugiperda larvae released 22 different compounds of
which 18 were identified (Fig. 2). The main constituents
were (E,E)-o-farnesene (20% and 41% of total emission for
+N and —N plants, respectively) and indole (24% and 12%
of total emission for +N and —N plants, respectively) when
emission was corrected for plant fresh weight. While the
same compounds were emitted by +N and —N treated
soybean plants, three substances were released in signifi-
cantly different amounts. The release rates of the sesqui-

terpenes (-bergamotene and (£, E)-«-farnesene were
approx. five times (r=—2.51. df=10, P<0.05) and three
times (1=—2.64. df=18, P<0.05) higher in —N plants than in
+N plants. In contrast, a 50% decrease was observed in the
emission of (Z)-3-hexenyl-«-methylbutyrate (1=2.30. df=
10, P<0.05). All other volatiles were released in similar
amounts. The statistical values given here refer to emission
rates corrected for plant fresh weight, but the same pattern
was obtained for uncorrected values (Student’s-z-test).
Differences in the quantities of the three volatiles did not
cause a significant shift in overall emission.

Naive females of C. marginiventris were highly attracted
by the herbivore-induced volatiles of both +N and
—N-treated plants when compared to clean air. But wasps
had no preference for either one of the offered plant odors
(log-linear- model, P>0.05, N=6, Fig. 3).

Discussion

Deficiency in N severely affected the morphology and
physiology of soybeans. In our study, plants lacking N
increased their root biomass while shoot biomass remained

Table 2 Performance parameters of Spodoptera frugiperda reared on soybean exposed to different N treatments

Parameter +N* NP Statistics®

Weight increase day 5/6 [mg] 3.04+0.29 2.124+0.25 N=21/24, F=5.28, P<0.01
Weight increase day 10/11 [mg] 34.17+4.52 21.63+2.84 N=19/22, F=5.19, P<0.05
Pupal weight [mg] 138.88+5.43 113.86+5.20 N=12/11, F=9.2, P<0.01
Adult weight [mg] 63.76+2.08 47.84+5.15 N=17/9, F=5.67, P<0.05
Larval C/N (day 15) 3.52+0.39 4.16+0.25 N=6/8, t=—0.369, P<0.005
Larval time [d] 21.08+0.75 22.36+0.81 N=12/11, F=0.79, P>0.1
Pupal time [d] 8.88+0.23 8.30+0.21 N=8/10, F=2.27, P>0.1

P-values in bold indicate statistically significant differences

#Mean values + SE for plants exposed to full Hoagland solution for 5 days

®Mean values + SE for plants exposed to N deficient Hoagland solution for 5 days

¢ Statistical parameters are indicated for ANCOVA and Student’s ¢-test (Larval C/N). N = individuals,n/individuals_y
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Fig. 1 Leaf consumption by second instar Spodoptera frugiperda larvae
measured as leaf area removed in 24 hr. Soybean plants were exposed to
either full (+N) or N deficient (-N) Hoagland solution for 5 d. Box-plots
show median (line), 25-75% percentiles (box), 10-90% percentiles
(whisker) and outliers (dots). a Choice test: Students #-test for dependent
samples (r=—2.14 P>0.05, N=12). b No-choice test: Students #-test for
independent samples (r=0.00, P>0.5, N.n=15, Nn=14)

unchanged (Table 1). Shifting the root-shoot-ratio is a well
known response to low N availability and is considered to
be an adaptation to suboptimal substrates which allows
plants to more efficiently absorb nitrate from the soil
(Schopfer and Brennicke 2005; Hill et al. 2006). It has been
proposed that changes in phytohormonal balances in
conjunction with sugar signals orchestrate cell division
and differentiation, thus leading to optimized root mor-
phology (Hermans et al. 2006).

We found that shortage in N supply negatively affected
photosynthesis as indicated by the reduced maximum
photochemical efficiency of PSII (Table 1). These results
corroborate several studies that have used chlorophyll
fluorescence to monitor the responses to N deprivation
(Lu and Zhang 2000; Kumagai et al. 2007). Deficiency
downregulates open PS II reaction centers and leads to
increased light induced non-photochemical quenching and
enhanced susceptibility to photoinhibition (Lu and Zhang
2000). A lack in chlorophyll content and ribulose-1,
5-bisphosphate-carboxylase/-oxygenase (RuBisCo), the
most abundant protein in plants, is likely to also have
contributed to a decline in photosynthesis. Chlorophyll and
RuBisCo were not measured specifically, but leaves of
soybeans exposed to N stress had lower leaf N levels,
contained less protein (Table 1), and were lighter in color.

Negative effects on the leaf’s N and protein content
correlated with poor growth of S. frugiperda larvae.
Caterpillars fed with —N leaves gained less weight during
their development and had reduced pupal and adult weights
compared to larvae reared on +N leaves (Table 2). Similar
results were reported from Spodoptera exigua developing
on N deficient cotton (Chen et al. 2008b) or larvae of other
Lepidoptera feeding on several host plants (Coley et al.
2006). However, studies exist where the correlation
between food N content and herbivore growth is less
consistent, implying that N is a limiting nutrient for larval
development, but not the only one (Tabashnik 1982).
Clancy (1992) hypothesized that host plant N determines
the amount of food ingested and thus affects the amount of
other nutrients incorporated, resulting in an altered growth

Table 3 Performance parameters of Cotesia marginiventris reared inside Spodoptera frugiperda

Parameter +N*® -NP® Statistics®

Pupal weight [mg] 2.18+0.05 1.73+0.09 N=14/12, F=19.52, P<0.001
Larval time [d] 8.1+0.1 8.4+0.09 N=15/12, F=1.02, P>0.1
Pupal time [d] 5.2+0.2 5.0+0.0 N=9/8, F=1.01, P>0.1
Longevity [d] 14.6+0.3 14.6+0.6 N=17/7, F=0.08, P>0.5

P-values in bold indicate statistically significant differences

#Mean values + SE for caterpillars fed with plants exposed to full Hoagland solution for 5 days

®Mean values + SE for caterpillars fed with plants exposed to N deficient Hoagland solution for 5 days

¢ Statistical parameters are indicated for an ANCOVA. N = individuals.y/individuals_y
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n. i. 7) a-Pinene 9) (Z)-3-Hexenyl acetate 10) (E)-3-Ocimene 11) (2)-3-
Hexenyl propionate 12) Benzeneacetonitrile 13) (Z)-3-Hexenylisobuty-
rate 14) Methyl salicylate 15) (Z)-3-Hexenyl-a-methylbutyrate 16)
n. 1. 17) Indole 18) (E)-Caryophyllene 19) e-Humulene 20) Germacrene
D 21) (-Bergamotene 22) (E,E)-a-Farnesene. n.i. = Compound not
identified

rate and survival rates of the herbivore caused by a
deficiency of other nutrients than N.

Interestingly, despite poorer growth on —N leaves, S.
frugiperda larvae did not prefer the superior food when
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Fig. 3 Response of naive Cotesia marginiventris to herbivore induced
volatiles of soybean. Plants were reared in either full (+N) or nitrogen
deficient (-N) Hoagland solution. Control was clean air; total numbers
of wasps choosing one of the four control arms were divided by four.
Bars represent mean (+SE) numbers of wasps making a choice in the
olfactometer. Different letters indicate statistically significant differ-
ences (Log-linear model fitted to quasipoisson distribution; N=6
independent experiments with 30 wasps each). Pie chart shows mean
percentage of wasps making a choice
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both types of leaves were offered in a dual-choice assay,
nor did they show any compensational feeding in a no-
choice setup (Fig. 1). This contrasts with findings reported
by Chen et al.(2008b) and Merkx-Jacques et al.(2008) who
found that S. exigua larvae opted for leaves of high N
content or a protein-biased diet, respectively. The incon-
gruent feeding behavior of the two species may reflect their
different feeding preferences. Larvae of S. exigua, for
instance, are known to prefer leaves while S. frugiperda
may often change to fruiting structures when available.

The impact of N deficiency on the first trophic level was
transmitted indirectly to the third trophic level as the
growth of C. marginiventris also was affected. Parasitoids
had significantly lower pupal and adult weights when their
hosts had fed on N-deprived soybean leaves (Table 3).
Pupal weight often is correlated with fecundity and
consequently with fitness (Bourchier 1991). Thus, females
of C. marginiventris that hatch from poor hosts may be
expected to produce fewer eggs and have fewer offspring.
Plant quality is crucial for the performance and fertility of
parasitoids in many cases (Campan and Benrey 2004;
Setamou et al. 2005; Caron et al. 2008; Sarfraz et al. 2008).
Cotesia flavipes had a higher mean progeny size on its host
Chilo partellus, when this was reared on cultivated
compared to wild gramineous plants (Setamou et al.
2005). Eventually, the effect of poor plant quality on
parasitoid fitness depends on the species’ life history.
Gregarious, koinobiont parasitoids, for instance, should be
affected more strongly than solitary parasitoids when
choosing poor hosts. They spend a considerable amount
of time in examining their hosts and will lay their eggs in
one or relatively few individuals (Brodeur and Boivin
2004). In contrast, females of the generalist, solitary
endoparasitoid C. marginiventris allocate their offspring to
many caterpillars by feeding on different host plants and
thus reducing the fitness costs imposed by parasitizing an
inferior host. Nevertheless, fitness costs could be substan-
tial if a larger patch is affected by N deficiency and if wasps
forage exclusively within this patch.

The host foraging behavior of parasitoid wasps is
influenced by herbivore-induced plant VOCs, which are
used as signals to locate those particular plants that are
infested by herbivores. Soybeans grown in N deficient
hydroponic solution emitted the same spectrum of
herbivore-induced VOCs as fertilized plants. However,
quantitative changes were found for some VOCs. Low N
availability led to more than three times higher emission
rates of the main compound (E,FE)-«-farnesene, and
significantly increased the release of the sesquiterpene
[-bergamotene. Emission of the green leaf volatile (Z2)-3-
hexenyl-oc-methylbutyrate, however, was significantly re-
duced (Fig. 2). Despite these changes, total amounts of
VOCs were not affected by N deficiency.
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Increased levels of constitutive mono- and sesquiter-
penes have been found in N limited Heterotheca subax-
illaris (Mihaliak and Lincoln 1985). Looking at induced
VOCs, higher levels were found also in N deficient,
hydroponically cultivated maize, and in soil-grown cotton.
In both plants, the accumulation of the phytohormone
jasmonic acid (JA), an important factor in the signaling
cascade leading to volatile biosynthesis, correlated nega-
tively with N (Schmelz et al. 2003; Chen et al. 2008a). It
has been argued that N starved plants produce greater
induced defense responses because N deficiency commonly
leads to higher levels of leaf sugars and starch. This larger
pool of nonstructural carbohydrates may be used for
enhanced VOC biosynthesis (Schmelz et al. 2003).

Females of Cofesia spp. have been reported to respond in
a dose-dependent manner to the total blend of herbivore-
induced VOCs (NgiSong et al. 1996; Turlings et al. 2004).
With the main compound (E, E)-a-famesene being emitted in
higher amounts by N deficient soybeans, a preference for this
odor could have been expected. Naive C. marginiventris
females, however, did not differentiate between the blends of
stressed and fertilized plants (Fig. 3). Our results thus confirm
observations by Chen et al. (2008a) from cage experiments
with cotton plants. The authors found that C. marginiventris
parasitized the same numbers of caterpillars irrespective of
the plants’ N levels and concluded that the parasitoids did not
differentiate between the herbivore induced VOC blends.

Several reasons for this behavior are conceivable. First,
the VOCs that were emitted in higher quantities were not
the relevant key compounds that induce wasp attraction.
This notion is supported by an elegant experiment using
transgenic Arabidopsis thaliana that overexpressed the
maize terpene synthase gene TPS10. In this study, Schnee
et al. (2006) demonstrated that several sesquiterpenes,
among them (E)-p-farnesene or (E)-o-bergamotene, were
not attractive to naive C. marginiventris. Moreover, the
wasps responded only if they had experienced these
compounds during oviposition. Further evidence comes
from studies that tested specific fractions of the induced
odor blend. D’Alessandro and Turlings (2005) confirmed
that a blend lacking most sesquiterpenes was as attractive to
naive and experienced C. marginiventris as the full mix.
The same holds true for a blend that lacked VOCs from the
shikimic acid pathway, while on the other hand, wasps
responded strongly to unknown compounds in quantities
that were too low to be detected (D’Alessandro et al. 2006,
2009; Rostas and Turlings 2008). In fact, our knowledge on
which VOCs innately trigger attraction in parasitoids is
fairly rudimentary and needs further testing. Moreover, in
nature, such cues are rarely isolated but always occur
within the context of background odor, that may mask or
enhance the odors of the target plant (Mumm and Hilker
2005; Schroeder and Hilker 2008).

In summary, N deprivation had a strong negative impact
on the whole tritrophic system, attenuating the performance
of soybean plants, herbivorous caterpillars, and the parasit-
oid larvae that developed inside S. frugiperda. Despite such
adverse effects on the plant’s physiology and some
alterations in VOC emission, the signal that indicates the
presence of potential hosts obviously remained unchanged
as the wasps’ host searching behavior was not affected.
These results suggest that the induced indirect defense
against herbivores remains stable and effective even under
low N conditions. On the parasitoid’s side, reduced fitness
due to low N availability cannot be ruled out, but might be
negligible if only few plants within a patch are affected.
From the plant’s perspective and from a biocontrol point of
view, this should be beneficial as abiotic stress in this case
does not promote higher susceptibility to another biotic
stress factor.
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