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Abstract Variation in resource input to plants triggers
bottom-up effects on plant-insect herbivore interactions.
However, variation in plant intrinsic traits in response to re-
source availability may modify the bottom-up effects.
Furthermore, the consequences also may depend on the feed-
ing strategy of insect herbivores belonging to different feeding
guilds.We evaluated the performance of two insect herbivores
from distinct feeding guilds, the leaf miner Tuta absoluta and
the phloem feeder Bemisia tabaci. We offered the insects two
tomato cultivars growing under optimal nitrogen input vs.
nitrogen limitation, or under optimal water input vs. water
limitation. We found that: (i) the two cultivars differed in their
responses to nitrogen and water limitation by regulating pri-
mary (leaf-gas exchange related parameters, leaf nitrogen con-
tent, and leaf C/N ratio) and secondary metabolism (main
defensive compounds: glycoalkaloids); (ii) for both plant cul-
tivars, nitrogen or water limitation significantly affected
T. absoluta survival and development, whileB. tabaci survival

was affected only by nitrogen limitation; and surprisingly (iii)
plant cultivar differences did not modify the negative bottom-
up effects of resource limitation on the two insect herbivores.
In conclusion, the negative effects of resource limitation cas-
caded up to insect herbivores even though plant cultivars ex-
hibited various adaptive traits to resource limitation.

Keywords Nitrogen .Water . Glycoalkaloid . Solanum
lycopersicum . Tuta absoluta . Bemisia tabaci

Introduction

Plant-arthropod interactions are thought to be of utmost im-
portance for understanding the dynamics of ecological com-
munities (Sarmento et al. 2011). The quality/quantity of re-
sources available for plants triggers bottom-up effects on
plant-insect herbivore interactions, i.e., plants are affected by
environmental factors, which in turn influence the perfor-
mance of insect herbivores (Chen et al. 2010; Costamagna
and Landis 2006; Denno et al. 2002; Han et al. 2014, 2015a,
2015b). However, the bottom-up effects are highly variable
and may depend on both biotic and abiotic factors, such as
plant genotype (Ballhorn et al. 2011), insect feeding strategy
(Inbar et al. 2001), insect feeding specialization (Gutbrodt
et al. 2011), resource type (Inbar et al. 2001), and environmen-
tal stress intensity (Mody et al. 2009).

Plant nitrogen (N) availability is a key factor influencing
the performance of insect herbivores (Mattson 1980).
However, no consensus has been reached on the bottom-up
effects of N input on insect herbivores. The nitrogen limitation
hypothesis (White 1993) predicts that reduced nitrogen avail-
ability to plants may impair the performance of Lepidoptera
insect herbivores. The hypothesis has been supported by nu-
merous studies (Cornelissen and Stiling 2009; Han et al. 2014;
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Hunter and McNeil 1997; Inbar et al. 2001; White 1993).
However, other studies have demonstrated negative effects
of high plant leaf N content on insect herbivores, and thus
have undermined the generality of this hypothesis (Fischer
and Fiedler 2000; Joern and Behmer 1998). For several
phloem-feeding insects, an increase in N input and/or optimal
plant nitrogen status has been reported to enhance survival and
development (Bentz et al. 1995; Bi et al. 2003; Chau et al.
2005; Hogendorp et al. 2006), perhaps because the typical
nitrogen concentration of phloem sap is relatively low
(Mattson 1980).

Water is another crucial resource for plants and insect her-
bivores. Varying water availability may induce physiological
changes in terms of plant nutritional value and chemical de-
fenses, thus affecting insect herbivores (Gutbrodt et al. 2011;
Tariq et al. 2012). Insects from different feeding guilds, e.g.,
chewing or sap-sucking, may be influenced differently by
water limitation. However, there is no conclusive literature
on this subject since positive, negative, or even non-
significant responses have all been documented for chewers
and sap feeders (Huberty and Denno 2004). Both the plant
vigor hypothesis (Price 1991) and the plant stress hypothesis
(White 1993) have been put forward to explain the mixed
results. The former predicts that insect herbivores perform
better on rapidly-growing vigorous plants (Price 1991), and
this has been supported particularly for leaf miners and leaf
chewers (Han et al. 2014; Inbar et al. 2001). The latter predicts
that water-stressed plants are more suitable hosts for
senescence-feeders that prefer to consume over-mature and
senescing tissues (White 2009). Finally, drought patterns also
can influence insect herbivores. The pulsed plant stress
hypothesis has been proposed to explain discrepancies be-
tween sap feeder outbreaks observed in situ on water-
stressed plants and the negative effects on phloem feeders
detected in laboratory studies (Huberty and Denno 2004).
The hypothesis predicts that phloem feeder populations, e.g.,
aphids or whiteflies, respond positively to plants enduring
discontinuous stress because bouts of stress followed by re-
covery of turgor allow phloem feeders to benefit from stress-
induced increases in plant soluble nitrogen. However, phloem
feeders may be affected negatively by continuous water stress
where the turgor pressure declines below the threshold re-
quired for efficient feeding.

Analyzing the effects of the environment on plant-insect
interactions often is complicated by the diversity of plant re-
sponses to different abiotic factors (Ballhorn et al. 2011). In
modern agriculture, plant cultivars that are designated as
Bresistant^ have been selected based on their response to
sub-optimal growing conditions, such as nitrogen deficiency
(Feng et al. 2010) or drought (Cattivelli et al. 2008; Farooq
et al. 2009). Among resistant cultivars, the impact of inter-
cultivar variation on plant-insect interactions is unknown
(Ballhorn et al. 2011).

The present study explores the effects of two abiotic fac-
tors, nitrogen and water inputs, on plant nutritional and defen-
sive profiles at the cultivar level. It further examines the sub-
sequent bottom-up effects on the performance of insect herbi-
vores from two distinct feeding guilds. Three questions have
been addressed: (i) Do different plant cultivars have different
allocation patterns (in terms of changes in primary and/or
secondary metabolism) when they are confronted with N
and water limitations? (ii) Do insect species from distinct
feeding guilds respond differently to the bottom-up effects
of varying resource availability? (iii) Do different cultivars
have different bottom-up effects on the insect herbivores?
Our goal was to see whether the effects of resource input
can cascade up to insect herbivores even when the cultivars
exhibit different responses to resource limitation.

Methods and Materials

Study Organisms The biological system Btomato plant-insect
herbivores^was set up under controlled laboratory conditions.
We chose two different tomato (Solanum lycopersicum L.
Solanaceae) cultivars. The cultivar BMarmande^, hereafter re-
ferred to as cv. M, is commonly used under greenhouse con-
ditions in France and is a plant model often used in plant-
insect interaction studies (Chailleux et al. 2012; Han et al.
2014, 2015a, 2015b; Mouttet et al. 2013). Specifically, this
cultivar is susceptible to drought conditions (Han et al.
2014). The cultivar BNoire de Crimée^, hereafter referred to
as cv. NC, also is used in local organic farming in France, and
is commonly sold as a drought-tolerant cultivar. Both tomato
cultivars were grown from seeds in a climatic chamber
(24 ± 1°C, 65 ± 5% RH, 12 h light) in plastic pots
(7 × 7 × 6.5 cm). After germination, seedlings were grown
under laboratory conditions (25 ± 2°C, 65 ± 5% RH, 16 h
light). Eight days after sowing (DAS), seedlings were washed
to remove soil particles from the roots, and transferred to new
cubic pots containing limestone grains (Perlite Italiana srl,
Corsico, Italy) (Supplementary material 1: Fig. S1). Twenty-
four DAS, plants were transferred to larger pots (diam: 10 cm,
height: 9 cm) filled with the same substrate.

We used two insect species from two different feeding
guilds for the study, a leaf-mining species Tuta absoluta (to-
mato leaf miner) and a phloem-feeding species Bemisia tabaci
(silverleaf whitefly). The T. absoluta colony was maintained
in climate chambers on tomato plants (25 ± 2°C, RH
70 ± 10%, 16 h light). Honey and water were provided ad
libitum to adults in rearing cages. Newly-oviposited
T. absoluta eggs were used to infest the plants. To obtain eggs,
we used the method described by Chailleux et al. (2013) with
ten couples of T. absoluta adults placed inside a plastic tube
containing a fresh tomato leaf to enable mating and oviposi-
tion. The B. tabaci colony was maintained in chambers on
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young tobacco plants (25 ± 2°C, RH 70 ± 10%, 16 h light).
Two tobacco plants were put inside the cage to obtain first-
instar nymphs (crawlers) that were used in the experimental
tomato plant infestation.

Nitrogen and Water Inputs A full-factorial design was used
to combine the two levels of nitrogen input (ON = optimal
nitrogen and LN = limited nitrogen), and two levels of water
input (OW = optimal water and LW = limited water).
Treatments started 8 DAS and ended 60 DAS (Supplementary
material 1: Fig. S1). Twenty-four plants (replicates) of each
cultivar were used for each treatment combination.

Following the protocols previously described (Han et al.
2014), we used three stock solutions to dispense indepen-
dently the major mineral species to the plants. The nitrate
stock solution combined 0.4 M [KNO3], 0.2 M [Ca(NO3)2],
and 0.1 M [Mg(NO3)2]. The phosphate stock solution
contained 0.21 M [KH2PO4], and the sulfate stock solution
comprised 0.022 M [K2SO4], 0.011 M [CaSO4], and
0.022 M [MgSO4]. For the sulfate stock, micronutrients
were provided as Kanieltra 6 Fe (Hydro Azote, Nanterre,
France), and iron also was supplied as EDTA-Fe in order
to obtain the following concentrations: Mo 20 μM; Mn
815 μM; Zn 227 μM; Cu 33 μM; B 1444 μM; Fe
3760 μM. On a daily basis, we supplied exponentially in-
creasing volumes of the three stock solutions to the plants
with irrigation water, following the principles described be-
low. This nutritional regime also was used in our previous
studies (Han et al. 2015a, 2015b).

Throughout the experiment, the ON treatment received a
daily dose vn (in ml) of nitrate stock solution that matched the
potential plant demand for nitrogen. This was determined pre-
viously as the daily amount of N necessary tomaintain plant N
concentration constant during the vegetative growth period
where the relative growth rate (RGR) was almost 0.1 g per g
per day, as was the case in our study. During this period, vn
increased exponentially (i.e., from 0.1 ml up to 4 ml) in ac-
cordance with the RGR. To differentiate nitrogen inputs, the
LN plants received only vn/5 of nitrate stock solution
(Supplementary material 1: Fig. S2). For each plant of both
ON and LN treatments, however, the daily input volumes of
phosphate and sulfate stock solutions were identical, being
calculated from vn as follows: we supplied vn ml of phosphate
and 3vn ml of sulfate stocks, respectively. This method en-
sured that only nitrogen availability differed in the fertilization
protocol. The practical application of these doses was to add
the various stock solutions to the water intake (see below) of
each pot in accordance with its respective water supply.

A Bstep increase^ pattern was used for daily water inputs
(Supplementary material 1: Fig. S2B). In the OW treatment,
the volume (vw) of daily water input was determined empiri-
cally as the amount required to fully-saturate the perlite sub-
strate without visible drainage. Based on vw, the restricted

volume vw/3 was applied daily per plant to set the LW treat-
ment. All nutrient solutions were adjusted to pH 5.5 using
H2SO4 (0.2 M).

Experimental Setup Analyses of primary and secondary
plant metabolism were performed on plants before actual in-
festation, i.e., the T. absoluta larvae chewing and B. tabaci
nymphs feeding. The goal was to examine the impact of ni-
trogen and water inputs on plants and to highlight the potential
differences in their responses to input constraints between the
two cultivars. Then, the biological traits of T. absoluta and
B. tabaci were evaluated on the two plant cultivars treated
with contrasting levels of nitrogen and water inputs. The ter-
minal leaflet of the 4th fully developed leaf from the apex was
used for the leaf gas-exchange measurement 38 DAS. These
leaflets then were sampled 43 DAS and immediately dried at
60°C for 72 h to quantify leaf nitrogen, carbon, and glycoal-
kaloid content. Twenty-four plants per cultivar per treatment
were sampled for plant chemical analyses, and half of the
plants were selected randomly for leaf gas-exchange
measurement.

Leaf Gas-Exchange MeasurementMeasurements of photo-
synthesis rate, transpiration rate, and stomatal conductance
were performed. One leaflet per plant was analyzed using a
portable photosynthesis system (Li-6400, Li-Cor, Lincoln,
NE, USA) equipped with a light source (6200-02B LED, Li-
Cor). Leaf gas-exchange measurement using Li-Cor is a non-
destructive method. Leaflets first were acclimatized in the
chamber for more than 20 min under controlled conditions:
leaf temperature of 27.0 ± (SE) 0.1 C, CO2 air concentration of
399.71 ± 0.04 μmol mol−1, and saturating photosynthetic pho-
ton flux density (PPFD) of 700.04 ± 0.05 μmol hν m−2 s−1.

Leaf Nitrogen Content and C/N Ratio Quantification To
quantify both nitrogen and carbon content (inmg) per 100mg of
dry mass, dried leaf samples were ground into fine powder with
a ball mill MM301 (Retsch, Germany) and stored individually
in small tubes. Fivemg of leaf dry powder were used tomeasure
leaf nitrogen and carbon content with an elemental analyzer
(Flash EA1112 Series, ThermoFinnigan, Milan, Italy) at
INRA-PSH Avignon, France. The leaf C/N ratio was calculated
as the ratio between the amount of carbon and nitrogen.

Leaf Glycoalkaloid Analyses Glycoalkaloids were extracted
from 5 mg leaf dry powder with 2 ml of 5% acetic acid in water
(v/v). The suspension was first mixed with a vortex and then
extracted twice for 30 min using an ultrasonic assisted extractor
at room temperature. After extraction, the supernatant was fil-
tered through a 0.45 μm PVDF PuradiscTM filter (Whatman,
GE Healthcare). All samples were kept at −20°C until analysis.
Glycoalkaloid standards (α-tomatine and tomatidine;
Extrasynthese, Genay, France) were diluted in 5% acetic acid.
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All analyses were performed on an Ultimate 3000 Rapid
Separation Liquid Chromatography (RSLC) system (Thermo
Scientific) equipped with a ESI-Q-TOF mass spectrometer
(microTOFQII, Bruker Daltonics). Separation was carried out
on an Ascentis Express Fused-Core™ C18 column
(100 × 2.1 mm i.d., 2.7 μm; Supelco) with its corresponding
guard column (Ascentis express, 2.1 mm id × 50 mm, 2.7 μm,
Supelco). A gradient elution program was developed to enable
glycoalkaloid separation. The flow rate was set at 400 μl/min
and the solvent system was (A) water containing 0.1% formic
acid (v/v) and (B) acetonitrile (ACN) containing 0.1% formic
acid (v/v). The elution programwas: 2%B for 5 min, 50%B for
35 min, 100% B for 5 min, back to 2% B in 5 min, and condi-
tioning for 2.5 min. The column oven was controlled at 35°C,
and the autosampler at 6°C. Injection volume was set at 5 μl.

Before analyses, the mass spectrometer was calibrated in the
external mode using a mix of known masses (ESI-L Low
Concentration Tuning Mix, Agilent Technologies). High
Resolution Mass Spectrometry (HRMS) data were acquired
in positive ionization and in MS scan modes. The source tem-
perature was set at 195°C, the capillary voltage at 3.8 kV, neb-
ulizer gas (N2) at 2.8 bars, and dry gas (N2) at 9 L/min. Mass
spectra acquisition was set at 5000 spectra/s on a mass range of
50–2000 m/z. LC-MS raw data were processed using Data
Analysis 4.1 software (ESI Compass 1.5, Bruker Daltonique).

The two targeted glycoalkaloids,α-tomatine and tomatidine,
were observed at m/z 1034.5550 and m/z 416.3543, respective-
ly (see Supplementary material 1: Table S1). However, injec-
tion of α-tomatine produced two different peaks (α-tomatine 1
and 2, see supplementary Table 1) with different retention times
but a similar pseudo-molecular ion and fragmentation pattern.

Furthermore, dehydrotomatine also was observed in tomato
leaf samples at m/z 1032.5377 and characterized by a typical
fragment ion corresponding to [Tomatidenol + Gal + H] + at
m/z 576.3876 as described by Cataldi et al. (2005). An ion
extraction method using a mass range of 0.01 Da was used to
quantify these four glycoalkaloids. To obtain the corresponding
quantity in μg compounds per mg of leaf dry mass, the mea-
sured ion abundance was reported on a standard calibration
curve for α-tomatine and tomatidine obtained in the same anal-
ysis and reprocessing conditions. Since a standard for
dehydrotomatine was not commercially available, we could
not calculate the quantities of this compound in the leaves,
but reported ion abundance per mg of leaf dry mass
representing relative amounts.

Plant Infestation Forty DAS (Supplementary material 1:
Fig. S1), the 3rd fully-developed leaf from the apex was
infested with one T. absoluta egg that had been oviposited less
than 24 h earlier. Eggs were checked daily until larvae
hatched. If an egg failed to hatch (< 5% of eggs in total), a
newly-hatched larva (< 6 h old) was released on the leaf. To
prevent larvae from escaping, each infested leaf was covered
with a nylon mesh bag (0.2 mm × 30 × 24 cm). The
T. absoluta infestation was performed on 12 plants per cultivar
per treatment (96 plants). Forty-five DAS, the other group of
96 plants (12 plants per cultivar per treatment) was infested
with B. tabaci first-instar crawlers (Supplementary material 1:
Fig. S1). Six crawlers were released on the 3rd fully-
developed leaf of each plant. They were checked under a
microscope to ensure the insects had started walking and
piercing leaf tissues; otherwise new insects were used to re-

Table 1 Effects of nitrogen, water, and cultivar on plant traits: (A)
Factorial ANOVA to test effects of nitrogen, water, and cultivar on
plant leaf-gas exchange parameters: Photosynthesis rate, transpiration
rate, and stomatal conductance, and (B) factorial ANOVA to test the

effects of nitrogen, water, and cultivar on leaf biochemistry: plant leaf
N content, leaf C/N ratio, and glycoalkaloid concentrations (tomatidine,
dehydrotomatine,α-tomatine 1, andα-tomatine 2). Significant effects are
highlighted in bold

A: Leaf-gas exchange Photosynthesis rate Transpiration rate Stomatal conductance

Source of variation F 1,74 P F 1,74 P F 1,74 P

Nitrogen 0.001 0.970 0.881 0.351 0.589 0.445

Water 29.16 <0.001 4.625 0.035 8.389 0.005

Cultivar 0.292 0.590 1.028 0.313 0.765 0.384

Nitrogen x Water 1.116 0.294 3.585 0.062 0.628 0.431

Nitrogen x Cultivar 1.830 0.180 0.002 0.965 0.304 0.583

Water x Cultivar 0.065 0.799 0.582 0.448 0.528 0.470

B: Leaf biochemistry Leaf N content Leaf C/N ratio Tomatidine Dehydrotomatine α-tomatine 1 α-tomatine 2

Source of variation F 1185 P F 1185 P F 1167 P F 1167 P F 1167 P F 1167 P

Nitrogen 708.3 <0.001 501.4 <0.001 8.900 0.003 18.45 <0.001 5.020 0.026 6.540 0.012

Water 3.650 0.058 0.300 0.585 29.38 <0.001 0.370 0.546 12.60 0.001 7.160 0.008

Cultivar 7.140 0.008 6.140 0.014 50.71 <0.001 31.35 <0.001 8.870 0.003 12.30 0.001

Nitrogen x Water 0.070 0.788 4.090 0.045 2.230 0.137 3.890 0.005 0.650 0.421 0.880 0.349

Nitrogen x Cultivar 23.58 <0.001 22.08 <0.001 3.590 0.060 4.620 0.033 0.060 0.809 8.870 0.003

Water x Cultivar 0.320 0.570 0.100 0.750 11.12 0.001 0.170 0.677 7.500 0.007 1.510 0.221
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infest the same leaf from the same plant. All bio-assays were
carried out under laboratory conditions (25 ± 2°C, RH
70 ± 10%, 16 h light) at INRA, Sophia-Antipolis, France.

Biological Traits of Insects For T. absoluta, survival and
development time of larvae, pupae, and adults were recorded.
Pupal mass was recorded by weighing pupa individually. The
number of dead B. tabaci crawlers in the second or third instar
stages was recorded one week after infestation.

Statistical Analysis We used factorial ANOVAs to test the
effects of nitrogen (ON vs. LN), water (OW vs. LW) and
cultivar type (cv. M vs. cv. NC) and all the possible interac-
tions between these three main factors, on the plant traits sep-
arately, i.e., leaf photosynthesis rate, transpiration rate, stoma-
tal conductance, leaf N content, leaf C/N ratio, and leaf gly-
coalkaloid concentrations, followed by Tukey’s post-hoc tests
for multiple comparisons among treatments. However, we
found that none of the three-way interaction Bnitrogen x water
x cultivar^ were significant; in addition, the results of these
three-way interactions were not robust enough according to
our analyses. Thus, only the results of two-by-two interactions
are presented.

A logistic regression (log link function) was used to test the
effects of nitrogen, water, cultivar type, and their interactions
on the proportions of T. absoluta individuals developing from
egg to pupa or to adult. A factorial ANOVA also was used to
test the effects of nitrogen, water, and cultivar type on
T. absoluta development time from egg to pupa or to adult
as well as pupal weight, followed by multiple comparisons
among the treatments for each trait using Tukey’s post-hoc
tests. A logistic regression also was used to test the effects
of nitrogen, water, cultivar type, and their interactions on
B. tabaci mortality, the numbers of individuals reaching the
second or third instar. Multiple comparisons were madewithin
each treatment to examine the differences among the three
groups, i.e., the number of individual dead, reaching the sec-
ond instar, or reaching the third instar. Spearman rank
correlationwas performed to test the relationship between leaf
nitrogen content and the three whitefly groups using R soft-
ware (R Core team, Vienna, Austria 2009). All other data were
processed using SAS software (SAS Institute Inc 1999).

Results

Leaf-Gas Exchange Parameters Water input had a signifi-
cant impact on plant photosynthesis rate, transpiration rate,
and stomatal conductance (Table 1A). No significant interac-
tion among the factors was found. However, under optimal
nitrogen input, transpiration rate and stomatal conductance of
cv. M was decreased under LW compared to OW input,
whereas there were no effects on cv. NC (Fig. 1). For both

cultivars, photosynthesis rate significantly decreased with de-
creasing water input (Table 1A; Fig. 1).

Leaf Nitrogen Content and C/N Ratio Nitrogen input had a
strong impact on both leaf nitrogen content and C/N ratio,
whereas water input did not (Table 1B). Plants receiving the
LN treatment had significantly lower leaf nitrogen content and
higher C/N ratio compared to plants receiving the ON treat-
ment (Fig. 2). Furthermore, cv. NC responded more than cv.
M under LN conditions compared to ON ones, regardless of
water conditions (Significant effect of ‘Cultivar’ and
‘Nitrogen x Cultivar’ in Table 1; Fig. 2).

Glycoalkaloids Leaf glycoalkaloid concentration was
higher in cv. M than in cv. NC. Limiting resource input
tended to increase the concentration of these compounds
in the leaf in both cultivars (Table 1B, Fig. 3). Under LN
input, cv. NC had higher concentrations of tomatidine,
dehydrotomatine, and α-tomatine 2 compared to ON treat-
ment. However, in the cv. M, the concentration of all
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glycoalkaloids did not respond to N treatment (Fig. 3). In
contrast, cv. M showed a significant increase in concen-
trations of tomatidine and α-tomatine 1 under LW input,
while leaf glycoalkaloid concentrations did not vary in
response to water treatment in cv. NC (Fig. 3).

Tuta absoluta Survival and Development Both nitrogen
and water inputs significantly affected T. absoluta survival
from egg to pupa or from egg to adult (Table 2A). The
factor Bcultivar^ and the Bcultivar × nitrogen^ and
Bcultivar ×water^ interactions had no significant effect
on T. absoluta survival, thus indicating that the effect of
nitrogen and water on T. absoluta survival was indepen-
dent of cultivar type (Table 2A). In both cultivars, the
survival proportion of T. absoluta from egg to pupa or
from egg to adult decreased significantly with either LW
or LN treatment compared to ON-OW treatment (Fig. 4).

Both nitrogen and water inputs significantly affected
T. absoluta development time and pupal weight
(Table 2A). Time from egg to pupa and time from egg
to adult were both affected. The effects of Bcultivar^ and
the interactions Bcultivar × nitrogen^ or Bcultivar ×water^
were not significant, indicating that the effects of nitrogen
and water inputs on the three parameters were

independent of cultivar type. The development time from
egg to pupa or to adult was significantly prolonged when
the plants grew under LN and/or LW treatment (other
treatments vs. ON-OW, all P < 0.05) (Fig. 5). Tuta
absoluta reached a significantly lower pupal weight on
the plants grown under LN and/or LW treatment than on
the ON-OW treatment (other treatments vs. ON-OW, all
P < 0.05) (Fig. 5).

Bemisia tabaci Survival and Development Nitrogen input
affected B. tabaci mortality and the number of individuals
reaching the third instar (P < 0.001 and P = 0.006, re-
spectively), but not the number of individuals reaching the
second instar (P = 0.669) (Table 2B). No effect of water
was observed. The responses of B. tabaci mortality and
development to nitrogen and water were similar between
the cultivars. Limited nitrogen input increased mortality
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rate of B. tabacci (Fig. 6). Moreover, the number of dead
individuals was negatively correlated with leaf N content
(Fig. 7a), whereas the number of individuals reaching the

third instar was positively correlated with leaf N content
(Fig. 7b).

Discussion

This study investigated whether plant cultivar differ-
ences modified the bottom-up effects of resource limita-
tion on plant-insect herbivore interactions. The two cul-
tivars exhibited different responses to resource restric-
tion. Both herbivores from different feeding guilds
responded d i f fe ren t ly to resource res t r i c t ion :
T. absoluta was affected negatively by nitrogen and wa-
ter limitation, while B. tabaci was affected only by ni-
trogen limitation. However, cultivar differences were not
strong enough to modify the bottom-up effects of nitro-
gen and water inputs on T. absoluta and B. tabaci. Our
findings offer insights into the effects of nitrogen and
water inputs on plant-insect herbivore interactions, a
primary subject in the context of the rapidly accelerat-
ing environmental changes on local and global scales
(Ballhorn et al. 2011; Bruce 2015; Lenhart et al. 2015).

Insects from Different Feeding Guilds Responded
Differently to Nitrogen and Water Limitation Insect herbi-
vores from different feeding guilds have different plant-
feeding strategies and may respond differently to resource-
stressed plants (Huberty and Denno 2004). In the current

Table 2 Effects of nitrogen, water, and cultivar on insect traits: (A)
Logistic regression analysis testing the effects of nitrogen, water,
cultivar, and their interactions on Tuta absoluta survival: Survival
proportion from egg to pupa or to adult, and factorial ANOVA to test
the effects of nitrogen, water, and cultivar on T. absoluta development:

Development time from egg to pupa or to adult and pupal weight; (B)
Logistic regression analysis to test the effects of nitrogen, water, cultivar,
and their interactions on Bemisia tabaci survival: Number of dead
individuals, or number of individuals reaching the second or third
instar. Significant effects were highlighted in bold

A: T. absoluta Survival proportion from
egg to pupa (df = 1)

Survival proportion from
egg to adult (df = 1)

Development time
from egg to pupa

Development time
from egg to adult

Pupal weight

Source of variation χ2 P χ2 P F 1342 P F 1263 P F 1342 P

Nitrogen 17.02 <0.001 5.700 0.017 140.0 <0.001 85.32 <0.001 75.80 <0.001

Water 10.66 0.001 5.790 0.016 60.09 <0.001 44.49 <0.001 27.36 <0.001

Cultivar 0.28 0.594 0.010 0.930 0.020 0.889 0.001 0.983 0.140 0.707

Nitrogen x Water 0.710 0.400 0.030 0.866 10.23 0.002 2.620 0.107 13.80 <0.001

Nitrogen x Cultivar 2.270 0.132 0.080 0.772 3.250 0.072 0.770 0.381 0.100 0.752

Water x Cultivar 0.160 0.686 0.230 0.632 1.470 0.226 1.110 0.294 0.180 0.674

B: B. tabaci Number of dead individuals Number of individuals reaching
the second instar

Number of individuals reaching
the third instar

Source of variation df χ2 P χ2 P χ2 P

Nitrogen 1 17.37 <0.001 0.18 0.669 7.65 0.006

Water 1 2.29 0.130 0.04 0.834 0.95 0.330

Cultivar 1 0.12 0.728 0.43 0.513 0.77 0.379

Nitrogen x Water 1 1.76 0.184 0.75 0.387 2.13 0.145

Nitrogen x Cultivar 1 0.03 0.871 0.00 0.998 0.00 0.956

Water x Cultivar 1 0.11 0.740 0.05 0.826 0.20 0.665
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study, both nitrogen and water shortages significantly affected
T. absoluta survival and development, consistent with previ-
ous studies (Han et al. 2014). However, the phloem feeder
B. tabaci was affected only by nitrogen limitation. The nitro-
gen limitation hypothesis (White 1993) predicts that insect
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herbivore performance will be positively correlated with leaf
nitrogen content (Bi et al. 2003; Obermaier and Zwölfer
1999). The positive correlation between leaf nitrogen content
and development of a chewing insect, specifically shorter de-
velopment time but higher pupal weight for larvae feeding on
plants with higher nitrogen content, has been documented
(Han et al. 2014). Other studies have tested the correlation
between plant N content and performance of phloem
feeders. Inbar et al. (2001) did not find any correlation be-
tween leaf N content and oviposition behavior for Bemisia
argentifolii, whereas Bi et al. (2003) found a positive correla-
tion between petiole protein content and population densities
of this species. In the present study, the positive correlation
between nitrogen input and B. tabaci survival and develop-
ment (Fig. 7) provided evidence to support the nitrogen limi-
tation hypothesis. This example allows a broader generaliza-
tion of this theory to include phloem-feeding insects.

Limited nitrogen input could have negative bottom-up ef-
fects on both insect herbivores by changing plant nutritional
quality and plant defense. Insect herbivores need to consume
large quantities of plant tissues to obtain sufficient nitrogen for
optimal growth (Mattson 1980). Furthermore, a suitable plant
protein to carbohydrate ratio in plant food is beneficial to
growth and development for insect herbivores (Bede et al.
2007). Our data confirmed that leaf C/N significantly increased
when less nitrogen was supplied (Inbar et al. 2001; Royer et al.
2013). The negative effects of nitrogen limitation on both insect
herbivores may be due partly to decreased plant nutritional
quality, i.e., an increase of C/N ratio (Fig. 2). The threshold at
which leaf nutritional quality starts to have negative effects on
insect herbivores ranged between 6 < C/N < 7 for tomato plants
under our conditions. In contrast, glycoalkaloids are a key
chemical defense in Solanaceae, having negative impact on
many insect herbivores (Altesor et al. 2014; Friedman 2002;
Kowalski et al. 2000; Nenaah 2011). In our study, limited ni-
trogen input increased leaf glycoalkaloid concentrations in cv.
NC, as has been shown in several studies (Larbat et al. 2012; Le
Bot et al. 2009), and the concentrations were within the same
variation range with Royer et al. (2013). Increased level of
these compounds may be due to a larger allocation of resources
to defense mechanisms involving N-based compounds than to
growth under nitrogen limitation (Le Bot et al. 2009).

The negative bottom-up effects of water limitation on
T. absoluta also were consistent with other studies on leaf-
chewing insects (Gutbrodt et al. 2011; Inbar et al. 2001;
Mody et al. 2009). Under water limitation, plant leaves may
provide low-quality food to T. absoluta larvae for two reasons:
(i) the larvae may struggle to obtain enough water for devel-
opment; and (ii) the larvae may have limited access to nutri-
ents due to decreased nitrogen utilization by plants (Slansky
and Scriber 1985). Besides the lower nutritional value, water
limitation often induces an increase in defensive compounds
(Gutbrodt et al. 2011). Such a situation may have occurred on

the cv. M, which showed an increased concentration of leaf
glycoalkaloids (Fig. 3).

By contrast, B. tabaci was not affected by water limitation.
Phloem feeders are unable to access the phloem sap if turgor is
below a certain threshold (Huberty and Denno 2004).
However, in our study, plants were only moderately water-
stressed since they did not exhibit any noticeable symptoms
of wilting. Thus, B. tabaci could obtain enough water from
the phloem sap to fulfill their needs under water limitation.
Finally, B. tabaci probably obtained sufficient nitrogen-based
nutrients, such as free amino acids, since those compounds
were still available in the phloem sap (Crafts-Brandner 2002).

Different Strategies to Cope with Nitrogen and Water
Limitation in Cultivars Did not Modify the Negative
Bottom-Up Effects Inter- and intra-specific plant variations
in responses to environmental stresses are common (Barrett
and Agrawal 2004). In our study, cv. M and NC responded
differently to nitrogen and water limitation with regard to pri-
mary and secondary metabolic processes. On one hand, we
found evidence that cv. M was more susceptible to water lim-
itation. Well-N fertilized cv. M exhibited altered water status
and increased glycoalkaloid concentrations, whereas cv. NC
did not (Figs. 1 and 3). Moreover, our additional greenhouse
trials highlighted the fact that cv. M was more sensitive to
water limitation than cv. NC (Supplementary material 2). On
the other hand, cv. NC appeared more susceptible to nitrogen
limitation since leaf nitrogen based metabolisms varied with
nitrogen input (Figs. 2 and 3). Such an effect on cv. NC was
consistent with the findings of Royer et al. (2013), which
documented that tomatine concentrations correlated positively
with C/N in another tomato cultivar BBetter Bush^. Overall,
these findings suggest that cv. NC is more susceptible to N
limitation whereas cv. M appears more susceptible to water
limitation, reflecting the fact that both genetic and environ-
mental interactions determine the plant’s chemical phenotypes
(Ballhorn et al. 2011).

What is new in this study is the conclusion that the
negative effects of resource limitation cascaded up on in-
sect herbivores even though plant cultivars exhibited vari-
ous adaptive traits to resource limitation. We conclude that
the magnitude of plant trait variation (nutritional quality
and defensive profile) in response to resource limitation
was not sufficient to modify the bottom-up effects on her-
bivores. Perhaps the difference in plant nutritional quality
between cultivars was too small to differentially affect the
herbivores. Alternatively, the toxicity of glycolakaloids is
structural and dose-dependent (Friedman 2002), and the
concentrations of these compounds in our study may not
have reached the toxicity threshold. Altesor et al. (2014)
suggested that glycoalkaloids are less concentrated and
varied in cultivated plant types than wild ones which are
more resistant (as shown in the Solanum genus). Finally,
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tomato plants have other defensive compounds that can
impact insect herbivores such as phenolics, polyphenol ox-
idase, and protease inhibitors (Inbar et al. 2001; Larbat
et al. 2015; Royer et al. 2013). Indeed, the latter study
has shown that the negative bottom-up effects of nitrogen
limitation on T. absoluta survival and development could
be partly attributed to increased concentrations of pheno-
lics in tomato plants.

The current study serves as a starting point for future efforts
to unravel how inter-cultivar variations mediate plant-insect
herbivore interactions. Further studies would need to include
more cultivars and more herbivore species from various feed-
ing guilds in order to apply our hypotheses more generally.
From an applied perspective, plant-breeding programs that
aim to address resource limitation can improve plant adapt-
ability by selecting resistant cultivars to resource limitation.
More interestingly, these cultivars can keep the negative
bottom-up effect of resource limitation on insect herbivores.
The concept may be helpful for optimizing future plant-
breeding strategies by taking into account the function of pest
management, especially for cultivars used in the arid areas or
semi-barren land around the world, e.g., drought-prone envi-
ronment (Galmés et al. 2013).
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