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Abstract The outcome of plant-mediated interactions among
herbivores from several feeding guilds has been studied inten-
sively. However, our understanding on the effects of nematode
root herbivory on leaf miner oviposition behavior and perfor-
mance remain limited. In this study, we evaluated whether
Meloidogyne incognita root herbivory affects Tuta absoluta
oviposition preference on Solanum lycopersicum plants and
the development of the resulting offspring. To investigate the
M. incognita-herbivory induced plant systemic responses that
might explain the observed biological effects, we measured
photosynthetic rates, leaf trypsin protease inhibitor activities,
and analyzed the profile of volatiles emitted by the leaves of
root-infested and non-infested plants. We found that
T. absoluta females avoided laying eggs on the leaves of

root-infested plants, and that root infestation negatively affect-
ed the pupation process of T. absoluta. These effects were
accompanied by a strong suppression of leaf volatile emis-
sions, a decrease in photosynthetic rates, and an increase in
the activity of leaf trypsin protease inhibitors. Our study re-
veals that root attack by nematodes can shape leaf physiology,
and thereby increases plant resistance.

Keywords Tuta absoluta .Meloidogyne incognita . Solanum
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Introduction

Inter- and intraspecific interactions are important drivers of the
performance and distribution of phytophagous insects in nat-
ural ecosystems (Bezemer and van Dam 2005; Johnson et al.
2012; Kaplan and Denno 2007). Plant-mediated interactions
between herbivores are particularly important in this context,
and have attracted considerable attention over the last years
(de Oliveira et al. 2016; Erb et al. 2015; Soler et al. 2013).
Most research on plant-mediated interactions has focused on
chewing and piercing sucking herbivores (Poelman et al.
2008; Soler et al. 2013); less is known about the interactions
between other feeding guilds, including root nematodes and
leaf miners, both of which are abundant in natural and agri-
cultural systems.

Plants respond to herbivory by reconfiguring their primary
and secondary metabolism locally and systemically (Bezemer
and van Dam 2005; Ferrieri et al. 2015; Kessler and Baldwin
2002; Jimenez-Aleman et al. 2015; Machado et al. 2013,
2016a, b). Root herbivores, for instance, alter leaf photosyn-
thesis (Dunn and Frommelt 1998; Godfrey et al. 1993; Murray
et al. 2002), increase leaf plant defenses (Bezemer et al. 2003;
Hopkins et al. 1998; Soler et al. 2005; van Dam and
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Raaijmakers 2006), and induce quantitative and qualitative
changes in leaf volatile profiles (Neveu et al. 2002; Pierre
et al. 2011; Soler et al. 2007). These effects often are suggested
to impact the development of subsequent insect attackers. For
instance, root herbivory affects the performance of leaf miners
in a context dependent-manner: root herbivory positively in-
fluences Chromatomyia syngenesiae pupal weight (Masters
and Brown 1992), but the abundance of Liriomyza asclepiadis
leaf-mining flies have been observed to be reduced by 40% in
response to Tetraopes tetraophthalmus root herbivory
(Agrawal 2004). Interestingly, abiotic stress strongly modu-
lates these effects (Staley et al. 2008). Whether nematode root
herbivory exerts similar effects on leaf miners is not known
(Wondafrash et al. 2013). Similarly, root herbivory by Delia
radicum increases the developmental time of Pieris brassicae,
effect that correlates with glucosinolate induction (Soler et al.
2005, 2007). The beet armyworm Spodoptera exigua exhibits
lower growth rates when fed on cotton leaves of plant whose
roots have been previously attacked by the click beetle
Agriotes lineatus (Bezemer et al. 2002). Similarly, ectoparasit-
ic and endoparasitic root nematodes reduce fecundity of the
aphid Rhopalosiphum padi (Bezemer and vanDam 2005), and
black mustard root herbivory by Pratylenchus penetrans nem-
atodes reduces the growth of the cabbagewhite butterfly Pieris
rapae (van Dam et al. 2005). Despite that the negative effects
of root herbivores on aboveground organisms seem common,
positive and neutral effects have also been reported (Kabouw
et al. 2011; Kutyniok and Müller 2012) indicating that the
outcome of the interaction is highly context dependent.

Plant physiological status affects host plant selection be-
havior by insects, as they rely on a number of sensory cues
including visual, olfactory, gustatory, and tactile stimuli to
select oviposition sites (Bernays and Chapman 1994).
Conveying all these stimuli to choose a suitable host plant is
a crucial behavior for phytophagous female insects, and will
consequently affect the development of their progeny, espe-
cially when their offspring has no or limited ability for relo-
cation after hatching (Jaenike 1978). The few studies available
that have investigated the influence of root herbivory on ovi-
position behavior of aboveground herbivore insects show that
they avoid ovipositing on root-infested plants (Anderson et al.
2011; Soler et al. 2007, 2010). Changes in plant chemistry
have been suggested as a potential explanation for this phe-
nomenon (Awmack and Leather 2002; Renwick and Chew
1994; Thompson and Pellmyr 1991). Whether the oviposition
preference of leaf miners is affected by root herbivores, in-
cluding root feeding nematodes, has not been documented in
the current literature.

The tomato leaf miner Tuta absoluta Meyrick
(Lepidoptera: Gelechiidae) is considered a Solanaceae spe-
cialist and a major pest of tomato plants, Solanum
lycopersicum. Its larvae cause significant leaf damage and
yield loss (Guedes and Picanço 2012). Similarly, tomato yield

is also compromised by the root-knot nematode Meloidogyne
incognita (Kofoid & White) Chitwood (Lopes and Ávila
2005). Although these two pests often co-occur on tomato
plants, it is unknown whether they influence the behavior
and/or the performance of each other. In this study, we evalu-
ated whether herbivory by the root-knot nematode
Meloidogyne incognita affects the oviposition behavior and
the development of the leaf miner Tuta absoluta on Solanum
lycopersicum tomato plants. To this end, we carried out ovi-
position preference experiments and evaluated insect develop-
ment, fecundity, and longevity. To evaluate the potential sys-
temic effects of M. incognita herbivory on tomato plants that
could explain the changes in T. absoluta oviposition prefer-
ence and the performance of T. absoluta, we measured above-
ground volatile profiles, photosynthesis, and leaf trypsin pro-
tease inhibitor activity. Our experiments reveal a strong influ-
ence of root nematode attack on above ground defenses and
T. absoluta behavior and performance.

Methods and Materials

Plant Growing Conditions Solanum lycopersicum (cultivar
Santa Clara I-5300) seeds were germinated in pots filled with
commercial substrate (Plantmax, Eucatex Agro®, Brazil).
After 15 d, seedlings were transplanted into 2 l pots filled with
sterilized soil. Fertilizer (15–15-20 N-P-K) was added weekly,
and plants were watered daily. Plants were grown under green-
house conditions at 70 ± 5% R.H., 25 ± 5 °C and 12 h
photoperiod.

Insect Rearing The tomato leaf miner Tuta absoluta was
reared according to Miranda et al. (1998). Insects were main-
tained at 25 °C, 70% R.H. and 12:12 h L:D cycles. Detached
tomato leaves were provided daily for oviposition. Every 3 d,
leaves with eggs were transferred to another cage. Emerging
larvae were fed ad libitum with tomato leaves (cultivar Santa
Clara I-5300). Newly emerging adults were used for experi-
ments. This rearing procedure was selected over artificial diet-
based protocols to minimize the impact on T. absoluta biology
(Mihsfeldt and Parra 1999).

Nematode Rearing and Infestat ion Procedure
Meloidogyne incognita root-knot nematodes were provided
by the laboratory of Biological Control of Phytonematodes
(Federal University of Viçosa, Brazil) and were reared on
tomato roots (cultivar Santa Clara I-5300). Fifty-five days
after inoculating roots with nematode eggs, roots were har-
vested, and the produced eggs were collected by washing
the roots with 1% sodium hypochlorite. The resulting egg
suspension was passed through a 20-μm-mesh sieve and
washed with abundant tap water (Hussey and Baker 1973).
Eggs were suspended in water and used for experiments.
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Approximately 4000 nematode eggs, which corresponds to a
moderate level of infestation and are likely found under natu-
ral conditions (Kaplan et al. 2008), were applied to the soil
surrounding the root zone of 25-d-old plants (Fig. 1). Control
plants received only water. Twenty days after infestation,
when roots galls are usually visible by naked eye, plants were
used for oviposition experiments, photosynthesis measure-
ments, and metabolite analysis. To evaluate infestation levels,
we counted the number of galls from an additional set of
plants (N = 6). The aboveground plant parts showed no visual
differences between control and root-infested plants (Online
Resource Fig. 1).

Oviposition and Development of T. absoluta on
M. incognita-Infested Plants To test whether M. incognita
root herbivory affects (i) the oviposition preference of the
tomato leaf miner T. absoluta and (ii) the development of
the resulting offspring, we evaluated T. absoluta oviposition
preference and the development of its offspring on control and
M. incognita-infested plants. To this end, we first performed
an oviposition preference experiment by releasing three 2-d-
old mated T. absoluta females in a cage (90x90x90cm) where
they encountered one control and one root-infested plant
(Fig. 1). Eight cages were used in total. After 12 h, the number
of eggs laid on control and root-infested plants were counted
as a measure of oviposition preference. Experiments were
carried out during the night when T. absoluta oviposition oc-
curs (Proffit et al. 2011). Second, we standardized the number
of eggs from the oviposition preference experiment to 20–25
per plant by removing the egg surplus with a paintbrush.
Plants that already had between 20 and 25 eggswere subjected
to mimicked egg removal. This egg standardization procedure
was performed to: i) assure that all the caterpillars had suffi-
cient food to complete their life cycle, ii) avoid intraspecific
competition, and iii) achieve similar damage levels in all the
plants. Plants were inspected three times per day to determine
insect developmental stage (egg, larvae, pupae) and insect
mortality (Fig. 2). When larvae reached the pupal stage, the
pupae were collected, weighed, sexed, and their emergence
rates were determined. To determine the fecundity and

longevity of the resulting offspring, emerging adults from
control and from root-infested plants were kept in separate
cages and allowed to copulate (Fig. 2). Twenty-eight
T. absoluta pairs per treatment were evaluated. Twenty four
h after mating, females were placed into individual cages, and
their fecundity was measured by counting the number of eggs
laid on fresh tomato leaflets that were provided daily. Leaflets
were detached from three plants and offered to females. Fresh
plants were used every day. Adult females were fed with a
honey solution (10%) on a moist piece of cotton wool.
Females were maintained until they died or did not oviposit
for four consecutive days. Experiments were carried out in a
climate room at 26 °C, R.H. 70% and 12 L:12D.

Plant Systemic Effects ofM. incognitaHerbivory To inves-
tigate theM. incognita-induced systemic responses that might
affect T. absoluta female long-range orientation and the devel-
opment of its offspring, we measured the profile of volatiles
emitted by the leaves, photosynthetic activity and leaf trypsin
protease inhibitor activity in root-infested and control, non-
infested plants as follows.

Plant Volatiles Aboveground head space volatiles were col-
lected during the scotophase for 12 h from control (N = 3) and
root-infested tomato plants (N = 3). Plants were kept at
26 ± 1 °C; 70% ±5 R.H. and 12 L:12D and individually placed
in cylindrical glass chambers (52 cm high × 21 cm diam)
resting on a plastic plate with a hole in its center (Online
Resource Fig. 2). To specifically investigate the effect of nem-
atode root herbivory on volatile emission by aboveground
tissues, the soil surface was covered with aluminum foil prior
to the collection of volatiles. Humidified and charcoal-filtered
air (2 l/min) was introduced into the chamber, and volatiles
were pulled (0.5 l/min) and trapped into 20 mg of Haye Sep.-
Q (80–100mesh) (Analytical research systems, Florida, USA)
in a glass tube, and then eluted with 400 μl of double-distilled
HPLC-grade hexane. N-heptyl-acetate (40 ng/μl) was added
as internal standard (IS). To account for potential environmen-
tal contamination, we collected volatiles in a similar manner
from empty glass chambers (N = 3). Samples were

Egg quantificationOviposition Choice TestNematode inoculation procedure
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Fig. 1 Experimental set-up used for oviposition choice-test experiments
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concentrated to 150 μl by exposing them to a slow flow of
synthetic air (Strapasson et al. 2014). To profile the volatile
blends, one microliter of sample was injected into a Shimadzu
GC-MS in splitless mode with electron impact ionization at
70 eV and interfaced to an HP 5890 GC (Hewlett- Packard,
Palo Alto, CA, USA). The GC was equipped with a silica
capillary DB-5 column (30 m × 0.25 mm; df = 0.25 μm;
J&W Scientific, Folsom, CA, USA) using helium as carrier
gas (170 kPA). The temperature program was from 35 °C
(hold 1 min) at 8 °C/min to 230 °C (hold 5 min).
Chromatograms were analyzed by AMDIS (Automated
Mass Spectral Deconvolution and Identification System).
The mass spectra were compared with previous reports and
the NIST 98 database. To identify the volatiles that signifi-
cantly differ between treatments, the Kovats retention index
(KI ± 5) of each compound was calculated. Mass spectra and
retention time of synthetic compounds were used to confirm
the identity of selected compounds.

Photosynthetic Activity Photosynthesis from control and
root-infested plants were estimated by measuring net CO2

exchange using a LI-COR 6400 portable photosynthesis sys-
tem (Li-Cor Biosciences, http://www.licor.com) (N = 3). The
net CO2 exchange was measured for 3 fully developed leaves
per plant between 08:00 to 10:00 am at 600 μmol*m−2 s−1 of
photosynthetic active radiation (PAR) and 390 μmol/mol of
CO2.

Trypsin Protease Inhibitor Activity Trypsin protease inhib-
itor (TPI) activity in leaves of nematode-infested and control

tomato plants was measured as described by Kakade et al.
(1974) and adapted by Sarmento et al. (2011) (N = 3).
Leaflets were harvested, frozen, and ground to a fine powder
in liquid nitrogen. One gram of plant tissue was then homog-
enized in extraction buffer (0.1 M Tris-HCL, pH 8.2 and
20 mM CaCl2, 1:3 w/v). The solution was centrifuged
(10.500 g, 20 min, 4 °C), and the resulting supernatants were
collected and stored for further analysis. To determine trypsin
inhibition, 100 μl of trypsin were mixed with 100 μl of super-
natants and 500 μl of the extraction buffer and incubated at
room temperature for 5 min before adding 500 μl of the sub-
strate for trypsin-like enzymes N-α-benzoyl-L-Arg-p-
nitroanilide (L-BApNA). Trypsin activity was estimated by
the difference of absorbance at 410 nm determined 60 and
150 s after incubation. Three technical replicates were carried
out for each biological replicate. Protein content was deter-
mined according to Bradford (1976).

Statistical AnalysisAll data were analyzed using Generalized
Linear Models (GLM) in R (R Development Core Team
2015). All analyses were followed by residual analysis to ver-
ify the suitability of error distribution and model fitting.
Because plants had more than one caterpillar, the data of the
developmental parameters were first averaged per plant to
avoid pseudo replication. A binomial error distribution was
used to test the effect of nematode infestation on: the propor-
tion of eggs laid on each plant, the proportion of larvae that did
not develop into pupae, the proportion of pupae that did not
emerge as adults, and the proportion of deformed pupae. A
Gaussian error distribution was used to evaluate the effect of

Fig. 2 Experimental set-up to evaluate the effect of Meloidogyne incognita infestation on the development of Tuta absoluta
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root infestation on developmental time of larvae and pupae,
pupal weight, fecundity, and longevity as well as the photo-
synthetic activity, the concentration of aboveground volatiles
and leaf trypsin protease inhibitor activity.

Results

Females of T. absolutaAvoid Laying Eggs onM. incognita-
Infested Tomato Plants Adult females of the leaf miner Tuta
absoluta laid significantly more eggs on non-infested control
plants than on M. incognita-infested plants (Fig. 3, df = 15,
F = 4.94, P = 0.04). Meloidogyne incognita-infested plants
contained 1441 ± 34.25 galls/plant. Three females laid 46.3
and 21.5 eggs/plant in average on non-infested and root-
infested plants, respectively.

Meloidogyne incognita Root Herbivory Negatively Affects
Tuta absolutaDevelopmentMeloidogyne incognita root her-
bivory had a negative impact on T. absoluta development,
which was more strongly visible at the pupation stage
(Fig. 4). Nematode herbivory had no significant effect on lar-
val development time and mortality, or the fecundity and lon-
gevity of the emerging T. absoluta females (Table 1).
However, the pupal stage of Tuta absolutawas 1.2 ± 0.25 days
longer on M. incognita-infested plants than on non-infested
plants (Fig. 4a; df = 15, F = 6.88, P = 0.02), and pupal mor-
tality was significantly higher on root-infested plants than on
control plants (Fig. 4b; df = 15, F = 8.80 P = 0.01).
Interestingly, the higher pupal mortality and slower pupal de-
velopment time on root-infested plants was accompanied by a
greater proportion of deformed pupae (Fig. 4c; df = 15,
χ2 = 20.74, P = 0.04). Taken together, the impact of nematode
infestation on oviposition preference, and on larval and pupal
mortality, 30 and 9 adults are expected to emerge from control

and from nematode-infested plants, respectively (Table 1,
Figs. 3, 4b).

Meloidogyne incognita Herbivory Alters Aboveground
Volatile Emissions, Photosynthesis and Leaf Trypsin
Proteinase Inhibitor Activity Meloidogyne incognita root
herbivory had a strong systemic effect on volatile emis-
sion, photosynthesis and trypsin proteinase inhibitor activ-
ity in the leaves (Figs. 5, 6). The volatile blend emitted by
tomato shoots markedly differed between root-infested
plants and control plants (Online Resource Fig. 3). A total
of 33 volatile compounds were detected, eight of them
differed statistically between treatments. Specifically, the
emission of α-terpinene (KI 1006), β-phellandrene (KI
1037), β-caryophyllene (KI 1439), and one unidentified
compound (Unknown 1; KI 1494) was strongly decreased
in root-infested plants compared to control plants (Fig. 5a-
d, P < 0.05). Strikingly, the emissions of α-pinene (KI
941), α-humulene (KI 1473), and two unidentified com-
pounds (Unknown 2, KI 1821; Unknown 3, KI 1908) were
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completely suppressed in plants attacked by M. incognita
(Fig. 5e-h, P < 0.05). Net photosynthesis was decreased by
45% (Fig. 6a; df = 5, F = 31.22, P = 0.005), and leaf
trypsin protease inhibitor activities were 2.5-fold higher
in the leaves ofM. incognita-infested plants (Fig. 6b; df = 5,
F = 47.49, P = 0.002).

Discussion

In this study, we found that M. incognita root herbivory
strongly affects both the oviposition preference of
T. absoluta females and the development of the resulting off-
spring by specifically affecting the pupation process. These
effects were correlated with systemic changes in the chemistry
and physiology of aboveground plant organs.

Tuta absoluta preferentially laid eggs on non-infested con-
trol plants, an effect that was accompanied by strong quanti-
tative and qualitative changes in leaf volatile profiles.
Whereas some volatiles decreased in concentration, the emis-
sion of many others was completely suppressed in response to
root-knot nematode herbivory. The effects of insect root her-
bivory on aboveground volatile profiles and oviposition pref-
erence of aboveground insect herbivores have been broadly
studied. To our knowledge, however, whether nematode root
herbivory induces similar effects is unknown. Root-herbivory
reduces the production of volatiles by above-ground plant
parts (Rasmann and Turlings 2007; Soler et al. 2007), which
is accompanied by changes in oviposition preference of
aboveground insects in a species-specific manner. For in-
stance, females of Pieris brassicae and Spodoptera littoralis
preferred to lay eggs on non-infested plants, while the root
herbivores Delia radicum and Agriotes lineatus have little
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Table 1 Life-history parameters of Tuta absoluta fed on control and Meloidogyne incognita-root infested tomato plants (N = 8)

Parameters Control Root-infested F or χ2 values P values

Larval development (days) 17.0 ± 0.0 17.2 ± 0.1 χ2 [1,14] 0.04 0.89

Larval mortality (%) 18.3 ± 8.7 18.4 ± 9.3 χ2 [1,14] 139.2 0.68

Pupal weight (mg) 3.8 ± 0.10 4.0 ± 0.13 F [1,14] 0.86 0.36

Female longevity (days) 11.32 ± 0.38 11.37 ± 0.55 F [1,55] 0.0 0.93

Female fecundity (eggs) 62.6 ± 7.02 62.7 ± 8.74 F [1,55] 0.0 0.99
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influence on the oviposition preference of Pieris rapae
(Anderson et al. 2011; Soler et al. 2010). Herbivorous insects
use plant volatiles as cues for long-range orientation to locate
plants to feed on or to use as oviposition sites (Beyaert and
Hilker 2014; Bruce and Pickett 2011; Clavijo McCormick
et al. 2012). Changes in either the presence or the relative
abundance of a single volatile compound in the plant head
space blend are perceived by female insects, which can result
in the disruption of female long-range searching and oviposi-
tion behavior, causing plants not to be recognized as hosts
(Bruce and Pickett 2011; Bruce et al. 2005; Späthe et al.
2012). For instance, sesqui- and monoterpenes such as β-
caryophyllene, α-humulene, and α-pinene are used by female
moths as volatile cues to locate host plants (Ennis et al. 2016;
Hartlieb and Rembold 1996; Karlsson et al. 2009; Tasin et al.
2006), as is the case of Lobesia botrana female moths that are
attracted by specific rates of terpenoids released by gravepine
plants (Tasin et al. 2006). Similarly, monoterpenes from Picea
glauca can be used as short-range attractants and stimulate
oviposition by Choristoneura fumiferana females (Ennis
et al. 2016). We found that the emission of terpenoids was

strongly suppressed by nematode root herbivory. Given that
these compounds are the most abundant tomato headspace
volatiles and are used by T. absoluta as host plant recognition
and attraction cues (Proffit et al. 2011; Strapasson et al. 2014),
we hypothesize that the reduction of these compounds might
have affected T. absoluta long-range foraging behavior,
caused the non-recognition of nematode-infested plants as
hosts, and resulted in higher amount of eggs laid on control
plants. Alternatively, females might have used additional cues,
as for example oviposition-relevant contact cues, and rejected
infested plants as oviposition substrate. Future studies might
address the relative importance of the observedM. incognita-
induced changes in volatile emissions and other factors, as for
example changes in oviposition-relevant contact cues, for the
observed T. absoluta oviposition preference. The use of plants
with altered volatile emissions together with complementation
experiments might be a promising approach in this context.

Meloidogyne incognita herbivory not only affected
T. absoluta oviposition behavior but also the development of
its progeny by specifically interfering with the pupation pro-
cess: the duration of the pupal stage was longer, the survivor-
ship of pupae was reduced, and the occurrence of deformed
pupae was higher on nematode-infested tomato plants than on
control plants. These effects were correlated with a strong
suppression of photosynthesis and an increased activity of
trypsin proteinase inhibitors. An increase in TPI activity af-
fects T. absoluta survivorship directly (Sellami and Jamoussi
2016) by reducing protein digestibility (Broadway and Duffey
1986; Matt et al. 2002; Ryan 1989), and the decrease in pho-
tosynthesis may have reduced leaf nutritional quality even
further (Ferrieri et al. 2015; Machado et al. 2015). Given that
other plant secondary metabolites can affect insect molting
processes by disrupting ecdysteroid metabolism and the pro-
duction of committed hormones (Bede et al. 2007; Hesterlee
and Morton 1996), further research is necessary to determine
how exactly root herbivory-induced changes in foliar chemis-
try affect T. absoluta pupal development.

In summary, nematode root herbivory strongly affected
Tuta absoluta oviposition behavior, the development of its
offspring and aboveground chemistry of the host plant. The
findings of this study help to understand the outcome of plant-
mediated interactions between organisms from different feed-
ing guilds.
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Fig. 6 Meloidogyne incognita-herbivory reduces photosynthetic
capacity and increases leaf trypsin inhibitor activities in tomato plants. a
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