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Belowground feeding herbivores can affect their aboveground counterparts via
systemic induced responses. Hormonal signaling pathways, such as the jasmonic
acid (JA) and salicylic acid (SA) pathways, play a pivotal role in shaping such
aboveground-belowground herbivore interactions. In this study, we analyzed the effects
of two root-feeding nematode species, the cyst nematode Heterodera schachtii, and the
root-knot nematode Meloidogyne hapla, on the preference and performance of cabbage
aphid, Brevicoryne brassicae. The two sedentary nematodes differ in their feeding
strategies and in which plant responses they trigger. We tested the hypothesis that
differences in aphid preference and performance are governed by differences in systemic
defense signaling triggered by the nematodes. When allowed to choose, aphids showed
a lower preference for black mustard (Brassica nigra) plants infested with H. schachtii
compared to uninfested plants. On these plants their population increase was reduced
as well. Gene expression analyses revealed that aphid infestation on H. schachtii-infested
plants strongly induced PR7, a marker gene for the SA-pathway. The expression of
the JA marker genes VSP2 and MYC2 was repressed. On the other hand, M. hapla
infestation increased aphid preference and population growth compared to those on
control plants. Aphid feeding upregulated the expression of VSP2 and MYC2, whereas
PR1 expression was not induced. Interestingly, aphid infestation on plants without
nematodes did not activate any of the signaling pathways. This suggests that H. schachtii
infestation systemically enhanced aphid induced-resistance via the SA pathway. In
contrast, M. hapla infestation enhanced JA-pathway regulated responses. This may
reduce SA-induced resistance to aphid infestation via negative JA-SA cross-talk. Based
on our results, we conclude that the differences in the interactions of aphids with cyst
and root-knot nematodes emerge from differences in the plant responses triggered by
both nematodes. Our results show that aboveground herbivore performance on plants
infested with different nematode species may be strongly associated with nematode
feeding strategies.

Keywords: aboveground-belowground interactions, Brevicoryne brassicae, induced defense responses,
Heterodera schachtii, hormonal cross-talk, gene expression, Meloidogyne hapla, plant-herbivore interaction
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INTRODUCTION

Plants have evolved sophisticated defenses to a wide range of
above- and belowground herbivores and pathogens. Some of
these responses are induced upon damage, and thus can be
tailored to the type of attacker (Karban and Baldwin, 1997;
Mithofer and Boland, 2008; Danner et al., 2017). Induced
responses are mainly governed by the phytohormones jasmonic
acid (JA), salicylic acid (SA), and ethylene (ET) (Beckers and
Spoel, 2006). The JA pathway is commonly induced by chewing
herbivores and necrotrophic pathogens, which cause tissue
damage (Verhage et al, 2011; Wasternack, 2014). Biotrophic
pathogens and sap-sucking insects such as aphids and whitefly,
on the other hand, induce the SA pathway (Walling, 2000;
Moran et al, 2002). ET has a modulatory role and acts
synergistically with JA in Arabidopsis thaliana (Adie et al,
2007; Leon-Reyes et al., 2009). Plants respond very specifically
to the type of herbivore or pathogen that is attacking. This
involves an intricate receptor and signaling network, which
fine-tunes the response based on specific cues (Koornneef and
Pieterse, 2008; Wasternack, 2014). This specificity is caused
by a combination of chemical and mechanical cues. First, the
plants may recognize herbivores based on salivary compounds
they excrete while feeding (Mithofer and Boland, 2008). Second,
herbivores with different feeding strategies, for example sucking-
piercing aphids and leaf chewing caterpillars, induce or suppress
different signaling pathways (Bidart-Bouzat and Kliebenstein,
2011). Each herbivore and pathogen induces its own combination
of JA, SA, and ET responses. Cross-talk between the signaling
pathways results in a specific defense response (Pieterse, 2012;
Mathur et al., 2013a).

Induced responses do not only occur in the affected areas,
but also modify the defense status of undamaged organs (Dicke
and Baldwin, 2010; Karban, 2011; Mathur et al., 2013b). Systemic
responses are triggered by signals transported via the air or the
plant’s vascular system (van Dam and Heil, 2011). They may
either cause Induced Systemic Resistance (ISR), or prime the
plant systemically (van Dam and Oomen, 2008; Erb et al., 2009).
ISR increases the resistance levels of undamaged plant parts.
Priming, on the other hand, enhances the induced response to
later arriving herbivores or pathogens (Martinez-Medina et al.,
2016). Both ISR and priming may cause interactions between
aboveground and belowground herbivores feeding on the same
plant (Erb et al, 2011; Mathur et al., 2011; van Dam and
Heil, 2011; van Geem et al., 2016). Consequently, aboveground
herbivores may be confronted with plant defense responses
activated by root herbivores, and vice versa (Kaplan and Denno,
2007; Wurst et al., 2008; Kafle et al., 2017; Papadopoulou and
van Dam, 2017). The outcome of aboveground-belowground
interactions may depend on the herbivore species that is feeding
on either organ, as well as on the time and sequence of infestation
(Erb et al., 2011; van Dam and Heil, 2011).

Plant parasitic nematodes are known to infect thousands
of species, causing economic losses of more than $157 billion
annually to global crop production (Abad et al., 2008). Sedentary
cystand root-knot nematodes are causing the greatest production
losses (Jones et al, 2013). They parasitize plant roots by

evading or suppressing host defenses (Sasser, 1989; Williamson
and Kumar, 2006). Freshly hatched second stage juveniles (J2)
migrate into the soil in search of a suitable host. By a combination
of heavy stylet thrusting and release of cell wall degrading
enzymes, the juveniles enter the root tissue close to the root
tip at the elongation zone. Thereafter they migrate toward the
vascular cylinder. Cyst and root-knot nematodes have different
migration strategies which are essential for the interaction with
their host plant. Cyst nematodes move intracellularly, thereby
damaging root cells while moving to the vascular cylinder
(Williamson and Gleason, 2003). Root-knot nematodes, on the
other hand, move intercellulary through the cortex toward the
root tip. In the root apex, they turn around, thereby damaging
meristematic cells, and enter the vascular cylinder. In the
vascular cylinder, they migrate again in a non-destructive way
toward the differentiation zone (Williamson and Gleason, 2003).
Both cyst and root-knot nematodes transform selected root
cells into a permanent feeding site (Gheysen and Mitchum,
2011). Stylet secretions from the nematode pharyngeal glands
are responsible for the induction of the feeding cell. Cyst and
root-knot nematodes induce different feeding structures: cyst
nematodes induce a syncytium, while root-knot nematodes
induce the formation of giant cells (Gheysen and Mitchum,
2011). Throughout further development, the nematodes show
a continuous cycle of alternate feeding on the cytoplasm and
release of stylet secretions (Vanholme et al., 2004). In addition,
nematodes manipulate hormonal signaling in their hosts in order
to suppress defense responses and establish a sink for nutrients.
As for aboveground herbivores, there is species-specificity among
nematodes with regards to the hormonal pathways that are
induced. This is also reflected in aboveground expression
profiles. Plants infested with different nematodes show specific
changes in the aboveground expression of signaling marker
genes (Hamamouch et al., 2011). This suggests that, similar
to aboveground herbivores, nematodes with different feeding
strategies induce different signaling pathways in their host. In
consequence, it can be postulated that nematodes with different
invasion strategies, such as cyst and root-knot nematodes, have
differential effects on aboveground feeding herbivores.

Like nematodes, aphids also feed directly on vascular tissue.
When aphids arrive on their host plant they insert their stylets
into the leaf tissue. On their way to the phloem, they puncture
several mesophyll cells in which they inject salivary components
or effectors (Hogenhout and Bos, 2011). The saliva of aphids
contains enzymes such as peroxidases and p-glucosidases based
on which plants may recognize aphids and respond accordingly
(Miles, 1999; De Vos and Jander, 2009). As soon as the stylet is
inserted into the phloem, aphids inject calcium-binding proteins
to prevent blockage of the sieve elements (Hogenhout and
Bos, 2011). Aphids are considered “stealthy feeders” (De Vos
et al,, 2005), because they elicit relatively few induced responses
compared to chewing insects (Bidart-Bouzat and Kliebenstein,
2011; Danner et al., 2017). Next to causing little cell damage, they
also inject effectors to reduce plant resistance responses (De Vos
et al., 2005; Bidart-Bouzat and Kliebenstein, 2011; Hogenhout
and Bos, 2011). Nevertheless, aphids can still be affected by
(systemically) induced plant responses. For example, B. brassicae
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is a well-adapted specialist on Brassicaceae which even sequesters
its specific defense chemicals, the glucosinolates, for its own
defense (Francis et al., 2001). Despite these adaptations, its
population development can be affected by nematode feeding
(Kutyniok and Miiller, 2013; Hol et al., 2016).

We hypothesized that differences in nematode feeding
strategies affect the preference and performance of shoot feeding
aphids. More specifically, we postulated that this specificity in the
interactions between nematodes and aphids is reflected in aphid-
induced defense signaling observed in the shoots. We tested
our hypothesis using Brassica nigra infested with Heterodera
schachtii, a cyst nematode, or Meloidogyne hapla, a root-knot
nematode. Both nematodes are generalist pests on many crop
species (Jones et al., 2013). They also occur naturally on B. nigra
in low numbers (Hol et al., 2016). We studied their effect on
a common aboveground specialist aphid, Brevicoryne brassicae.
To test our hypothesis, we set up a series of experiments. In
all experiments, plants were infested with nematodes first. This
mimics the natural sequence of events. Plant parasitic nematodes
are amongst the first pests which an annual plant species, such
as B. nigra, encounters. This is due to the fact that roots are
the first tissues to emerge from the seed. Aphids generally arrive
later in the life cycle of a plant, when sufficient leaf mass has
formed (Kos et al.,, 2011). In natural environments, aphids are
thus likely to encounter plants that are already infested by
root nematodes. In our first experiment, we compared aphid
population growth as affected by nematode infestation in a no-
choice situation. In addition, we conducted a choice experiment
in which aphids could choose between plants infested with a
single nematode species and a control plant. We assessed both
aphid preference within the first 48h and long term aphid
population development for up to 14 days. Finally, we designed
an experiment to elucidate the signaling mechanisms underlying
nematode-aphid interactions. Together, these three independent
experiments allowed us to directly compare the ecological effects
as well as underlying molecular mechanisms of the interactions
between nematodes and the aphids.

MATERIALS AND METHODS

Biological Materials

Insect Culture

A starting colony of cabbage aphid, Breviycoryne brassicae (L.)
was obtained from the Laboratory of Entomology, Wageningen
University and Research Centre, Wageningen, the Netherlands.
This colony was maintained on black mustard, Brassica nigra,
plants in insect cages in a greenhouse facility at Radboud
University, Nijmegen, the Netherlands. A cohort of nymphs were
obtained by transferring adult aphids from the maintenance
culture to aphid free B. nigra plants. On the following day, the
adult aphids were removed from the plants and only the new-
born nymphs were maintained. Winged aphids (alates), which
were required for host preference test, were obtained by crowding
and starving the colonies.

Plant Materials
Brassica nigra seeds (collected in 2004 from population in
Wageningen, see Hol et al., 2016) were germinated on water

soaked glass pearls in 15 x 10 cm plastic containers. The plastic
containers were covered with transparent lids and kept in a
climate chamber at a temperature of 20:16°C (day: night) and a
photoperiod of 16: 8h (light: dark). After 10 days, the seedlings
were transplanted to 1.5L pots filled with river sand. Each of
the plastic pots was filled with 2,000 g of dry river sand and
supplied with 200 mL of tap water. Directly after transplantation,
the pots received 100 mL half-strength Hoagland solution with
three times phosphorus (3P Hoagland, see van Dam et al., 2004).
Twenty randomly selected pots were weighed every 2 days in
order to monitor the moisture content of the pots. The pots
were supplied with water or Hoagland solutions to maintain
the moisture content of the sand at 15%. In cases where high
variation in moisture content were observed among pots, the
individual pots were weighed and supplied with water to bring
the moisture content back to 15%. The plants were supplied
with Hoagland solution every week. Developmental stages of
B. nigra plants were determined following a universal BBCH scale
(Lancashire et al., 1991).

Nematode Cultures

Second stage infective juveniles (J2s) of Heterodera schachtii
and Meloidogyne hapla were purchased from HZPC Research
and Development, Metslawier, the Netherlands. The nematodes
were hatched in root exudates, then purified and shortly stored
in tap water. The concentration of each nematode species was
determined by counting the number of J2s per 1 mL of nematode
suspension under a stereomicroscope.

Experiments

Aphid No-Choice Performance Experiment

Ten 4-weeks old B. nigra plants, each with two visibly extended
internodes (BBCH code 32) were assigned to each of the
following three treatment groups: Aphids only, Aphids +
H. schachtii, Aphids + M. hapla. Prior to nematode inoculation,
plants were supplied with Hoagland solution so that the plants
were well watered at the time of nematode infection. Following
this, each of the plants in the Aphids + H. schachtii and Aphids
+ M. hapla groups were inoculated with 3 mL water containing
in total 750 J2s of H. schachtii or M. hapla, respectively. Plants
in the first treatment group were mock inoculated with the same
volume of water. The nematode suspension was injected into the
sand mass close to the rhizosphere. After inoculation, 50 mL of
water was supplied to each of the plants in order to facilitate
the distribution of nematodes in the rhizosphere. On the seventh
day after nematode inoculation, all plants were transferred to
individual insect cages. Five 2-days old B. brassicae nymphs were
released on the top three fully unfolded leaves of each of the
thirty B. nigra plants. At this time point, the plants had four
extended internodes (BBCH code 34). The performance of the
aphids was determined over the next 28 days by counting aphids
at day 7, 11, 14, 17, 20, 23, 26, and 28. At day 35, the plants were
harvested and shoots were immediately freeze-dried to determine
their biomass. The number of nematodes present on the roots of
each plant were counted and the roots freeze-dried for biomass
measurement.
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Aphid Choice and Performance Experiment

Two separate choice experiments were conducted to study the
preference of B. brassicae alates for H. schachtii and M. hapla
infected B. nigra plants and their subsequent performance. In
the first experiment, ten pairs of plants were kept in a cage.
One plant was inoculated with 1000 J2s of H. schachtii in 4 mL
water and the other was mock inoculated with 4 mL water. On
the seventh day after nematode inoculation, 10 winged aphids
(alates) were released in each cage in a plastic Petri dish placed
equidistant from the two plants. In the second experiment, a
similar set-up was used with only four pairs of plants, due to a
paucity of plant materials. One was inoculated with 1000 J2s of
M. hapla and the other mock inoculated. Seven days later, 20
alates were released in each cage. The preference of B. brassicae
for nematode infected vs. nematode-free plants was assessed by
counting the number of winged aphids that had landed on the
plants at 16, 24, 40, and 48 h. After aphid preference assessment,
the plants were maintained as pairs in the same cages. Aphid
numbers were counted at 5, 8, 11, and 14 days after aphid
release.

Gene Expression in Response to Nematode and
Aphid Infestation

Four-weeks old B. nigra plants with two visibly extended
internodes (BBCH code 32) were assigned to each of the
following six treatment groups: nematode and aphid free plants
(Control); only H. schachtii inoculated in the roots (Hs), only
M. hapla inoculated in the roots (Mh), only B. brassicae aphids
released on the shoot (BB), H. schachtii inoculated in the roots
and aphids released on the shoot (Hs+BB), M. hapla inoculated
in the roots and aphids released on the shoot (Mh+BB). Each of
the plants receiving nematode treatments were inoculated with
750 J2s of the respective nematode species as above. On the
seventh day after nematode inoculation, five developmentally
synchronized B. brassicae nymphs were released on B. nigra
plants in BB, Hs+BB and Mh+BB treatment groups. Plants were
harvested for gene expression analyses on the third, seventh (just
prior to aphid infestation) and sixteenth day (9 days after aphid
release) of nematode inoculation. For each time point, ten plants
were harvested from each treatment group.

Leaves of the harvested plants were snap frozen in liquid
nitrogen, stored at —80°C and freeze-dried. The dried samples
were ground with a Retsch Mixer Mill MM300 (Retsch GmbH,
Rheinische, Germany) using stainless steel balls. Total RNA
was extracted with Aurum™ Total RNA Mini Kit (Bio-
Rad, Berkeley, USA) with an additional DNase treatment step
included. The number of samples per treatment was reduced
from ten to five by pooling two samples together in order to
reduce biological variation. The RNA quality and absence of
genomic DNA was checked on agarose gel. The concentration
and quality of RNA was determined by Nanodrop (Thermo
Fisher Scientific, Wilmington, U.S.A.). A 500 ng aliquot of total
RNA was reverse transcribed using the iScript™ ¢DNA Synthesis
Kit (Bio-Rad, Berkeley, USA). Prior to qPCR, the cDNA was
diluted to 20-fold. To verify the absence of genomic DNA
contamination, negative cDNA control samples were made by
omitting the reverse transcriptase.

Expression levels of three plant defense-related marker
genes: PRI, for the SA pathway (Fu and Dong, 2013), plus
MYC2 and VSP2 as JA responsive genes (Pieterse et al., 2009;
Verhage et al., 2011) were analyzed along with three Brassica
internal control genes: GAPC2, PP2A and SAND (Table 1).
Real-time amplification reactions were performed using SYBR
Green detection method on 96-well plates with the Bio-
Rad iCycler thermocycler (BIO-RAD, Hercules, CA, USA).
Amplification reactions were performed in a 25 uL reaction
solution comprising 12.5 pL of iQ™ SYBR® Green Supermix
(BIO-RAD, Hercules, CA, USA), 0.75 pL (10 uM) of each of
primer, 6 nL of nuclease free water and 5 wL of the template
cDNA. A control reaction was run for each gene where the cDNA
was replaced by nuclease free water. The reactions were run for
45 cycles at 95°C for 3 min, 95°C for 30s, 60°C for 15s (except
for VSP2 gene where the annealing temperature was 61°C) and
72°C for 15s and followed by a melting curve analysis of 1 min
at 95°C, 1min at 55°C and 10s at 55°C + 0.5°C each cycle
for 80 cycles. For all target and reference genes, orthologous
Arabidopsis thaliana locus numbers and primer sequences are
shown in Table 1.

Data Analysis

No Choice Experiment

To detect differences in aphid population growth in the no-
choice experiment, aphid numbers over time were analyzed
using repeated measures ANOVA with a Greenhouse-Geisser
correction to correct for lack of sphericity of the data.

Choice Experiment and Population Development
Aphid preference and performance data obtained in the choice
experiments were analyzed using replicated G-tests (Sokal and
Rohlf, 1995). This allowed us to analyze overall distribution of
aphids over pairs of control and nematode infested plants (Gp,
equivalent to Chi-square), as well as the total fit of the datatoa 1:1
distribution (G¢). Gp or Chi-square values are based on overall
numbers; the sums of rows and columns in the distribution table.
The Gy value, however, takes into account that the experiment
consisted of multiple replicates, in this case plant pairs. The G-test
also allows to identify heterogeneity among the replicates (Gp;
Sokal and Rohlf, 1995). For the longer term population analyses
(5-14 days) the paired set-up of control and nematode infested
plants was continued. The aphid counts over the experiment are
thus a combination of per plant aphid population growth plus
redistribution of aphids over the two plants. For this reason, the
distribution of aphids at the end of the experiment (day 14) were
also analyzed using G-tests.

Plant Biomass and Numbers of Galls/Cysts

Biomass data and numbers of cysts/galls were analyzed using
ANOVAs per treatment group using SPSS 20.0 (SPSS, Chicago,
IL, USA). Gene expression data: primer pair efficiencies were
calculated using LinRegPCR (11.0) program (Ramakers et al.,
2003). Expression levels of target genes were determined
by normalizing over the expression levels of three reference
genes (GAPC2, PP2A and SAND). The expression of the
reference genes was computed using the average of mean
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Sequence of reverse primer
5-TTCCTCCTTGATAGCCTTCTTG-3'

5 -AATTTGATGTTTGGAACTCTGTCTT-3
5'-ATCGCCATCGCCTTGTCT-3'
5'-CTACTCCCGGCCAAGTTCTC-3'
5'-CCCGTATCCATATTGAGCGTA-3’
5'-CGTTAACCACCGACATACTCG-3’

5'-AGTTGTTGACCTCACGGTTAGAC-3'
5'-CATGCTCCAAGCTCTTACCTG-3
5/-TTTGAACTCTACGCAGCATTTG-3'
5’-CTACGCCGACCGACTAAGAG-3'

Sequence of forward primer
5'-TCTACGCCAAAGGACTTGCT-3
5-AGGTTGATGTCGGCGTTG-3’

Glyceraldehyde-3-phosphatedehydrogenase/Glycolysis
Pathegenesis - Related Gene 1 (SA responsive gene)
Vegetative Storage Protein 2 (JA-responsive gene)
Transcription factor (JA-responsive gene)
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PCR efficiency and geometric mean of each reference gene
(Vandesompele et al,, 2002). Normalized expressions of the
target genes were then calculated by dividing the expression
of the reference genes by that of the target gene (Muller
et al., 2002). The normalized expression values of the control
groups were averaged. These averages were used to calculate
Log2 expression data for each treatment group as follows: Log2
expression = Log2(ExpressionSample_norm/AverageControl _
norm). For each treatment group, it was tested whether Log2
expression values deviated from 0 i.e., whether the gene was
significantly up or down regulated, by a single sample ¢-test.
To control for multiple comparisons we set alpha to 0.005.
Data were checked for normality (Kolmogorov Smirnov test
on residuals) and Homogeneity of Variance (HOV; Levene’s
test) and analyzed with ANOVA. When data did not meet
requirements (e.g., PRI expression on day 16), the equivalent
non-parametric Kruskall-Wallis analysis was applied. All gene
expression data were analyzed using Statistica version 12.7
(StatSoft Europe, Hamburg, Germany). Tukey HSD tests were
conducted to identify significant differences among treatments
within harvest.

RESULTS

Aphid No-Choice Performance Experiment
Aphid population increase on nematode infected B. nigra plants
was not significantly different from that on nematode-free plants
(Figure 1; Repeated measures ANOVA, Treatment: F = 1.199,
p = 0.318; Treatment x Time: F = 2.119, p = 0.357). However,
on H. schachtii infected plants, aphid population numbers were
consistently lower. The numbers of root cysts (adult females)
and root galls on H. schachtii and M. hapla inoculated plants,
respectively, did not significantly differ between plants with and
without aphids (Table 2; p = 0.436). In the H. schachtii treatment
group, the number of aphids per plant counted at the end of
the experiment decreased with the number of cysts [Figure 1,
Table 2; aphids = —24.94 In(cysts) + 103.08, R? = 0.3947].
No correlation was found between aphids and root galls in the
M. hapla treatment group. Herbivory by aphids and nematodes,
alone or in combination, did not significantly affect plant total
dry biomass (Table 3; ANOVA, F = 2.214; df = 5; p = 0.066),
shoot (F = 2.065, df = 5; p = 0.084) or root dry biomass
(F=1.098, df = 5 p = 0.372).

Aphid Choice and Performance Experiment
We conducted a choice experiment to determine host preference
of winged B. brassicae. This mimics the natural situation, where
winged aphids (alates) select suitable host plants to establish and
reproduce. When given the choice, significantly lower numbers
of aphids were counted on H. schachtii infected plants at all
time points, except for 40h after aphid release, compared to
nematode-free plants (Figure 2A; Table 4). In contrast, higher
numbers of B. brassicae alates landed on M. hapla infected plants
at 16 h after their release (Figure 3A).

The plant pairs were maintained in the same net cages and the
population size of B. brassicae was counted at 5, 8, 11, and 14 days
after aphid release. The average number of aphids on controls
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FIGURE 1 | Average numbers (=SEM) of Brevicoryne brassicae aphids found
per plant from 7 to 28 days after five 2-day old nymphs were released on each
plant (no-choice experiment; n = 10 per treatment group). Plants were either
infested with Heterodera schachtii (white circles) or Meloidogyne hapla (gray
triangles) or mock inoculated (black squares) 7 days before aphids were
released.

TABLE 2 | Average number + SEM of cysts (Heterodera schachtii) or root galls
(Meloidogyne hapla) per plant at 16 days after infestation with nematodes on
plants with and without 9 days of aphid (Brevicoryne brassicae) feeding.

No aphids With aphids (B. brassicae)
Heterodera schachtii 37.6+£5.6 37.8+£6.9
Meloidogyne hapla 28.6 + 4.1 289+ 4.4

N = 10 per treatment group.

was larger than on H. schachtii infested plants at each time point
(Figure 2B). After 14 days, control plants supported 1.5 times
more aphids than H. schachtii-infested plants (Figure 2B, G-test,
Gt = 305.7, df. = 4, p < 0.001). The opposite pattern was
observed for the control-M. hapla pairs; after 14 days M. hapla
plants overall hosted about twice as many aphids as controls (G-
test, Gt = 1409.15, d.f. = 10, p < 0.001). We found considerable
variance in the numbers of aphids per plants (Figures 2, 3), as
well as significant heterogeneity in aphid distribution among the
plant pairs (Table 4; H. schachtii pairs: Gh = 1181, d.f. = 9,
p < 0.001; M. hapla pairs, Gh = 63.8,d.f = 3, p < 0.001).

Gene Expression in Response to

Nematode and Aphid Infestation

To analyze how nematodes affect shoot defense responses to
aphid infestation, we analyzed the expression of three marker
genes before and after aphid infestation. We chose PR1 as a
marker for the SA pathway. MYC2 and VSP2 served as marker
genes for the JA signaling pathway. Both nematodes similarly
affected PRI expression over time (Figure 4A). At 3 d.a.i., PRI
expression levels in nematode-infested plants were similar to
those in control plants. At 7 d.a.i. both nematode species reduced
PRI expression, whereas they increased PRI expression at 16
d.a.i. Nine days of aphid infestation alone did not affect PRI

expression (Figure 4A). However, when the aphids were feeding
on plants infested with H. schachtii, the PRI expression in the
shoots was significantly higher than that in plants with aphids
only. In contrast, PRI expression in plants with aphids and
M. hapla nematodes were close to control levels and significantly
lower than on plants with M. hapla only (Figure 4A).

Early MYC2 expression at 3 d.a.i. differed between nematode
species; H. schachtii downregulated MYC2, whereas M. hapla
increased its expression (Figure 4B). Interestingly, VSP2, which
is downstream of MYC2, was significantly suppressed in both
nematode treatments at the same time point (Figure 4C). At
7 d.ai., the difference had disappeared and both nematode
species downregulated MYC2 and VSP2 expression. This changed
again at 16 d.ai; H. schachtii upregulated both MYC2 and
VSP2, whereas M. hapla downregulated both genes. Aphid
feeding alone did not upregulate MYC2 or VSP2 over control
levels (Figures 4B,C). However, when aphids were on plants
with H. schachtii, the expression of both JA-marker genes
was downregulated and lower than in plants with aphids or
H. schachtii only (Figures 4B,C). In contrast, aphid feeding on
plants with M. hapla upregulated the expression of MYC2 and,
even more so, of VSP2. This resulted in higher expression of
these JA-markers than in plants with aphids or M. hapla only
(Figures 4B,C).

DISCUSSION

Our results show that two species of nematodes with different
feeding strategies affect the preference and performance of
aboveground feeding aphids in opposite ways. The effects became
most apparent when the aphids could choose between non-
infected (control) and nematode-infected plants. Infestation
by the cyst nematode H. schachtii had a negative impact on
aphid preference and population growth. In contrast, M. hapla
infestation attracted aphids and made B. nigra a more suitable
host. Gene expression analyses revealed that these disparate
effects are likely caused by differences in the systemically
induced responses triggered by both nematodes. Nine days of
aphid feeding more strongly upregulated PRI expression on
plants infested with H. schachtii than on nematode-free plants.
M. hapla feeding, on the other hand, reduced PRI expression,
but upregulated the JA marker genes VSP2 and MYC2. This
means that M. hapla may suppress SA related responses triggered
by aphids, most likely via negative cross-talk by enhancing
the JA pathway. Together our results confirm the hypothesis
that differences in nematode feeding strategies affect systemic
effects on aboveground herbivores via differential elicitation of
hormonal signaling pathways.

Systemic Responses to Nematode

Infestation

Most studies analyzing aboveground-belowground interactions
between defense responses analyze systemic responses to
belowground insect herbivores or microbial pathogens (van Dam
and Heil, 2011; Biere and Goverse, 2016). Compared to this
large body of literature, relatively few studies consider how
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TABLE 3 | Brassica nigra shoot, root and total plant biomass (g dry mass) &= SEM at 16 days after infestation with Heterodera schachtii or Meloidogyne hapla of plants

with and without 9 days of aphid (Brevicoryne brassicae) feeding.

No aphids With aphids (B. brassicae)
Shoot Root Total Shoot Root Total
Control 4.33+0.43 1.01 £0.15 534 £ 0.44 477 +£0.48 1.12+£0.28 5.88 +£ 0.52
H. schachtii 4.77 £0.58 0.95+0.16 5.73+0.48 455+ 0.44 1.09 + 0.21 5.64 +£0.43
M. hapla 4.34 +£0.32 1.10+£0.18 5.45 £ 0.29 476 £0.44 1.10 £ 0.17 5.86 + 0.48

N = 10 per treatment group.
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FIGURE 2 | Average numbers (+ SEM) of Brevicoryne brassicae aphids found
per plant. (A) Number of aphids at 16, 24, 40, and 48 h after 10 winged aphids
were released in each cage (n = 10). The aphids were allowed to choose
between a control plant (gray bars) and a plant infested with Heterodera
schachtii nematodes (white bars) enclosed in a single cage. In the bars: sum of
aphids out of 100 released in total found on plants in the respective treatment
group. The remaining aphids were not found on any plant at the times the
aphids were counted. The asterisks indicate whether the distributions of the
aphids overall were deviating from a 1:1 distribution (replicated G-test per time
point, Gpooled, d.f. = 1); *p < 0.05, **p < 0.01. (B) Numbers of aphids on
either plant from 5 to 14 days after aphids were released. Black circles: control
plants, white circles: H. schachtii infested plants. Both plants were left in the
same insect cage over the course of the experiment; the resulting numbers
thus are a combination of growth rates and redistribution of aphids.

nematode-infestation alters the expression of defense related
genes in the leaves (Biere and Goverse, 2016). We found that
the cyst nematode H. schachtii first suppresses (3-7 d.a.i),

and then increases PRI expression at 16 d.ai. In line with
our findings, the cyst nematode Globodera pallida increased
endogenous SA concentrations 14 d.a.i. in Solanum tuberosum
(Hoysted et al., 2017). In this study, the expression of three PR
genes (PR1, PR2, and PR5) serving as markers for SA signaling
(Fu and Dong, 2013) were analyzed. Only PR5 was significantly
upregulated by cyst nematode infestation. Endogenous JA levels
were not changed by G. pallida infestation (Hoysted et al,
2017). This contrasts with our observation that H. schachtii first
downregulated (3 and 7 d.a.i) and then upregulated the JA marker
genes MYC2 and VSP2 at 16 d.a.i.. M. hapla infestation caused
a similar expression profile for PRI as H. schachtii. However,
M. hapla mostly suppressed JA marker expression over the
course of the experiment, with exception of MYC2 at 3 d.a.i.
The M. hapla-induced PRI expression in leaves contrasts with
previous studies. Root-knot nematodes, especially Meloidogyne
spp., generally suppress leaf defenses, independently of the
response they induce in the root (Hamamouch et al, 2011).
However, which pathways are affected, and how, varies among
studies. In rice, M. graminicola infestation suppresses both SA
and JA pathways in the leaves starting from 3 d.a.i. onwards
(Kyndt et al., 2012b). Similarly, several SA and JA marker genes
are suppressed in the leaves of A. thaliana infested for 5-
14 days with M. incognita (Hamamouch et al., 2011). Direct
measurements of the hormone concentrations in S. lycopersicum
showed a lower endogenous SA, but higher JA concentrations in
the leaves at 14 d.a.i. with M. incognita (Kafle et al., 2017). Due to
a paucity of studies, it is currently not possible to identify general
patterns. More detailed analyses of the effectors that the different
nematodes excrete may shed more light on how they differentially
manipulate their host’s defense response (Vanholme et al., 2004;
Abad et al., 2008; Haegeman et al., 2012).

Interactive Effects of Nematodes and
Aphids

Once aphids were feeding on the nematode infected plants,
we found a clear difference in the activation of signaling
pathways between H. schachtii and M. hapla infested plants.
H. schachtii infestation strongly enhanced PRI expression upon
aphid feeding. A similar activation of the SA defense pathway, as
indicated by an increase in endogenous SA concentration, was
observed in S. fuberosum when plants were infected with the
cyst nematode G. pallida and the aphid Myzus persicae (Hoysted
et al., 2017). On the other hand, MYC2 and VSP2 expression
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FIGURE 3 | Average numbers (£ SEM) of Brevicoryne brassicae aphids found
per plant. (A) Number of aphids at 16, 24, 40, and 48 h after 20 winged aphids
were released in each cage (n = 4). The aphids were allowed to choose
between a control plant (gray bars) and a plant infested with Meloidogyne
hapla nematodes (white bars) enclosed in a single cage. In the bars: sum of
aphids out of 80 released in total found on plants in the respective treatment
group. The remaining aphids were not found on any plant at the times the
aphids were counted. The asterisks indicate whether the distributions of the
aphids overall were deviating from a 1:1 distribution (replicated G-test per time
point, Gpooled, d.f. = 1); *p < 0.05. (B) Numbers of aphids on either plant
from 5 to 14 days after aphids were released. Black circles: control plants,
white circles: M. hapla infested plants. Both plants were left in the same insect
cage over the course of the experiment; the resulting numbers thus are a
combination of growth rates and redistribution of aphids.

were suppressed on double infested plants, compared to plants
infested with H. schachtii or the aphid alone. Interestingly, the
aphid-induced suppression of VSP2 was the strongest in the
presence of H. schachtii, which on its own strongly increased
VSP2 expression. This indicates that the enhanced SA-response
induced by aphids on H. schachtii-infested plants may suppress
the JA-induced responses via negative cross-talk (Pieterse et al.,
2009). In contrast, aphid feeding on M. hapla-infested plants
induced the JA, but not the SA pathway. Indeed, it has been
reported that aphid feeding triggers both SA and JA responses
(Moran et al., 2002; De Vos et al., 2005; Cao et al., 2016). On
Arabidopsis thaliana, B. brassicae feeding particularly increases

TABLE 4 | G-test test values for the Brevicoryne brassicae choice tests; short
term distribution.

Control vs. H. schachtii Control vs. M. hapla

Gh Gp Gt Gh Gp Gt

9d.f. 1df. 10 d.f. 3d.f. 1df. 4d.f.
16h  229.62 7.36 236.88 16h 14.49 3.85 18.33
P <0.001  0.0067 <0.001 P <0.001  0.049 <0.001
24h  267.88 4.85 272.74 24h 10.22 1.86 12.09
P <0.001  0.0276 <0.001 P 0.017 0.172 0.017
40h  279.22 3.64 282.86 40h 22.30 0.89 23.19
P <0.001  0.0564 <0.001 P <0.001  0.345 <0.001
48h  279.73 5.18 284.91 48h 13.28 0.78 14.07
P <0.001 0.0228 <0.001 P <0.001 0.376 0.007

d.f, degrees of freedom; Gh, G for heterogeneity among test replicates; Gp, G for pooled
data (equivalent to Chi-square analysis on total numbers per treatment group); Gt, G
for overall fit of the expected ratios (1:1); H. schachtii, plants infested with Heterodera
schachtii nematodes; M. hapla, idem, with Meloidogyne hapla nematodes.

the expression of genes in the SA pathway, and to a lesser
extent in the JA pathway (Kusnierczyk et al., 2008). Interestingly,
PRI expression was found to be only upregulated at later time
points (24-48h after aphid infestation). VSP2 expression was
downregulated by aphid feeding in A. thaliana, despite the
general upregulation of JA-related genes (Kusnierczyk et al,
2008). In our study, we found that the specialist B. brassicae
on its own induced very few defense responses, as indicated
by marker gene expression. However, this does not preclude
that plant defense levels are locally increased. Both B. brassicae
and My. persicae feeding can up-or downregulate the levels of
specific glucosinolates in leaves and phloem of A. thaliana and
Brassica species (Kutyniok and Miiller, 2012; Hol et al., 2013,
2016). Aphids, like nematodes, inject salivary components to
manipulate their host’s defense responses and to create a sink
at their feeding site (De Vos and Jander, 2009). A reallocation
of glucosinolates as a consequence of these manipulations, may
require the action of glucosinolate transporters (Nour-Eldin et al.,
2012), rather than the activation of glucosinolate biosynthesis
genes via the SA or JA-signaling pathway.

Molecular Mechanisms Underlying
Interactive Effects

The differential effects of the two nematodes species on aphid-
induced responses in the shoots, may originate from differences
in the specific plant-nematode interaction. As mentioned above,
root-knot nematodes invade the plant causing little cell damage.
Cyst nematodes, on the other hand, damage root cells while
migrating to the vascular cylinder (Gheysen and Mitchum, 2011).
The damage caused by H. schachtii in the early phases of
the plant-nematode interaction, may have primed the plant to
respond stronger to the later arriving aphids. When priming
occurs, there may first be an initial response to the priming
stimulus, in this case the nematode infestation (see Martinez-
Medina et al., 2016). Indeed, M. hapla infested plants showed
upregulated MYC2 and, to a lesser extent PRI, expression
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FIGURE 4 | Relative expression level (Log2) of (A) PR1, (B) MYC2, and (C)
VSP2 in Brassica nigra at 3, 7, and 16 days after infestation (d.a.i.) with either
Heterodera schachtii (HS) or Meloidogyne hapla (MH) nematodes. At 7 d.a.i., a
subset of the plants was infested with Brevicoryne brassicae (BB) aphids —the
plants with BB harvested at 16 d.a.i. suffered 9 days of aphid feeding. The
expression levels were calculated over the average expression levels in control
plants (mock inoculated with water) taken at each time point. Stars on the
X-axis indicate whether the treatment significantly up —or downregulated the
gene (Log?2 value larger or smaller than zero; Single sample t-test, p < 0.005
to correct for multiple comparisons). N = 5 biological replicates per treatment
group. Different letters over bars indicate significant differences (3 and 7 d.a.i.:
t-tests; 16 d.a.i.; PRT: multiple comparisons test after Krusall-Wallis ANOVA;
MYC2 and VSP2: Tukey HSD test after ANOVA) among treatments within
harvest time point.

at 3 d.ai. (Figure4). H. schachtii already repressed defense
marker genes at 3 d.ai., despite the fact that feeding cell
formation takes up to 5 d.a.i. (de Almeida Engler et al,
1999). Arguably, we may have missed the initial response
to nematode invasion as these responses may have occurred
at earlier time points (see references in Kyndt et al, 2014).
However, our results obtained at 7 d.a.i, are in line with studies
reporting that from this time point onwards, stress related
genes, such as LOXI, ERF2, and genes coding for defenses,

such as phytoalexins and protease inhibitors, were repressed
in roots and shoots of nematode-infested plants (Kyndt et al.,
2014). The suppression of plant immunity by nematodes may
result in systemic induced susceptibility. For example, rice plants
infected with M. graminincola become less resistant to the
aboveground pathogen rice blast (Kyndt et al., 2017). Even
though the effectors injected by root-knot and cyst nematodes
greatly overlap, there may be essential differences affecting plant
hormonal signaling upon invasion (Gheysen and Mitchum,
2011). For example, the establishment of the cyst nematode
feeding cells involves ET signaling, whereas this is not the
case for root-knot nematodes (Gheysen and Mitchum, 2011).
ET in turn, can interact with both the JA and SA signaling
pathways (Pieterse et al., 2009). Differences in the activation of
the ET pathway thus can affect induced responses to aphids.
Also after the feeding cell has been established, nematodes keep
injecting effectors into the plant (Vanholme et al., 2004), thus
maintaining the differences in chemical communication with
their hosts.

Nematodes and Aphids May Compete for
Nutrients

Our results provide evidence that interactions between defense
signaling pathways may underlie the interactions between
nematodes and aphids on B. nigra. However, this does not
preclude that other processes play a role as well. Nematodes alter
primary metabolite production and resource allocation within
their host plant to enhance nutrient allocation to their feeding
site (Kyndt et al., 2012a; Hol et al., 2013). Aphids also create a
nutrient sink, enhancing amino acid and sugar concentrations in
the phloem sap on which they feed (Cao et al., 2016; Hol et al,,
2016). When nematodes and aphids feed on the same plant, it
may also result in a “tug of war” for plant nutrients between
the two herbivores. The outcome of this so-called “apparent
competition” (Kaplan and Denno, 2007), may depend on the
strength with which the first arriving herbivore, in this case the
nematode, manipulates the source strength of its feeding site,
the root. Further studies, analyzing transcriptomes, hormone and
metabolome dynamics in roots, shoots and phloem are needed to
identify how much defense responses and resource reallocation
processes contribute to the observed effects.

Effect of Natural Insect Behavior

Our results also show the relevance of including natural
herbivore behavior in experimental set-ups. Only when the
aphids were allowed to choose, the effect of nematode infestations
became evident. This is in line with the earlier observation that
Myzus persicae aphids preferred nematode free A. thaliana over
H. schachtii-infested plants (Kutyniok et al.,, 2014). Similar to
our results, this study found that aphid preference correlated
positively with their performance. As aphids are parthenogenetic,
the number of foundresses initially colonizing the plants is greatly
determining the final aphid load (Hol et al., 2016). Most studies
do not allow aphids to choose among plants or even among leaves
within the plant (by using clip cages, see Hoysted et al., 2017).
In addition, most studies infest plants with unrealistically high
numbers of aphids (e.g., 100 aphids on a single A. thaliana, De
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Vos et al., 2005) in order to obtain a strong response. Differences
in herbivore loads on the plant may also explain the variance in
responses that are reported (Stewart et al., 2016). Additionally, it
may also explain why results obtained in the greenhouse do not
always translate to field situations.

Variation in Nematode Effects

There is ample evidence to suggest that belowground herbivory
by nematodes negatively affects aphid performance (Bezemer and
van Dam, 2005; Wurst and van der Putten, 2007; Kaplan et al.,
2009, 2011; Hong et al., 2010). However, the reported outcomes
vary considerably among studies, largely due to differences in
experimental designs. For example, the numbers of ]2 nematodes
added to single plants ranges from 60 (Hamamouch et al., 2011)
via a 500-1,000 (Hol et al., 2013; Kutyniok et al., 2014) to 10,000
(Hoysted et al.,, 2017). The first half of the range likely results
in realistic infestation rates found in natural plant populations
(Hol et al., 2013, 2016), whereas the latter may be more indicative
for infestation levels in agricultural fields (Jones et al., 2013).
In addition, the responses to nematode infestation and aphids,
or combinations thereof, are assessed at different time points
after infestation. These range from a few days to several weeks
(Bezemer and van Dam, 2005; Wurst and van der Putten, 2007;
Hol et al.,, 2013). Last but not least, the outcome of interactions
between nematodes and aphids may be affected by nutrient
availability (Kutyniok and Miiller, 2013; Kutyniok et al., 2014).
In our experiment, we controlled for most of these factors by
directly comparing the responses to, and interaction between two
species of nematodes and an aphid on their natural host plant,
grown on plain sand with nutrient solutions. Nevertheless, in
the field, B. nigra is colonized by a community of nematodes
(Hol et al.,, 2016). Experiments with plant infested by multiple
nematodes conducted under (near) field conditions can reveal
whether the observed systemic defense responses also affect
aphid preference and performance under natural conditions (see
Vandegehuchte et al. (2010).
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