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Aphid Colonization Affects Potato
Root Exudate Composition and the
Hatching of a Soil Borne Pathogen

Grace A. Hoystedt, Christopher A. Bellt, Catherine J. Lilley and Peter E. Urwin*

Centre for Plant Sciences, University of Leeds, Leeds, United Kingdom

Plants suffer multiple, simultaneous biotic threats from both above and below ground.
These pests and/or pathogens are commonly studied on an individual basis and the
effects of above-ground pests on below-ground pathogens are poorly defined. Root
exudates from potato plants (Solanum tuberosum L.) were analyzed to characterize
the top-down plant-mediated interactions between a phloem-sucking herbivore (Myzus
persicae) and a sedentary, endoparasitic nematode (Globodera pallida). Increasing
inocula of the aphid, M. persicae, reduced the root mass of potato plants. Exudates
collected from these roots induced significantly lower hatching of second-stage juveniles
from G. pallida eggs over a 28-day period, than those from uninfested control plants.
Inhibition of hatch was significantly positively correlated with size of aphid inoculum.
Diminished hatching was partially recovered after treatment with root exudate from
uninfested potato plants indicating that the effect on hatching is reversible but cannot
be fully recovered. Glucose and fructose content was reduced in root exudates from
aphid-infested potato plants compared to controls and these sugars were found to
induce hatching of G. pallida, but not to the same degree as potato root exudates (PRE).
Supplementing aphid-infested PRE with sugars did not recover the hatching potential
of the treatment, suggesting that additional compounds play an important role in egg
hatch. The first gene upregulated in the closely related potato cyst nematode Globodera
rostochiensis post-exposure to host root exudate, Neprilysin-1, was confirmed to be
upregulated in G. pallida cysts after exposure to PRE and was also upregulated by
the sugar treatments. Significantly reduced upregulation of Gpa-nep-1 was observed in
cysts treated with root exudates from potato plants infested with greater numbers of
aphids. Our data suggest that aphid infestation of potato plants affects the composition
of root exudates, with consequential effects on the hatching and gene expression of
G. pallida eggs. This work shows that an above-ground pest can indirectly impact
the rhizosphere and reveals secondary effects for control of an economically important
below-ground pathogen.

Keywords: aboveground-belowground interactions, aphids, fructose, glucose, plant-parasitic nematodes, root
exudates
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INTRODUCTION

Plants are a primary source of nutrition for a wide range of
organisms and are often subject to simultaneous attack from
both above and below the ground (Wondafrash et al., 2013; Van
Dam et al., 2018). Pest and/or pathogen attack can change the
plants phenotype, subsequently altering the attraction, behavior,
performance, and abundance of other organisms on the same
host (Sun et al,, 2016). Interactions between spatially separated
biota can be mediated systemically, as a result of a tight
physiological integration of roots and shoots throughout the
plant (Biere and Goverse, 2016).

Plant-feeding aphids and plant-parasitic nematodes (PPN)
can be linked through host-mediated interactions (Kaplan et al.,
2008; Kutyniok and Miiller, 2012; Hoysted et al., 2017). Aphids
use their stylet-like mouthparts to feed on photoassimilates found
in the host’s sap (Pollard, 1973; Blackman and Eastop, 2000).
While feeding, aphids produce a gelling saliva that covers the
stylet with a protective sheath and a watery saliva that is secreted
into plant cells and the phloem (Miles, 1999; Tjallingii, 2006).
Both salivas contain different proteins (Harmel et al., 2008;
Hogenhout and Bos, 2011), which can induce or suppress plant
defense responses (de Vos et al., 2007; Bos et al, 2010). If
aphids are present in high populations, substantial reductions
in yield can be observed (Kolbe, 1970) and the transmission of
viral diseases by aphids can impose additional stresses (Dixon
and Kindlmann, 1998; Foster et al., 2000). Nematodes constitute
one of the most abundant phyla of the rhizosphere and many
are phytophagous, feeding on the roots of plants (Jones et al.,
2013; van Dam and Bouwmeester, 2016; Hewezi and Baum,
2017). Cyst nematodes, such as Globodera pallida, are a group
of highly evolved sedentary endoparasites that are pathogens of
temperate, subtropical, and tropical plant species (Nicol et al.,
2011; Cotton et al., 2014). Second-stage juveniles (J2s) hatch in
the soil in response to host root exudate, penetrate the root,
and migrate intracellularly toward the vascular cylinder where
each individual chooses an initial cell from which to form a
highly metabolically active feeding site, termed a syncytium,
from which the nematode extracts host resources (Lilley et al.,
2005; Jones et al., 2013). At maturity the female is fertilized, her
body swells, and the cuticle hardens to form a protective cyst
that contains hundreds of eggs (Bohlmann, 2015; Moens et al.,
2018).

Although aphids and cyst nematodes can share the same
host, their attack on the plant is spatially separated: nematodes
infect the roots of a suitable host, whereas aphids colonize
above-ground biomass (Emden, 1969). The majority of studies
on plant-mediated interactions between shoot herbivores and
root-parasitic nematodes predominantly focuses on nematode-
induced effects on herbivores rather than herbivore-induced
effects on nematodes (Van Dam et al., 2005, 2018; Kaplan et al.,
2008; Hofmann et al., 2010; Hong et al., 2010; Hol et al., 2013;
Wondafrash et al., 2013; Hoysted et al., 2017). Although not
as numerous, there have been examples of leaf feeding insects
influencing the performance of PPN, however, feeding strategy
of the above-ground pest played a role in the outcome of
these interactions. Leaf-chewing herbivores (e.g., caterpillars)

increased the abundance of PPN; however, sap-feeding insects
(e.g., aphids) had a negative impact on the number of PPN
present on tobacco (Kaplan et al., 2009). The specialist aphid,
Brevicoryne brassicae had a negative effect on the abundance
of the beet-cyst nematode Heterodera schachtii on Arabidopsis
thaliana, with impaired development of H. schachtii possibly
attributed to a significant reduction in individual glucosinolates
in the roots (Kutyniok and Miiller, 2012). Although top-down
plant-mediated interactions between aphids and nematodes have
been reported, these studies have focused on the indirect effects
that above-ground pests can have on nematodes only after the
nematode has parasitized its host. To our knowledge, no studies
have elucidated the effects of aphids on the composition of plant
root exudates and how these exudates may affect PPN.

Plants secrete a large array of compounds into the rhizosphere
to facilitate interactions with their biotic environment (van Dam
and Bouwmeester, 2016). The presence of certain compounds,
termed hatching factors (Devine et al, 1996), in plant root
exudates have been reported to stimulate the hatch of cyst
nematode eggs from within their protective cysts (Perry, 1997).
Hatching factors appear to alter the permeability of the eggshell
membrane, causing trehalose to leak from the egg and water to
move inward, resulting in rehydration of the J2 and contributing
to the eclosion of the nematode (Perry and Beane, 1989). The
hatching of some cyst nematodes displays a degree of host
specificity, possibly mediated through differences in the structure
of certain hatching factors, such as glycinoeclepin A in soybean
(Glycines max) (Masamune et al.,, 1982) and solanoeclepin A
in tomato and potato (Solanum lycopersicum and S. tuberosum,
respectively) (Schenk et al, 1999). However, hatching of cyst
nematodes (Heterodera and Globodera spp.) is probably much
more complex than a simple reliance on a specific compound,
as other chemicals such as picloronic acid, sodium thiocyanate,
alpha-solanine, and alpha-chaconine (Byrne et al., 2001) can
also stimulate hatch. In addition, spontaneous hatch for both
Heterodera and Globodera spp. can occur in the absence of a
suitable host crop (Been et al., 1995; Turner and Rowe, 2006). The
compounds required for nematode hatch and the mechanisms
behind eclosion remain poorly characterized. Additionally, the
majority of genes involved in the hatching response has not been
uncovered, however, a G. rostochiensis neprilysin gene (Gro-nep-
1) was identified as the first transcript to be upregulated in eggs
treated with host root exudate (Duceppe et al., 2017).

The compounds that are exuded by plant roots have been
shown to change following attack by above-ground pests and/or
pathogens (Rudrappa et al., 2008; Lakshmanan et al., 2012; Neal
et al., 2012). Here, we investigated plant-mediated interactions
between the generalist aphid Myzus persicae and the potato cyst
nematode Globodera pallida by analyzing root exudates emitted
from the potato crop (Solanum tuberosum cv. Désirée). Only a
few studies have demonstrated the top-down effects of aphids
on nematodes (Kutyniok and Miiller, 2012, 2013), however,
these focused on secondary metabolite changes in the plant
caused by the above-ground herbivory. Using a combination of
physiological, biochemical, and molecular techniques, we test
the hypothesis that systemic changes in root exudates of the
potato caused by the presence of M. persicae indirectly affect

Frontiers in Plant Science | www.frontiersin.org

September 2018 | Volume 9 | Article 1278


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Hoysted et al.

Aphid Infestation Affects Nematode Hatch

the hatching of G. pallida eggs. We describe the composition of
sugars contained within these exudates following aphid feeding
and investigate the expression response of Gpa-nep-1, to study its
link to hatching activity.

MATERIALS AND METHODS

Maintenance of Plants, Aphids, and

Nematodes

Tuber cuttings of potato (Solanum tuberosum L. cv. Désirée) with
one chit present were planted in 18 cm pots containing a mix of
sand and loam topsoil (50:50). Growth took place in a glasshouse
at 20-22°C under 16-h/8-h light/dark cycles for a total period
of 3 weeks. Plants were watered every second day. Nymphs of
the peach-potato aphid (Myzus persicae Sulzer) were obtained
from the James Hutton Institute, Invergowrie, Dundee, Scotland.
About 10 aphids, which were asexual clones of a wild population
originally isolated in Scotland, and subsequently maintained on
S. tuberosum in containment (Kasprowicz et al., 2008) were
transported on leaves of S. tuberosum to Leeds in March 2017.
Aphid colonies were maintained on potato plants, grown as
described above, inside a mesh cage in a containment glasshouse.
Cysts of G. pallida were extracted from soil of pure stock cultures
using the Fenwick’s (1940) method and stored dry at 4°C.

Preparation of Potato Root Exudates

The 11-day-old potato plants grown from chitted tubers in 50:50
sand/loam mix were infested with either 5, 50, 100, or 200
apterous (wingless) aphids 10 days prior to root harvest. No
aphids were released on non-infested control plants. Each set
(four plants per set) of aphid-infested plants and non-infested
control plants was maintained inside a separate mesh cage to
ensure there was no contamination across experiments. Roots of
3-week-old potato plants were excised intact from the bottom of
the plant stem and washed to remove excess soil. Excised roots
were soaked (80 g per liter tap water) in darkness for 24 h at
4°C. The resulting potato root exudate (PRE) was filter sterilized
(0.22 pwm) and stored at 4°C. PRE used in the hatching assays was
combined from whole root systems obtained from four separate
potato plants for each treatment or control.

Sugar Quantification in Root Exudates
Exudates were prepared from four individual root systems to
provide four biological replicates per aphid treatment or control.
The concentrations of glucose and fructose in the root exudates
were quantified colorimetrically at 340 nm using Glucose
(HK) and Fructose assay Kkits, respectively (Sigma-Aldrich,
United States) according to the manufacturers instructions
provided with the kit. Each of the four biological replicate
exudates from the five different treatments was assayed in
technical triplicate to provide a mean concentration per replicate
that was used for subsequent statistical analysis. Water was a
negative control in each assay. Standards provided with the kits
were used to construct calibration curves, to convert absorbance
readings into pg/ml of glucose and fructose.

Hatching Assays

For each of the three experiments batches of five cysts (G. pallida;
10 replicates per treatment) were placed in wells of 12-well
polypropylene plates. One milliliter of PRE from aphid infested
plants, control potato plants or sugar solutions was added to each
well ensuring the cysts were covered. All three cyst experiments
were incubated at 20°C for the duration of the experiment.
In the first experiment, PRE from aphid-infested plants was
replaced with fresh PRE, and the number of hatched ]2s was
counted, every 4 days. After 18 days, the same cysts were
washed and re-incubated in non-infested control PRE. In a
second separate experiment, cysts which had been incubated in
aphid-infested PRE were, after 18 days, washed and re-incubated
in sugar replacement solutions. Sugar replacement solutions
were prepared by adding glucose or fructose to each aphid-
infested PRE to bring the concentrations equivalent to those
found in non-infested control PRE (16.4 pg/ml glucose and
35.0 pg/ml fructose). Counting of hatched J2s for both the first
and second experiment continued until day 28 when emergence
of J2s had significantly declined in all treatments. In a third
experiment, G. pallida cysts were treated with solutions of glucose
(16.4 pg/ml), or fructose (35.0 pLg/ml) or a combination of the
two sugars at those concentrations for 28 days to assess the
effect of sugars on G. pallida hatching. Cysts incubated in water
provided a negative control and PRE was used as a positive
control. At the end of each hatching experiment, cysts were
opened and the numbers of unhatched J2s were counted, in order
to express the data as a percentage of total potential hatch.

Analysis of Gpa-nep-1 Gene Expression

Groups of 10 G. pallida cysts (four reps per treatment) were
treated with either root exudates from control or aphid-infested
plants, sugar solutions, or water for 8 days. Total RNA was
prepared using the E.Z.N.A®. Plant RNA Kit (Omega Biotek,
United States) including a DNase treatment. First-strand cDNA
was synthesized from 500 ng RNA using iScript cDNA Synthesis
Kit (BioRad, United States) following the manufacturer’s
instructions. Quantitative reverse transcriptase (qRT)-PCR
was carried out on the resulting cDNA using SsoAdvanced™
Universal SYBR® Green Supermix (BioRad) and a CFX Connect
instrument (BioRad, United States). Expression of G. pallida
neprilysin-1 (GPLIN_000276000) was studied and normalized to
the housekeeping gene Elongation Factor 1-o (Nicot et al., 2005).
Primers  GpneplF  (5-TCACGGCATCAGACAACATT-3'),
GpneplR  (5-CCGTGTCACTTAGCCGATTT-3'), GpEFlaF
(5'-AATGACCCGGCAAAGGAGA-3’), and GPEFlaR (5-
GTAGCCGGCTGAGATCTGTC-3") were used for analysis of
G. pallida neprilysin-1 and Elongation Factor 1-a, respectively.
Control reactions contained water instead of template. Each
primer pair had an amplification efficiency of 97-101% and
12 correlation coefficients for standard curves ranged between
0.94 and 0.99. Primer pair efficiencies were calculated using the
BioRad CFX Manager 3.1 software. Gene expression analysis
was performed on four biological replicates for all treatments
and each reaction was carried out in triplicate. Ct values were
determined using the BioRad CFX Manager 3.1 software.
Relative expression between treatments was determined using
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the 272ACT method as described in Livak and Schmittgen
(2001).

Data Analysis

One-way ANOVA and Student-Newman-Keuls (SNK) post hoc
tests were used to determine the significance of differences in
potato root weight, final percentage hatch, sugar content of
root exudates and gene expression data. All data were checked
for normality using the Shapiro-Wilks test prior to statistical
analysis. Pearson’s correlation was used to measure the strength
and direction of the relationship between inhibition of nematode
hatch and size of aphid inoculum. SPSS v24 (IBM Corporation
Armonk, New York, NY, United States) was used for all statistical
analysis.

RESULTS

Increased Inoculum of Myzus persicae
Reduces Below-Ground Tissue in Potato

Plants

There was a significant reduction in both the fresh and dry root
weights of potato plants that had been infested with at least 50
Mpyzus persicae individuals for 10 days compared to the roots of
non-infested potato plants (Figures 1A,B; P < 0.05). Increasing
inocula of aphids resulted in greater reductions in both fresh and
dry weights of roots (Figures 1A,B; P < 0.05), with a significant

dose-dependent correlation (Pearson’s coeflicient of r = —0.727,
P <0.01).
A
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FIGURE 1 | Effect of Myzus persicae inoculum on the fresh (A) and dry (B)
weight of potato roots (Solanum tuberosum cv. Désirée) 10 dpi. Values are
means + SEM from at least four replicates with different letters indicating
significant differences between treatments (P < 0.01).

Root Exudate From Aphid-Infested
Potato Plants Induces Diminished
Hatching of Globodera pallida

In this study, we investigated the possible indirect effect that
aphids may have on cyst nematodes via root exudate. Hatching of
G. pallida was significantly reduced when cysts were incubated in
PRE from potato plants infested with > 5 M. persicae compared
to exudates from non-infested control plants (Figures 2A,B;
P < 0.05). There was a significant positive correlation between
the aphid inoculum level and the reduction of G. pallida hatching
over 28 days (Figures 2A,B; Pearson’s correlation r = —0.792,
P <0.01). Diminished hatching was partially recovered on day 20
after treatment with root exudate from uninfected potato plants,
resulting in a second peak of hatching (Figure 2A). This indicates
that the effect on hatching is reversible, however, hatching was not
fully recovered to PRE control treatment levels (Figure 2B).

Increasing Inoculum of M. persicae
Results in a Decreased Glucose and
Fructose Content in Potato Root

Exudates

Sugars are present in the honeydew of M. persicae implicating
aphids in the translocation of sugars around the host plant
(Hussain et al., 1974), therefore, we analyzed the amounts of
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FIGURE 2 | Daily (A) and cumulative (B) Globodera pallida percentage egg
hatch from cysts treated with root exudate from non-infested control and
Myzus persicae infested potato plants (days 0-20). Initial inoculums of 5, 50,
100, and 200 aphids were applied to the leaves of potato plants for 10 days
before collection of exudate. All cysts were treated with root exudate from
non-infested potato plants (control) at day 20-28 (indicated by gray box).
Values are means 4+ SEM from 10 replicates with five cysts per replicate.
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glucose and fructose present in the control and treatment PREs.
The concentrations of both glucose (Figure 3A) and fructose
(Figure 3B) were significantly reduced in PRE of potato plants
10 dpi with M. persicae at any level of inoculum (P < 0.05).
An increasing number of aphids resulted in a significant dose-
dependent reduction of glucose and fructose in the root exudates
(Pearson’s correlation r = —0.772, P < 0.001 and r = —0.843,
P < 0.001, glucose and fructose, respectively).

Glucose and Fructose Induce Hatching
of G. pallida

In order to test if glucose and fructose directly stimulate
hatching we incubated cysts in glucose and fructose solutions
with concentrations equivalent to those detected in non-infested
PRE. Treatment of G. pallida cysts with glucose and/or fructose
induced egg hatch although peak hatching in sugar solutions
occurred later than when cysts were treated with control PRE
(Figure 4A). Total percentage egg hatch from cysts treated with
sugars was greater than that from cysts treated with water but
not as great as cysts treated with control PRE (Figure 4B;
P < 0.01). Treatment with glucose and fructose combined
resulted in significantly greater hatch than either single sugar but
still significantly less than control PRE (Figure 4; P < 0.01).

Supplementing Root Exudate From
Aphid Infected Potato Plants With
Glucose and Fructose Does Not Rescue
G. pallida Hatch

In order to test whether the reduced hatching rate in aphid-
infested PRE was due to a reduction in fructose and glucose,

>
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b
30 - b
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Glucose in root exudate
(ug/ml)

o}

Fructose in root exudate
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FIGURE 3 | Glucose (A) and fructose (B) content in root exudates from
control and Myzus persicae infested potato plants. Values are means + SEM
at least four replicates with different letters denoting significance (P < 0.05
one-way ANOVA and SNK).

>

Daily G. pallida egg
hatch (%)

Cumulative G. pallida
egg hatch (%)
(o)
o
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—PRD Water - Glucose+Fructose = - Fructose -=-=-Glucose

FIGURE 4 | Daily (A) and cumulative (B) Globodera pallida percentage egg
hatch from cysts treated with water, potato root exudate (PRE), 16.4 pg/ml
glucose (Glu), and/or 35.0 ng/ml fructose (Fru). These concentrations reflect
the concentrations detected in PRE. Values are means + SEM from 10
replicates with five cysts per replicate.

we supplemented those exudates with sufficient sugars to restore
the concentrations found in non-infested PRE and used this as
the replacement exudate at day 20. However, the reduced hatch
rates were not rescued by supplementation of exudates with
glucose and fructose, nor was total hatch significantly different
(Figures 5A,B).

Induced Expression of Gpa-nep-1 Varies

in Response to Hatching Stimulants

A Globodera neprilysin gene has been detected as the first
transcript to be upregulated in eggs treated with host root
exudate (Duceppe et al., 2017), therefore we tested the expression
of Gpa-nep-1 in G. pallida eggs that had been incubated in
non-infested control and aphid-infested PRE. There was a
significant increase in the expression of Gpa-nep-1 in unhatched
G. pallida eggs 8 days post incubation in root exudates from
non-infested control plants relative to eggs incubated in water
(Figure 6A). Root exudates from aphid-infested potato plants
significantly increased the expression of Gpa-nep-Iin eggs
but to a lower degree than non-infested control treatments
(P < 0.05). There was also a significant increase in the
expression of Gpa-nep-1 in G. pallida eggs 8 days post
incubation in glucose and/or fructose solutions relative to eggs
in water (P < 0.01) (Figure 6B). Upregulation of Gpa-nep-1I
in response to the sugars was not as large as in eggs treated
with PRE.

Frontiers in Plant Science | www.frontiersin.org

September 2018 | Volume 9 | Article 1278


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Hoysted et al.

Aphid Infestation Affects Nematode Hatch

Daily G. pallida egg >
hatch (%)

N w B (4]

o = o [

-
o

o

[oe]
=
N o © o
S S S S

Cumulative G. pallida
egg hatch (%)

N
o

0 4 8 12 16 20 24 28
Day

Control ++=2=+ 5 Aphid ===-50 Aphid = -

-100 Aphid ——200 Aphid

FIGURE 5 | Daily (A) and cumulative (B) Globodera pallida percentage egg
hatch from cysts treated with root exudate from control and M. persicae
infested potato plants (days 0-20). Initial inoculums of 5, 50, 100, and 200
aphids were applied to the leaves of potato plants for 10 days before
collection of exudate. Root exudate from infested plants was supplemented
with glucose and fructose for treatments on days 20-28 (gray box) to equate
to concentrations found in root exudate from non-infested potato plants (16.4
and 35.0 pg/ml, respectively). Values are means + SEM from 10 replicates
with five cysts per replicate.

DISCUSSION

In this work, we demonstrate how the physiological response
of the potato plant to attack by an above-ground herbivore,
Myzus persicae can indirectly influence hatching of the soil-
borne PPN, Globodera pallida through systemic changes in root
exudates.

Below-Ground Plant Responses to Aphid

Infestation

The top-down effect of shoot herbivory on below-ground
biomass is relatively undescribed compared to the more direct
effects of root herbivores (Masters et al., 1993; Bardgett et al.,
1998; Wu et al, 1999; Soler et al, 2005; Van Dam et al,
2005; Gratwick, 2012; McKenzie et al., 2016). We found that
the root mass of potato plants was reduced in the presence
of increasing inocula of Myzus persicae (Figure 1). Above-
ground foliar herbivory may affect the roots, and therefore soil
biotic communities by altering root carbon allocation and/or
patterns of root exudation (Bardgett et al, 1998). Annuals,
such as potato, do not store a high proportion of primary
productivity in the root system and are therefore more likely
to divert the products to the shoot to maintain foliar growth

upon herbivory, thereby decreasing biomass of the root system
(Mooney, 1972).

Aphids feed from plant phloem tissue via their stylets (Dixon
and Kindlmann, 1998) by removing water, ions, sucrose, and free
amino acids, which are major sources of carbon and nitrogen
and vital for plant growth (Girousse et al., 2005). Aphids have
been implicated in the translocation of sugars through their
host plant (Hussain et al., 1974). Translocation of substances
can occur from root to shoot and vice versa. A proteinaceous
salivary sheath is released from the aphid stylet during feeding
and can move long distances throughout the plant, causing
deleterious effects (Madhusudhan and Miles, 1998; Miles, 1999;
Burd, 2002). Pea aphid (Acyrthosiphon pisum) feeding on alfalfa
stems strongly reduces carbon flux and initiates translocation of
amino acids from roots, leaves, and sink tissues (Girousse et al.,
2005). This translocation of assimilates from the roots has an
effect of decreasing the root C:N ratio, thereby suggesting that
plants allocate most productivity into regrowth of foliar tissues
rather than root (Seastedt et al., 1988).

Plant-Parasitic Nematode Responses to
Root Exudation

The shift in root assimilates can modulate root exudation and
can affect soil pathogens, such as rhizobacteria (Bardgett et al.,
1998; Kim et al., 2016). Root exudates have traditionally been
grouped into low- (amino acids, sugars, phenolics) and high
(mucilage and proteins) molecular weight compounds. However,
the complexity and chemical composition of root exudates from
diverse plant species is unknown (Walker et al, 2003). Our
results show that root exudates from aphid-colonized plants
negatively affected nematode egg hatch, the initial stage of the
life cycle, compared to exudates from non-infested control plants.
Wounding of plants has been reported to elicit a defense response
in roots (Savatin et al., 2014), however, all root exudates used
in this study were prepared in the same way therefore the
differences we observed between exudates reflect only the aphid
infestations of the plants. Inhibition of hatch was positively
correlated with size of aphid inoculum. This did not merely
reflect the lower root mass of the aphid infested plants, which was
taken into account during preparation of the exudate, suggesting
that the composition of PRE may be indirectly changed as a
result of the aphid feeding, in a dose-dependent manner. Aphid
infestation has previously been reported to result in reduced
infestation of Arabidopsis roots by pre-hatched J2s (Kutyniok
and Miller, 2012). Compounds exuded by plant roots are
known to stimulate the hatch of various cyst nematodes as
well as affect stylet thrusting, attraction and transcription in
other endoparasitic nematodes such as Meloidogyne incognita
(Perry and Beane, 1989; Devine et al, 1996; Teillet et al,
2013).

Effect of Aphid-Infestation on Potato

Root Exudate Composition

Simple sugars are known to attract some nematode species and
induce their stylet activity but this is not the case for G. pallida,
possibly due to its selective host nature (Kamilova et al., 2006;
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FIGURE 6 | Expression of a neprilysin gene (Gpa-nep-1) by RT-qPCR in five Globodera pallida cysts treated or 8 days with water or (A) root exudate from potato
plants inoculated with O, 5, 50, 100, or 200 Myzus persicae. (B) 16.4 ng/ml glucose (Glu) and/or 35.0 pg/ml fructose (Fru). These concentrations reflect the
concentrations detected in non-infested potato root exudate. Expression was normalized to Elongation Factor 1-a and presented relative to expression in cysts
treated with water. Values are means + SEM from four replicates with five cysts per replicate. Letters denote significant differences between treatments (P < 0.05).

Warnock et al., 2016). Root exudates from aphid-infested
plants had a reduced concentration of glucose and fructose,
but an active role of sugars in stimulating nematode hatch
has not been previously described. Our study found that both
glucose and fructose, at concentrations present in our PREs,
were sufficient to induce hatching of G. pallida. The effect
of sugars on hatching also correlated with an increase in
Gpa-nep-1 transcript within the eggs. In a previous study, a
role in hatching has been proposed for this gene as it is
the first Globodera transcript to be upregulated post-treatment
with root exudates from host plants (Duceppe et al., 2017).
This study reinforces that proposed link as it correlates the
hatching ability of the exudate with expression levels of the
gene.

The hatching stimulation of glucose and fructose and their
effects on Gpa-nep-1 expression infer hatching of Globodera
in exudates from non-host plants, as previously observed for
G. ellingtonae (Zasada et al., 2013). The variance of egg hatch
between host root exudates suggests varying concentrations of
hatching stimuli or hatching inhibitors. Confirming either of
these factors could direct a new pathway for manipulation of
exudates to protect plants from nematode attack, not only for
Globodera spp., but also for other PPN.

Effect of Aphid-Infestation on the

Hatching of a Soil Borne Pathogen

Diminished hatching of G. pallida was partially recovered after
treatment with root exudates from uninfested potato plants,
indicating that the effect is reversible but cannot be fully
recovered. The addition of sugars to exudates from aphid-
infested plants did not increase their hatch stimulation. This
suggests that as well as altering the sugar composition of
exudant, aphid feeding may reduce the concentration of hatching
stimuli and/or induce exudation of a factor/factors that can

inhibit hatching. Exudates from control plants may reverse
the effects of this compound, although not completely in
some eggs, while sugars do not. Aphid feeding is known
to induce systemic translocation and increased production
of defense compounds, such as polyacetylenes (Wu et al,
1999), which can initiate defense pathways, such as the
phytoalexin response (Flores et al., 1988) and play a role in
resistance to nematodes (Veech, 1982). Additionally, genetic
variation between individuals within a cyst could rationalize
the portion of eggs that do not react to the hatching
stimulant and are more susceptible to the inhibitory compound.
Genetic variation is known to occur between individuals of
G. pallida within a population (Eves-van den Akker et al,
2014) and could regulate the timeframe in which individual
eggs hatch post-treatment with root exudate and in response
to sugars. It would be of interest to determine variable loci,
possibly Gpa-nep-1, in eggs with differential hatch under each
treatment.

CONCLUSION

Our data reveal the systemic effects of aphid colonization on
potato plants and how the compositional shift of root exudate
can negatively impact the hatch and gene transcription of
the potato cyst nematode G. pallida. We have determined for
the first time that the sugars fructose and glucose, present
in root exudate, can induce hatching of a cyst nematode
and we suggest the presence of an unidentified compound
that may inhibit the hatching stimulus. This insight will
assist efforts to establish what determines host status of a
plant and underpin the production of plants that do not
exude hatch-inducing compounds. Although G. pallida infects
the host plant soon after roots emerge, while M. persicae
colonize the plant once there is sufficient biomass above-ground
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(Emden, 1969), knowledge gained from the current study
will be useful to inform management strategy for PPN,
such as the beet and soybean cyst nematodes that can
complete more than one generation in a cropping season
(Alston and Schmitt, 1988).

AUTHOR CONTRIBUTIONS

GH, CB, CL, and PU designed the research. GH and CB
performed the research. GH and CB analyzed the data. GH, CB,
CL, and PU wrote the manuscript.

REFERENCES

Alston, D., and Schmitt, D. (1988). Development of Heterodera glycines life stages
as influenced by temperature. J. Nematol. 20, 366-372.

Bardgett, R. D., Wardle, D. A., and Yeates, G. W. (1998). Linking above-ground and
below-ground interactions: how plant responses to foliar herbivory influence
soil organisms. Soil Biol. Biochem. 30, 1867-1878. doi: 10.1016/S0038-0717(98)
00069-8

Been, T., Schomaker, C., and Seinhorst, J. (1995). “An advisory system for the
management of potato cyst nematodes (Globodera spp),” in Potato Ecology and
Modelling of Crops Under Conditions Limiting Growth, eds A. J. Haverkort
and D. K. L. MacKerron (Berlin: Springer), 305-321. doi: 10.1007/978-94-011-
0051-9_20

Biere, A., and Goverse, A. (2016). Plant-mediated systemic interactions between
pathogens, parasitic nematodes, and herbivores above-and belowground.
Annu. Rev. Phytopathol. 54, 499-527. doi: 10.1146/annurev-phyto-080615-
100245

Blackman, R. L., and Eastop, V. F. (2000). Aphids on the Worlds Crops: An
Identification and Information Guide. Hoboken, NJ: John Wiley.

Bohlmann, H. (2015). Introductory chapter on the basic biology of cyst nematodes.
Adbv. Bot. Res. 73, 33-59. doi: 10.1016/bs.abr.2014.12.001

Bos, J. I, Prince, D., Pitino, M., Maffei, M. E., Win, J., and Hogenhout, S. A.
(2010). A functional genomics approach identifies candidate effectors from the
aphid species Myzus persicae (green peach aphid). PLoS. Genet. 6:¢1001216.
doi: 10.1371/journal.pgen.1001216

Burd, J. D. (2002). Physiological modification of the host feeding site by cereal
aphids (Homoptera: Aphididae). J. Econ. Entomol. 95, 463-468. doi: 10.1603/
0022-0493-95.2.463

Byrne, J., Maher, N, and Jones, P. (2001). Comparative responses of
Globodera rostochiensis and G. pallida to hatching chemicals. J. Nematol. 33,
195-202.

Cotton, J. A, Lilley, C. J., Jones, L. M., Kikuchi, T., Reid, A. J., Thorpe, P., et al.
(2014). The genome and life-stage specific transcriptomes of Globodera pallida
elucidate key aspects of plant parasitism by a cyst nematode. Genome. Biol.
15:R43. doi: 10.1186/gb-2014-15-3-r43

de Vos, M., Kim, J. H., and Jander, G. (2007). Biochemistry and molecular biology
of Arabidopsis-aphid interactions. Bioessays 29, 871-883. doi: 10.1002/bies.
20624

Devine, K., Byrne, J., Maher, N., and Jones, P. (1996). Resolution of
natural hatching factors for golden potato cyst nematode, Globodera
rostochiensis. Ann. Appl. Biol. 129, 323-334. doi: 10.1111/j.1744-7348.1996.tb05
755.x

Dixon, A., and Kindlmann, P. (1998). “Population dynamics of aphids. Insect
Populations,” in Theory and in Practice, eds J. P. Dempster and L. F. G. MacLean
(Berlin: Springer), 207-230. doi: 10.1007/978-94-011-4914-3_9

Duceppe, M. O., Lafond-Lapalme, J., Palomares-Rius, J. E., Sabeh, M., Blok, V.,
Moffett, P., et al. (2017). Analysis of survival and hatching transcriptomes from
potato cyst nematodes, Globodera rostochiensis and G. pallida. Sci. Rep. 7:3882.
doi: 10.1038/s41598-017-03871-x

Emden, H. V. (1969). Plant resistance to Myzus persicae induced by a plant
regulator and measured by aphid relative growth rate. Entomol. Exp. Appl. 12,
125-131. doi: 10.1111/j.1570-7458.1969.tb02505.x

FUNDING

The study was funded by Biotechnology and Biological Sciences
Research Council (BBSRC) Grant Nos. BB/K020706/1 and
BB/N016866/1.

ACKNOWLEDGMENTS

We would like to thank Mrs. Jennie Hibbard and Mrs. Fiona
Moulton for their technical assistance and support during the
study.

Eves-van den Akker, S., Lilley, C. J., Jones, J. T., and Urwin, P. E. (2014).
Identification and characterisation of a hyper-variable apoplastic effector gene
family of the potato cyst nematodes. PLoS Pathog. 10:e1004391. doi: 10.1371/
journal.ppat.1004391

Fenwick, D. (1940). Methods for the recovery and counting of cysts of
Heterodera schachtii from soil. J. Helminthol. 18, 155-172. doi: 10.1017/
50022149X00031485

Flores, H., Pickard, J., and Hoy, M. (1988). Production of polyacetylenes and
thiophenes in heterotrophic and photosynthetic root cultures of Asteraceae.
Bioact. Mol. 7, 232-254.

Foster, S., Denholm, I, and Devonshire, A. (2000). The ups and downs
of insecticide resistance in peach-potato aphids (Myzus persicae)
in the UK. Crop Prot. 19, 873-879. doi: 10.1016/S0261-2194(00)
00115-0

Girousse, C., Moulia, B., Silk, W., and Bonnemain, J.-L. (2005). Aphid infestation
causes different changes in carbon and nitrogen allocation in alfalfa stems as
well as different inhibitions of longitudinal and radial expansion. Plant Physiol.
137, 1474-1484. doi: 10.1104/pp.104.057430

Gratwick, M. (2012). Crop Pests in the UK: Collected Edition of MAFF leaflets.
Berlin: Springer Science & Business Media.

Harmel, N., Létocart, E., Cherqui, A., Giordanengo, P., Mazzucchelli, G.,
Guillonneau, F., et al. (2008). Identification of aphid salivary proteins: a
proteomic investigation of Myzus persicae. Insect Mol. Biol. 17, 165-174.
doi: 10.1111/.1365-2583.2008.00790.x

Hewezi, T., and Baum, T. (2017). Communication of sedentary plant-parasitic
nematodes with their host plants. Adv. Bot. Res. 82, 305-324. doi: 10.1016/bs.
abr.2016.11.004

Hofmann, J., El, Ashry Ael N, Anwar, S., Erban, A., Kopka, J., and Grundler, F.
(2010). Metabolic profiling reveals local and systemic responses of host plants
to nematode parasitism. Plant J. 62, 1058-1071. doi: 10.1111/j.1365-313X.2010.
04217.x

Hogenhout, S. A., and Bos, J. I. (2011). Effector proteins that modulate plant-
insect interactions. Curr. Opin. Plant. Biol. 14, 422-428. doi: 10.1016/j.pbi.2011.
05.003

Hol, W. H., De Boer, W, Termorshuizen, A. J., Meyer, K. M., Schneider, J. H.,
Van Der Putten, W. H., et al. (2013). Heterodera schachtii nematodes interfere
with aphid-plant relations on Brassica oleracea. ]. Chem. Ecol. 39, 1193-1203.
doi: 10.1007/s10886-013-0338-4

Hong, S., Donaldson, J., and Gratton, C. (2010). Soybean cyst nematode effects on
soybean aphid preference and performance in the laboratory. Environ. Entomol.
39, 1561-1569. doi: 10.1603/EN10091

Hoysted, G. A., Lilley, C. J., Field, K. J., Dickinson, M., Hartley, S. E.,
and Urwin, P. E. (2017). A Plant-feeding nematode indirectly increases
the fitness of an aphid. Front. Plant Sci. 8:1897. doi: 10.3389/fpls.2017.
01897

Hussain, A., Forrest, ., and Dixon, A. (1974). Sugar, organic acid, phenolic acid
and plant growth regulator content of extracts of honeydew of the aphid Myzus
persicae and of its host plant, Raphanus sativus. Ann. Appl. Biol. 78, 65-73.
doi: 10.1111/j.1744-7348.1974.tb01486.x

Jones, J. T., Haegeman, A., Danchin, E. G., Gaur, H. S., Helder, J., Jones, M. G.,
et al. (2013). Top 10 plant-parasitic nematodes in molecular plant pathology.
Mol. Plant Pathol. 14, 946-961. doi: 10.1111/mpp.12057

Frontiers in Plant Science | www.frontiersin.org

September 2018 | Volume 9 | Article 1278


https://doi.org/10.1016/S0038-0717(98)00069-8
https://doi.org/10.1016/S0038-0717(98)00069-8
https://doi.org/10.1007/978-94-011-0051-9_20
https://doi.org/10.1007/978-94-011-0051-9_20
https://doi.org/10.1146/annurev-phyto-080615-100245
https://doi.org/10.1146/annurev-phyto-080615-100245
https://doi.org/10.1016/bs.abr.2014.12.001
https://doi.org/10.1371/journal.pgen.1001216
https://doi.org/10.1603/0022-0493-95.2.463
https://doi.org/10.1603/0022-0493-95.2.463
https://doi.org/10.1186/gb-2014-15-3-r43
https://doi.org/10.1002/bies.20624
https://doi.org/10.1002/bies.20624
https://doi.org/10.1111/j.1744-7348.1996.tb05755.x
https://doi.org/10.1111/j.1744-7348.1996.tb05755.x
https://doi.org/10.1007/978-94-011-4914-3_9
https://doi.org/10.1038/s41598-017-03871-x
https://doi.org/10.1111/j.1570-7458.1969.tb02505.x
https://doi.org/10.1371/journal.ppat.1004391
https://doi.org/10.1371/journal.ppat.1004391
https://doi.org/10.1017/S0022149X00031485
https://doi.org/10.1017/S0022149X00031485
https://doi.org/10.1016/S0261-2194(00)00115-0
https://doi.org/10.1016/S0261-2194(00)00115-0
https://doi.org/10.1104/pp.104.057430
https://doi.org/10.1111/j.1365-2583.2008.00790.x
https://doi.org/10.1016/bs.abr.2016.11.004
https://doi.org/10.1016/bs.abr.2016.11.004
https://doi.org/10.1111/j.1365-313X.2010.04217.x
https://doi.org/10.1111/j.1365-313X.2010.04217.x
https://doi.org/10.1016/j.pbi.2011.05.003
https://doi.org/10.1016/j.pbi.2011.05.003
https://doi.org/10.1007/s10886-013-0338-4
https://doi.org/10.1603/EN10091
https://doi.org/10.3389/fpls.2017.01897
https://doi.org/10.3389/fpls.2017.01897
https://doi.org/10.1111/j.1744-7348.1974.tb01486.x
https://doi.org/10.1111/mpp.12057
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Hoysted et al.

Aphid Infestation Affects Nematode Hatch

Kamilova, F., Kravchenko, L. V., Shaposhnikov, A. I., Azarova, T., Makarova, N.,
and Lugtenberg, B. (2006). Organic acids, sugars, and L-tryptophane in
exudates of vegetables growing on stonewool and their effects on activities of
rhizosphere bacteria. Mol. Plant Microbe Int. 19, 250-256. doi: 10.1094/MPMI-
19-0250

Kaplan, I., Halitschke, R., Kessler, A., Rehill, B. J., Sardanelli, S., and Denno, R. F.
(2008). Physiological integration of roots and shoots in plant defense strategies
links above-and belowground herbivory. Ecol. Lett. 11, 841-851. doi: 10.1111/j.
1461-0248.2008.01200.x

Kaplan, I, Sardanelli, S., and Denno, R. F. (2009). Field evidence for
indirect interactions between foliar-feeding insect and root-feeding nematode
communities on Nicotiana tabacum. Ecol. Entomol. 34, 262-270. doi: 10.1111/j.
1365-2311.2008.01062.x

Kasprowicz, L., Malloch, G., Pickup, J., and Fenton, B. (2008). Spatial
and temporal dynamics of Myzus persicae clones in fields and suction
traps. Agric. For. Entomol. 10, 91-100. doi: 10.1111/j.1461-9563.2008.
00365.x

Kim, B., Song, G. C., and Ryu, C.-M. (2016). Root exudation by aphid leaf
infestation recruits root-associated Paenibacillus spp. to lead plant insect
susceptibility. J. Microbiol. Biotechnol. 26, 549-557. doi: 10.4014/jmb.1511.
11058

Kolbe, W. (1970). Influence of direct feeding damage on yields of heavily aphid-
infested potato crops. Pflanzens. Nachr. Bayer 23, 273-282.

Kutyniok, M., and Miiller, C. (2012). Crosstalk between above-and belowground
herbivores is mediated by minute metabolic responses of the host Arabidopsis
thaliana. J. Exp. Bot. 63, 6199-6210. doi: 10.1093/jxb/ers274

Kutyniok, M., and Miiller, C. (2013). Plant-mediated interactions between shoot-
feeding aphids and root-feeding nematodes depend on nitrate fertilization.
Oecologia 173, 1367-1377. doi: 10.1007/s00442-013-2712-x

Lakshmanan, V., Kitto, S. L., Caplan, J. L., Hsueh, Y. H., Kearns, D. B., Wu, Y. S,,
et al. (2012). Microbe-associated molecular patterns-triggered root responses
mediate beneficial rhizobacterial recruitment in Arabidopsis. Plant Physiol. 160,
1642-1661. doi: 10.1104/pp.112.200386

Lilley, C. J., Atkinson, H. J., and Urwin, P. E. (2005). Molecular aspects of
cyst nematodes. Mol. Plant Pathol. 6, 577-588. doi: 10.1111/j.1364-3703.2005.
00306.x

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2~ 2ACT method. Methods 25,
402-408. doi: 10.1006/meth.2001.1262

Madhusudhan, V., and Miles, P. (1998). Mobility of salivary components as a
possible reason for differences in the responses of alfalfa to the spotted alfalfa
aphid and pea aphid. Entomol. Exp. Appl. 86, 25-39. doi: 10.1046/j.1570-7458.
1998.00262.x

Masamune, T., Anetai, M., Takasugi, M., and Katsui, N. (1982). Isolation of a
natural hatching stimulus, glycinoeclepin A, for the soybean cyst nematode.
Nature 297, 495-496. doi: 10.1038/297495a0

Masters, G., Brown, V., and Gange, A. (1993). Plant mediated interactions between
above-and below-ground insect herbivores. Oikos 66, 148-151. doi: 10.2307/
3545209

McKenzie, S. W., Johnson, S. N., Jones, T. H., Ostle, N. J., Hails, R. S., and
Vanbergen, A. J. (2016). Root herbivores drive changes to plant primary
chemistry, but root loss is mitigated under elevated atmospheric CO2. Front.
Plant Sci. 7:837. doi: 10.3389/fpls.2016.00837

Miles, P. W. (1999). Aphid saliva. Biol. Rev. 74, 41-85. doi: 10.1017/
S0006323198005271

Moens, M., Perry, R. N, and Jones, J. T. (2018). “Cyst nematodes - life cycle and
economic importance”, in Cyst Nematodes, ed. R. N. Perry, M. Moens and J. T.
Jones (Wallingford: CABI International) 1-26.

Mooney, H. (1972). The carbon balance of plants. Annu. Rev. Ecol. Ecol. Syst. 3,
315-346. doi: 10.1146/annurev.es.03.110172.001531

Neal, A. L., Ahmad, S., Gordon-Weeks, R., and Ton, J. (2012). Benzoxazinoids in
root exudates of maize attract Pseudomonas putida to the rhizosphere. PLoS One
7:€35498. doi: 10.1371/journal.pone.0035498

Nicol, J. M., Turner, S. J., Coyne, D. L., den Nijs, L., Hockland, S., and Tahna
Maafl, Z. (2011). “Current nematode threats to world agriculture,” in Genomics
and Molecular Genetics of Plant-Nematode Interactions, eds J. Jones, G.
Gheysen, and C. Fenoll (Berlin: Springer), 21-43. doi: 10.1007/978-94-007-
0434-3_2

Nicot, N., Hausman, J.-F., Hoffmann, L., and Evers, D. (2005). Housekeeping
gene selection for real-time RT-PCR normalization in potato during biotic and
abiotic stress. J. Exp. Bot. 56, 2907-2914. doi: 10.1093/jxb/eri285

Perry, R. N. (1997). “Plant signals in nematode hatching and attraction,” in Cellular
and Molecular Aspects of Plant-Nematode Interactions, eds C. Fenoll, F. M. W.
Grundler, and S. A. Ohl (Berlin: Springer), 38-50. doi: 10.1007/978-94-011-
5596-0_4

Perry, R. N, and Beane, J. (1989). Effects of certain herbicides on the in vitro hatch
of Globodera rostochiensis and Heterodera schachtii. Rev. Nematol. 12, 191-196.

Pollard, D. (1973). Plant penetration by feeding aphids (Hemiptera, Aphidoidea): a
review. Bull. Entomol. Res. 62, 631-714. doi: 10.1017/S0007485300005526

Rudrappa, T., Czymmek, K. J., Paré, P. W., and Bais, H. P. (2008). Root-secreted
malic acid recruits beneficial soil bacteria. Plant Physiol. 148, 1547-1556.
doi: 10.1104/pp.108.127613

Savatin, D. V., Gramegna, G., Modesti, V., and Cervone, F. (2014). Wounding in
the plant tissue: the defense of a dangerous passage. Front. Plant Sci. 5:470.
doi: 10.3389/fpls.2014.00470

Schenk, H., Driessen, R. A.]., de Gelder, R., Goubitz, K., Nieboer, H., Briiggemann-
Rotgans, I. E. M, et al. (1999). Elucidation of the structure of Solanoeclepin A, a
natural hatching factor of potato and tomato cyst nematodes, by single-crystal
x-ray diffraction. Croat. Chem. Acta 72, 593-606.

Seastedt, T., Ramundo, R., and Hayes, D. (1988). Maximization of densities of
soil animals by foliage herbivory: empirical evidence, graphical and conceptual
models. Oikos 51, 243-248. doi: 10.2307/3565649

Soler, R., Martijn Bezemer, T., Van der putten, W. H., Vet, L. E. M., and Harve,
J. A. (2005). Root herbivore effects on above-ground herbivore, parasitoid and
hyperparasitoid performance via changes in plant quality. J. Anim. Ecol. 74,
1121-1130. doi: 10.1111/j.1365-2656.2005.01006.x

Sun, Z., Liu, Z., Zhou, W., Jin, H., Liu, H., Zhou, A., et al. (2016). Temporal
interactions of plant-insect-predator after infection of bacterial pathogen on
rice plants. Sci. Rep. 6:26043. doi: 10.1038/srep26043

Teillet, A., Dybal, K., Kerry, B. R., Miller, A. J., Curtis, R. H. C., and Hedden,
P. (2013). Transcriptional changes of the root-knot nematode Meloidogyne
incognita in response to Arabidopsis thaliana root signals. PLoS One 8:e61259.
doi: 10.1371/journal.pone.0061259

Tjallingii, W. F. (2006). Salivary secretions by aphids interacting with proteins
of phloem wound responses. J. Exp. Bot. 57, 739-745. doi: 10.1093/jxb/
erj088

Turner, S., and Rowe, J. (2006). “Cyst nematodes,” in Plant Nematology, eds R. N.
Perry and M. Moens (Wallingford: CAB International), 91-122. doi: 10.1079/
9781845930561.0091

van Dam, N. M., and Bouwmeester, H. J. (2016). Metabolomics in the rhizosphere:
tapping into belowground chemical communication. Trends Plant Sci. 21,
256-265. doi: 10.1016/j.tplants.2016.01.008

Van Dam, N. M., Gossa, M. W., Mathur, V., and Tytgat, T. O. (2018). Differences
in hormonal signaling triggered by two root-feeding nematode species result
in contrasting effects on aphid population growth. Front. Ecol. Evol. 6:88.
doi: 10.3389/fev0.2018.00088

Van Dam, N. M., Raaijmakers, C. E., and Van Der Putten, W. H. (2005). Root
herbivory reduces growth and survival of the shoot feeding specialist Pieris
rapae on Brassica nigra. Entomol. Exp. Appl. 115, 161-170. doi: 10.1111/j.1570-
7458.2005.00241.x

Veech, J. A. (1982). Phytoalexins and their role in the resistance of plants to
nematodes. J. Nematol. 14:2.

Walker, T. S., Bais, H. P., Grotewold, E., and Vivanco, J. M. (2003). Root exudation
and rhizosphere biology. Plant. Physiol. 132, 44-51. doi: 10.1104/pp.102.019661

Warnock, N. D., Wilson, L., Canet-Perez, J. V., Fleming, T., Fleming, C. C., Maule,
A. G, et al. (2016). Exogenous RNA interference exposes contrasting roles
for sugar exudation in host-finding by plant pathogens. Int. J. Parasitol. 46,
473-477. doi: 10.1016/j.ijpara.2016.02.005

Wondafrash, M., Van Dam, N. M., and Tytgat, T. O. (2013). Plant systemic
induced responses mediate interactions between root parasitic nematodes and
aboveground herbivorous insects. Front. Plant Sci. 4:87. doi: 10.3389/fpls.2013.
00087

Wu, T., Wittkamper, J., and Flores, H. E. (1999). Root herbivory in vitro:
interactions between roots and aphids grown in aseptic coculture.
In. Vitro. Cell. Dev. Biol. Plant. 35, 259-264. doi: 10.1007/s11627-999-
0089-7

Frontiers in Plant Science | www.frontiersin.org

September 2018 | Volume 9 | Article 1278


https://doi.org/10.1094/MPMI-19-0250
https://doi.org/10.1094/MPMI-19-0250
https://doi.org/10.1111/j.1461-0248.2008.01200.x
https://doi.org/10.1111/j.1461-0248.2008.01200.x
https://doi.org/10.1111/j.1365-2311.2008.01062.x
https://doi.org/10.1111/j.1365-2311.2008.01062.x
https://doi.org/10.1111/j.1461-9563.2008.00365.x
https://doi.org/10.1111/j.1461-9563.2008.00365.x
https://doi.org/10.4014/jmb.1511.11058
https://doi.org/10.4014/jmb.1511.11058
https://doi.org/10.1093/jxb/ers274
https://doi.org/10.1007/s00442-013-2712-x
https://doi.org/10.1104/pp.112.200386
https://doi.org/10.1111/j.1364-3703.2005.00306.x
https://doi.org/10.1111/j.1364-3703.2005.00306.x
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1046/j.1570-7458.1998.00262.x
https://doi.org/10.1046/j.1570-7458.1998.00262.x
https://doi.org/10.1038/297495a0
https://doi.org/10.2307/3545209
https://doi.org/10.2307/3545209
https://doi.org/10.3389/fpls.2016.00837
https://doi.org/10.1017/S0006323198005271
https://doi.org/10.1017/S0006323198005271
https://doi.org/10.1146/annurev.es.03.110172.001531
https://doi.org/10.1371/journal.pone.0035498
https://doi.org/10.1007/978-94-007-0434-3_2
https://doi.org/10.1007/978-94-007-0434-3_2
https://doi.org/10.1093/jxb/eri285
https://doi.org/10.1007/978-94-011-5596-0_4
https://doi.org/10.1007/978-94-011-5596-0_4
https://doi.org/10.1017/S0007485300005526
https://doi.org/10.1104/pp.108.127613
https://doi.org/10.3389/fpls.2014.00470
https://doi.org/10.2307/3565649
https://doi.org/10.1111/j.1365-2656.2005.01006.x
https://doi.org/10.1038/srep26043
https://doi.org/10.1371/journal.pone.0061259
https://doi.org/10.1093/jxb/erj088
https://doi.org/10.1093/jxb/erj088
https://doi.org/10.1079/9781845930561.0091
https://doi.org/10.1079/9781845930561.0091
https://doi.org/10.1016/j.tplants.2016.01.008
https://doi.org/10.3389/fevo.2018.00088
https://doi.org/10.1111/j.1570-7458.2005.00241.x
https://doi.org/10.1111/j.1570-7458.2005.00241.x
https://doi.org/10.1104/pp.102.019661
https://doi.org/10.1016/j.ijpara.2016.02.005
https://doi.org/10.3389/fpls.2013.00087
https://doi.org/10.3389/fpls.2013.00087
https://doi.org/10.1007/s11627-999-0089-7
https://doi.org/10.1007/s11627-999-0089-7
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Hoysted et al.

Aphid Infestation Affects Nematode Hatch

Zasada, 1. A, Peetz, A., Wade, N., Navarre, R. A., and Ingham, R. E. (2013). Host
status of different potato (Solanum tuberosum) varieties and hatching in root
diffusates of Globodera ellingtonae. J. Nematol. 45,195-201.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Hoysted, Bell, Lilley and Urwin. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Plant Science | www.frontiersin.org

10

September 2018 | Volume 9 | Article 1278


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Aphid Colonization Affects Potato Root Exudate Composition and the Hatching of a Soil Borne Pathogen
	Introduction
	Materials and Methods
	Maintenance of Plants, Aphids, and Nematodes
	Preparation of Potato Root Exudates
	Sugar Quantification in Root Exudates
	Hatching Assays
	Analysis of Gpa-nep-1 Gene Expression
	Data Analysis

	Results
	Increased Inoculum of Myzus persicae Reduces Below-Ground Tissue in Potato Plants
	Root Exudate From Aphid-Infested Potato Plants Induces Diminished Hatching of Globodera pallida
	Increasing Inoculum of M. persicae Results in a Decreased Glucose and Fructose Content in Potato Root Exudates
	Glucose and Fructose Induce Hatching of G. pallida
	Supplementing Root Exudate From Aphid Infected Potato Plants With Glucose and Fructose Does Not Rescue G. pallida Hatch
	Induced Expression of Gpa-nep-1 Varies in Response to Hatching Stimulants

	Discussion
	Below-Ground Plant Responses to Aphid Infestation
	Plant-Parasitic Nematode Responses to Root Exudation
	Effect of Aphid-Infestation on Potato Root Exudate Composition
	Effect of Aphid-Infestation on the Hatching of a Soil Borne Pathogen

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


