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Monosaccharide Constituents of Potato Root Exudate Influence Hatching
of the White Potato Cyst Nematode
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Abstract

Plants secrete a large array of compounds into the rhizosphere to facilitate inter-

actions with their biotic environment. Some of these exuded compounds stimu-

late the hatching of obligate plant-parasitic nematodes, ultimately leading to a

detrimental effect on the host plant. Determining these cues can help to provide

new mechanisms for control and aid nematode management schemes. Here, we

show that glucose, fructose, and arabinose, which are all present in potato root

exudate (PRE), induce hatching of white potato cyst nematode (Globodera pal-

lida) eggs whereas five other PRE sugars had no effect. Although these mono-

saccharides resulted in significant hatching, none induced the same level as

PRE, suggesting that other components, possibly in combination, contribute to

stimulation of nematode hatching. Glucose but not arabinose or fructose was

also observed to attract juvenile G. pallida, indicating that these hatch-inducing

components can have different roles in different stages of the life cycle. Applying

a solution of these monosaccharides toG. pallida-infested soil prepotato planting

initiated hatching in the absence of a host. Host absence resulted in nematode

mortality and a reduction in the G. pallida population. Therefore, subsequent

invasion of the crop postplanting was also reduced compared with untreated soil.

Our data suggest that monosaccharide components of PRE play an important

role in the hatching and attraction of G. pallida. As a result, the hatch-inducing

monosaccharides can be applied as a preplanting treatment to induce hatching

and reduce subsequent infection rates.

Keywords: attraction, hatching, monosaccharides, potato cyst nematode, root

exudate

Plant roots exude a wide array of compounds to facilitate complex and dynamic
interactions with the rhizosphere, mediating both mutualistic and parasitic relation-
ships (Barber and Martin 1976; Bertin et al. 2003; Canarini et al. 2019). Between 20
and 40% of fixed carbon is exuded from root tissue in the form of proteins, amino acids,
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carbohydrates, sugars, and organic acids, with the relative propor-
tions of these constituents varying significantly between plant spe-
cies (Bacilio-Jim�enez et al. 2003; Badri and Vivanco 2009;
Carvalhais et al. 2011; Kawasaki et al. 2016; Lugtenberg et al.
1999). Sugars represent approximately 75% (Vranova et al. 2013)
of exuded material and include glucose, fructose, sucrose, arabi-
nose, xylose, and galactose, all at varying concentrations (Badri
and Vivanco 2009; Kawasaki et al. 2016). These concentrations
also vary as the plant develops (Lugtenberg et al. 1999; Sasse et al.
2018), with total sugar exudation in Arabidopsis and rice sharply
declining after 3 weeks of growth (Bacilio-Jim�enez et al. 2003;
Chaparro et al. 2013). In contrast, sucrose is only exuded from
tomato roots that are >4 days old (Lugtenberg et al. 1999).
Although several sugars are present, glucose represents over 90%
of the carbohydrate content of root exudates of rice plants at 1 to 4
weeks of age (Bacilio-Jim�enez et al. 2003). The regulation of
compound exudation is a proposed mechanism for plant modula-
tion of the rhizosphere (Micallef et al. 2009). This modulation is
suggested to have evolved with the substrate specificity of plant-
associated bacteria to assemble a root microbiome, which includes
mutual, commensal, and parasitic interactions (Sasse et al. 2018).
Plant–microbe relationships also impact plant root exudate pro-
files. For example, infection of Arabidopsis with Pseudomonas
syringae reduces exudation of maltose, ribose, glucose, and
fructose (Yuan et al. 2018).
Root exudates are vital mediators of interactions between

plants and plant-parasitic nematodes. Globodera pallida is a
highly evolved sedentary endoparasitic nematode that is com-
monly referred to as the white or pale potato cyst nematode
(PCN) due to its prevalence on the crop and its restricted solana-
ceous host range. Eggs containing unhatched juvenile nematodes
are protected in the soil within a cyst formed from the toughened
body wall of the dead female. Each cyst contains approximately
400 eggs that can remain viable for decades before they begin
hatching (Turner and Rowe 2006). The second-stage juvenile
(J2) nematode hatches from the egg in response to root exudate-
derived cues in the soil and then penetrates the host root tissue.
After migrating toward the vascular cylinder, a single cell is
selected and modified by the nematode into a highly metaboli-
cally active feeding site, termed a syncytium. It is from this
source that the nematode obtains nutrition to support develop-
ment and subsequent egg laying (Lilley et al. 2005).
Hatching is a vital process in the life cycle of G. pallida and is

historically thought to be initiated by certain compounds, termed
hatching factors, present specifically in host root exudates. Hatch-
ing factors alter the permeability of the egg membrane, allowing
the trehalose/water balance to shift, resulting in hydration of the
juvenile and subsequent eclosion (Perry and Beane 1989). Sola-
noeclepin A, sodium thiocyanate, picloronic acid, a-solanine, and
a-chaconine have been characterized as hatching factors for dif-
ferent cyst nematode species (Byrne et al. 2001; Schenk et al.
1999). In contrast to this assumed reliance on specific hatching
factors, glucose and fructose were recently shown to induce hatch
of G. pallida (Hoysted et al. 2018). This was unexpected due to
their widespread presence in exudates from different plant species
and the reported absolute requirement of host root exudate for
hatching of G. pallida. The triggers of egg hatching are poorly
characterized and a variety of components probably each contrib-
ute to the process. As well as affecting hatching, root exudates
can induce stylet thrusting (Teillet et al. 2013), mediate attraction
(�Cepulyt_e et al. 2018; Phani et al. 2017), and stimulate gene
expression responses (Bell et al. 2019) in plant-parasitic nemato-
des. Glucose and fructose induce attraction and stylet thrusting in
J2s of the root-knot nematode Meloidogyne incognita but have

no effect on those of G. pallida (Warnock et al. 2016). Changes
in nematode gene expression are induced by carbohydrate com-
ponents of root exudates, highlighting the complex interactions
between nematodes and exudate carbohydrates (Bell et al. 2019).
The majority of research on exudate–nematode interactions has

focused on motile nematode stages, with fewer studies investigat-
ing the effect of exudates on hatching. Here, we identify an addi-
tional monosaccharide, arabinose, which induces hatching of
G. pallida, and determine the optimal concentrations of monosac-
charides for hatch induction. We assayed each hatching-inducing
compound for its role in attracting mobile nematodes, which
plays an important role in multiple stages of the life cycle.
Finally, we determined whether these compounds can be applied
as a preplanting treatment to induce hatching in the absence of a
host, thereby reducing the soil nematode population and the
potential parasites of the subsequent crop.

MATERIALS AND METHODS

Maintenance of plants and collection of root exudates

Chitted tuber cuttings of Solanum tuberosum L. ‘D�esir�ee’
were planted in 18-cm pots containing sand and loam topsoil
(50:50). Plants were grown in a glasshouse at 20 to 22�C
under cycles of 16 h of light and 8 h of darkness for 3 weeks.
Roots were excised intact from the bottom of the plant stem
and washed to remove sand and loam. Roots were soaked in
darkness for 24 h at 4�C at a concentration of 80 g/liter of tap
water. This concentration of roots in water was chosen for its
optimal induction of hatching and attraction of G. pallida
(Farnier et al. 2012). The resultant potato root exudate (PRE)
was sterilized using a 0.45-mm filter and stored at 4�C.

Quantification of monosaccharides in PRE

Root exudate was prepared from six individual root systems.
The concentrations of arabinose, galactose, maltose, sucrose, and
xylose were quantified colorimetrically at 340 nm using kits
(K-MASUG and K-ARGA; Megazyme) according to the man-
ufacturer’s instructions. A mean concentration per biological rep-
licate was calculated by measuring each PRE in technical
triplicate. Water was used as a negative control and standards
provided with the kits were used to construct calibration curves
to quantify absorbance as micrograms per milliliter of each.

G. pallida behavioral assays

Hatching assay. For each hatching assay, batches of five G.
pallida cysts were placed in wells of a 12-well polypropylene
plate and 1 ml of treatment solution was added, ensuring that
the cysts were covered. Ten replicates of five cysts were carried
out per treatment. Cysts were incubated at 20�C in treatment
solution for 30 days, with the number of hatched juveniles
counted and replacement with fresh solution every 5 days.
Treatments consisted of either arabinose (2 to 162 mg/ml),
galactose (20 mg/ml), glucose (2 to 162 mg/ml), fructose (4 to
315 mg/ml), cellulose (20 mg/ml), maltose (20 mg/ml), lactose
(20 mg/ml), sucrose (20 mg/ml), xylose (20 mg/ml), water (nega-
tive control), or PRE (positive control). After 30 days, the same
cysts were washed in tap water and reincubated in PRE for a
further 15 days. Each cyst was then opened and the number of
unhatched J2s was counted to express the number of hatched
J2s as a percentage of total potential hatch.
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Chemotaxis assay. Chemotaxis of G. pallida J2s toward
sugars was assessed on 9-cm Petri plates containing 23% (wt/
vol) Pluronic gel PF-127 (Anatrace). PF-127 was dissolved in
water by continuous stirring for 24 h at 4�C, as described by
Wang et al. (2009). The test solution was then pipetted (20 ml)
onto the test area of the plate and water was always added to
the control area on the opposite side of the plate (Fig. 1). The
optimal concentrations that induced hatching for glucose
(18 mg/ml), fructose (35 mg/ml), and arabinose (20 mg/ml)
were assayed for their attractiveness. Galactose was also
assayed at 20 mg/ml as a nonhatch-inducing monosaccharide.
Freshly hatched J2s (n = 100) were washed multiple times in
water and added to the center of the plate. The plate was then
incubated in the dark at 20�C for 3 h before counting the num-
ber of nematodes within a 1-cm radius of the test or control
areas. The chemotaxis index (CI) (Hart 2006) was then calcu-
lated to show the relative chemotaxis of the nematodes toward
or away from the treatment. For this index, 0 < CI < 1 is
classed as attraction and 21 < CI < 0 is classed as repulsion.
Each treatment was assessed with five biological replicates.

Glasshouse trial of monosaccharide control treatment

Mesh bags were constructed to hold 20 cysts so that the
hatched J2s could migrate through the mesh and the cysts
could then be recovered from the soil. One bag containing 20
cysts was inserted into an 18-cm pot containing sand and loam
topsoil (50:50). The pot was saturated with approximately 150
ml of either PRE, a solution containing glucose and fructose
(at 17 and 35 mg/ml, respectively), or water. Each treatment
was conducted with nine biological replicates. Pots were left
for 3 weeks for hatching of eggs to occur, as dictated by the
hatching assay data obtained previously. After 3 weeks, the
cyst bags were removed from the soil and the number of
unhatched eggs was counted. In a second experiment, this
setup was repeated with five biological replicates; however,
after the 3-week incubation, the pots were left in the glass-
house for a further 8 weeks to allow the death of any hatched
juveniles (Robinson, et al. 1987). At this point, a chitted tuber
was planted into each pot and grown for 3 weeks. Roots were
then harvested, washed to remove soil, and stained with acid
fuchsin to visualize the nematodes (Byrd et al. 1983). The
number of nematodes in each root system was counted.

Data analysis

One-way analysis of variance (ANOVA) and Student-
Newman-Keuls (SNK) post hoc tests were used to determine
the significance of differences in G. pallida egg hatch, chemo-
taxis index, prepotato planting eggs per cyst and root invasion.
SPSS v24 (IBM Corporation Armonk, New York, NY,
U.S.A.) was used for all statistical analysis.

RESULTS

Potato roots exude a range of mono- and disaccharides

Assays were undertaken to determine potential G. pallida
hatch-inducing sugars. Arabinose (18.4 ± 1.0 mg/ml), galactose
(16.0 ± 1.3 mg/ml), maltose (8.1 ± 2.0 mg/ml), and xylose
(22.3 ± 1.5 mg/ml) were detected in PRE (Fig. 2). Sucrose is
important for carbon translocation in the plant but was not
detected in PRE (Fig. 2).

Glucose and fructose induce dose-dependent hatching of
G. pallida

Building on previous observations, we determined whether
there were optimum concentrations of glucose and fructose
that induced hatch of G. pallida. A range of both glucose and

FIGURE 1
Schematic diagram of the chemotaxis assay plate. The test solu-
tion is pipetted into the test area (T) and water is pipetted into the
control area (C). Nematodes are placed into the central circle (N)
and, after 3 h, the nematodes within the 2-cm circle around each
treated area (gray) are counted.

FIGURE 2
Potato root exudate contains multiple mono- and disaccharide
components. Concentrations of arabinose, galactose, maltose,
sucrose, and xylose present in potato root exudate. Concentra-
tions were determined using K-MASUG and K-ARGA assay kits
(Megazyme). Values are means ± standard error of the mean
from six replicates, with each representing a mean of three tech-
nical replicates.
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fructose concentrations induced significant hatching of G. pal-
lida (Fig. 3A and B). Glucose induced significantly more
hatch at 18 mg/ml than at the other concentrations; however,
this was significantly lower than hatch induced by PRE (Fig.
3A) (P < 0.05, one-way ANOVA, SNK test). Higher concen-
trations of glucose at 162 and 54 mg/ml also induced signifi-
cantly higher hatch than water (P < 0.05, one-way ANOVA,
SNK test) but lower hatch than 18 mg/ml. The lowest concen-
trations of glucose (6 and 2 mg/ml) did not induce any hatch.
Fructose at both 35 and 105 mg/ml (Fig. 3B) induced signif-

icantly higher hatch of G. pallida than water but lower than
PRE over the 30-day assay period (P < 0.05, one-way
ANOVA, SNK test). Similar to glucose, the two lowest con-
centrations (12 and 4 mg/ml) did not induce higher hatch than
water but, in this case, the highest concentration of 315 mg/ml
also did not induce significant hatching. In all assays, the via-
bility and, thus, hatch potential of the eggs was established by
replacing the treatments with PRE at day 30, resulting in an
increase in hatching. Treatment with either sugar at any tested
concentration resulted in a slower induction of hatch compared
with PRE.

Arabinose but not other sugars induces hatching of
G. pallida

The mono- and disaccharides detected in PRE, above, were
then assayed for their effects on hatching of G. pallida. A con-
centration of 20 mg/ml was chosen to reflect the approximate
amount of each detected in the PRE. Lactose was also assayed
as a predicted negative control sugar because it is not
described in the plant kingdom. Cellulose was included as an
example of a polysaccharide present in plant root exudates
(Bell et al. 2019). Arabinose treatment resulted in a significant
hatching stimulus, albeit greatly reduced compare with PRE
(Fig. 4A). The other saccharides had no effect on egg hatch.
At day 30, all of the treatments were replaced with PRE,
which established the hatching potential of the eggs. A range
of concentrations of arabinose was then tested to determine an
optimum hatching stimulus. Concentrations of 18 and 54 mg/
ml resulted in significantly higher hatching than water (P <
0.05, one-way ANOVA, SNK test), albeit much lower than
PRE, whereas arabinose at 2, 6, and 162 mg/ml did not signifi-
cantly induce hatch (Fig. 4B).

Glucose attracts J2s of G. pallida

Hatched J2 nematodes must locate and move toward the
host root in order to feed and reproduce. Therefore, the attrac-
tiveness of hatch-inducing sugars to G. pallida J2s was deter-
mined in agar plate assays. Nematodes migrated preferentially
toward glucose solutions and PRE, with chemotaxis indexes
of 0.24 ± 0.08 and 0.36 ± 0.14, respectively (Fig. 5) (P <
0.01, one-way ANOVA, SNK test). Fructose and arabinose,
which induced nematode hatch, did not attract J2s of G. pal-
lida. Galactose, which was selected as a monosaccharide that
did not induce hatching, also did not attract G. pallida J2s.

Applying a glucose and fructose solution prepotato planting
reduces the number of infective juveniles in the soil and

subsequent root invasion

The inducers of greatest G. pallida hatch, glucose and fruc-
tose, were assayed for their hatching stimulus in soil. Steril-
ized sandy loam soil containing cysts was saturated with

either water, PRE, or a glucose/fructose solution. After 3
weeks, the cysts were recovered from the soil and significantly
fewer unhatched encysted eggs were present after PRE and
glucose/fructose treatments, compared with water (P < 0.05,
one-way ANOVA, SNK test) (Fig. 6A). The treatments were
then repeated and the soil was left for 8 weeks in the glass-
house to ensure death of any hatched juveniles in the absence
of a host plant. A potato tuber was then planted into each pot
and the number of invaded nematodes in each root system was
counted after 3 weeks. Significantly reduced root invasion was
observed in potato plants grown in soil previously treated with
PRE or glucose/fructose solution (P < 0.05, one-way
ANOVA, SNK test) (Fig. 6B).

DISCUSSION

Here, we determined the optimal concentrations of monosac-
charides that induce hatching of G. pallida eggs and attraction
of infective juveniles. Notably, we utilized these components as
a preplanting control for the parasitic nematode, whereby they
induced hatching in the absence of a host, resulting in a reduced
soil population available for infection of the subsequent crop.
This approach exploits monosaccharides that are naturally
exuded by host potato roots to combat an economically impor-
tant parasitic nematode.
Exudates from plant roots vary in composition and concen-

trations between plant species (Bacilio-Jim�enez et al. 2003;
Carvalhais et al. 2011; Kawasaki et al. 2016; Lugtenberg et al.
1999). Root exudates from host plant species are widely known
to stimulate hatching and attraction of cyst nematodes (Devine
et al. 1996; Farnier et al. 2012) as well as inducing stylet thrust-
ing (Teillet et al. 2013), attraction (�Cepulyt _e et al. 2018; Phani
et al. 2017), and transcriptional responses (Bell et al. 2019) in
other plant-parasitic nematodes. Specifically, glucose and fruc-
tose are known to induce hatching of G. pallida and attraction
and stylet thrusting of M. incognita (Hoysted et al. 2018;
Warnock et al. 2016). Content of these sugars and expression
of sugar transporter proteins were found to increase in leaves
and roots of tomato during infection by M. incognita (Zhao
et al. 2018). Bacterial and fungal pathogens are also known to
induce the expression of different sugar transporter genes
(Chen et al. 2010), suggesting that pathogens target these genes
for nutritional gain. In this study, both glucose and fructose
were found to induce hatch of G. pallida at varying concentra-
tions; however, 18 and 105 or 35 mg/ml, respectively, were the
optima. It is possible that the optimal fructose concentration
may be between 105 and 35 mg/ml or that there is a broader
range for this monosaccharide’s effect on hatching. Reduced
hatching observed under lower concentrations suggests that a
threshold must be reached before hatching is initiated. Interest-
ingly, higher concentrations also resulted in reduced hatch,
suggesting a possible feedback mechanism and a concentra-
tion-response relationship. Alternatively, it could reflect the
fine osmotic balance that is required for egg hatching. J2s of
G. pallida are partially dehydrated within the egg, to restrict
movement and prolong energy reserves and survival (Perry
2002). The permeability of the eggshell changes upon stimula-
tion from PRE, allowing trehalose to leak out concurrently with
an influx of water, reducing osmotic pressure of the J2, which
then hydrates and can perforate and exit the egg (Perry 2002;
Wright and Perry 2006). Therefore, the osmotic pressure of the
solution to which the egg is exposed may have a significant
impact on the readiness for trehalose to leak from within the
egg and, therefore, induce hatch. The osmotic strength of the
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FIGURE 3
Concentrations of glucose and fructose differentially induce hatching of Globodera pallida. Concentrations of A, glucose at 2, 6, 18, 54,
and 162 mg/ml and B, fructose at 4, 12, 35, 105, and 315 mg/ml were applied to cysts (days 0 to 30) and cumulative percent egg hatch
was recorded. Potato root exudate (PRE) was applied to all cysts during days 30 to 45 (dashed line) as a known inducer of hatch, estab-
lishing the hatching viability of all cysts. Values are means ± standard error of the mean from 10 replicates, with five cysts per replicate.
Different letters denote significance of cumulative hatching values at day 30 (P < 0.05, one-way analysis of variance, Student-Newman-
Keuls test).
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FIGURE 4
Arabinose induces hatching ofGlobodera pallida. A, Arabinose, cellulose, galactose, maltose, lactose, sucrose, and xylose were applied
to cysts at single concentrations to assess stimulation of hatch. B, Concentrations of arabinose at 2, 6, 18, 54, and 162 mg/ml were
applied to cysts to determine the optimum for induction of hatch. Potato root exudate (PRE) was applied to all cysts during days 30 to 45
(dashed line) as a known inducer of hatch, establishing the hatching viability of all cysts. Values are means ± standard error of the mean
from 10 replicates, with five cysts per replicate. Different letters denote significance of cumulative hatching values at day 30 (P < 0.05
one-way analysis of variance, Student-Newman-Keuls test).
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higher concentrations of monosaccharides applied in this study
may restrict water entering the egg and, therefore, result in less
hatch. It would be of interest to investigate the osmotic pressure
of eggs within different solutions and also throughout the time
of exposure. Similar to our data, higher concentrations of PRE
reduce the emergence of cyst nematode juveniles from eggs,
also indicating a fine balance of parameters are required for
nematode hatch (Devine et al. 1996; Hague 1958).
Nematode chemoreception toward roots is a vital component

of parasitism and G. pallida are known to be attracted toward
PRE (Farnier et al. 2012). Here, we found that glucose attracts
G. pallida J2s at the same rate as PRE. The lack of attraction
toward fructose and arabinose, coupled with the hatch induction
from the monosaccharides, indicates that different components
are involved in different aspects of the parasitism process. Inter-
estingly, a previous study observed attraction of M. incognita,
but not G. pallida toward glucose and fructose (Warnock et al.
2016). The contrasting results from our study may be due to
different attraction assay methodology as well as the different
populations of G. pallida, because cyst populations are geneti-
cally distinct (Plantard et al. 2008).
Analysis of PRE identified the additional presence of arabi-

nose, galactose, maltose, and xylose but not sucrose, which was
unexpected, because sucrose is an abundant carbohydrate in

plants that is known to be exuded (Kawasaki et al. 2016; Naher
et al. 2009). Of these sugars, only arabinose (at 18 and 54 mg/ml)
induced nematode hatch, although at a much lower rate than glu-
cose, fructose, or PRE. Arabinose is transported between plant
cells (Rottmann et al. 2018) and, therefore, could be acquired
and utilized by G. pallida while feeding, similar to the transport
of glucose into the syncytia and female cyst nematodes (Hof-
mann et al. 2009). If so, the monosaccharides studied here may
be exudate signals to the egg that conditions are suitable for
hatching and that resources are nearby. This could be in addition
to the factors that are known to be required for the egg to end
diapause and hatch (Turner and Rowe 2006). Cysts were exposed
to PRE after the sugar assays to confirm that the differences in
egg hatching were a result of the treatment and not due to
reduced viability of the selected cysts. The difference in the
extent of this recovery between treatments suggests that either
the saccharides may have a deleterious effect on a proportion of
eggs or the prolonged preincubation in nonoptimal hatching con-
ditions lowers subsequent hatch. The mechanisms behind this are
not currently known.
The induction of hatching by sugars was tested for its

potential as a preplanting control treatment by reducing the
number of G. pallida in the soil. By treating soil with a one-
off dose of glucose and fructose, there was a significant reduc-
tion in the number of viable eggs when cysts were recovered.
Furthermore, if the soil was then left for 8 weeks before plant-
ing of a tuber, significantly fewer nematodes invaded the roots
in the pots treated with the monosaccharide solution. This
indicates that earlier hatching had occurred and was followed
by death of the G. pallida J2s once their stored energy
reserves had been exhausted in the absence of a host plant. In
each instance, PRE provided similar results; however, the effi-
cacy of collecting enough exudate would be unfeasible in a
field situation compared with the monosaccharide solution.
Several control measures aim at reducing egg hatch while
inducing nematode mortality (Jung et al. 2002; Siddiqui and
Shaukat 2003; Wei et al. 2014); however, inducing the early
emergence of juveniles from eggs in the absence of a host
plant is an appealing alternative. Trap crops such as S. sisy-
mbriifolium produce root exudates that stimulate hatching of
PCN and allow their invasion into the root; however, the
plants’ defense responses lead to degeneration of the nematode
feeding structures (Varandas et al. 2020). This inhibits PCN
reproduction and reduces the field population. Our data sug-
gest that this approach could potentially be taken further, by
inducing hatch of G. pallida eggs by applying soil treatments
rather than planting a second crop. They could also be applied
postharvest to reduce the population prior to the subsequent
crop; however, this may not be successful for species such as
G. pallida, which need a diapause before hatching can occur.
Further studies are needed to scale up applications; however,
the logistics of a soil treatment compared with the planting
and harvesting of a trap crop seem beneficial. Incorporating
tomato root exudates into soil can reduce the number of viable
G. pallida eggs per cyst by up to 79% (Devine and Jones
2001), while the exogenous application of hatching factors to
field soil can reduce the population size of G. rostochiensis by
approximately 50% (Devine and Jones 2000). This approach
avoids the application of compounds that are lethal to the
nematodes and potentially to other organisms; however, collect-
ing exudates or hatching factors is an intensive task. Although
we did not observe any microbial growth on the surface of the
soil from the sugar treatments, monosaccharides are known to
stimulate soil microbial activity and accelerate decomposition

FIGURE 5
The hatch-inducing sugar glucose also attracts Globodera pallida
juveniles. Attraction of G. pallida second-stage juveniles was
measured toward arabinose, galactose, glucose, fructose, and
potato root exudate (PRE) after 3 h of exposure. Pie charts dis-
play the mean percentage of nematodes in the treatment (darker)
or control (lighter) zones of the plate. Water was used as the con-
trol attractant in each setup with 100 nematodes used per repli-
cate. Black circles represent outliers on the boxplots. Asterisks
denote significantly more nematodes in the treatment area com-
pared with control area from five replicates (P < 0.01, one-way
analysis of variance, Student-Newman-Keuls test).
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in the rhizosphere (Blagodatskaya and Kuzyakov 2013; Gunina
and Kuzyakov 2015). Soils with varying microbiota do not
affect the hatching potential of PRE on G. pallida eggs (Gautier
et al. 2020); however, rigorous testing is needed to ensure that
application of these components does not shift the soil commu-
nity with knock-on effects on the crop. However, these effects
may not necessarily be negative; glucose amendments to
the soil surface can suppress pathogens and enhance seedling
growth (Shimizu et al. 2018).
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