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ABSTRACT

Beeman, A. Q., Njus, Z. L., Pandey, S., and Tylka, G. L. 2016. Chip
technologies for screening of chemical and biological agents against
plant-parasitic nematodes. Phytopathology 106:1563-1571.

Plant-parasitic nematodes cause substantial damage to agricultural crops
worldwide. Long-term management of these pests requires novel strategies
to reduce infection of host plants. Disruption of nematode chemotaxis to
root systems has been proposed as a potential management approach, and
novel assays are needed to test the chemotactic behavior of nematodes
against a wide range of synthetic chemicals and root exudates. Two
microfluidic chips were developed that measure the attraction or repulsion
of nematodes to chemicals (“chemical chip”) and young plant roots (“root
chip”). The chip designs allowed for chemical concentration gradients to be
maintained up to 24 h, the nematodes to remain physically separate from
the chemical reservoirs, and for images of nematode populations to be
captured using either a microscope or a flatbed scanner. In the experiments

using the chemical chips, seven ionic solutions were tested on second-stage
juveniles (J2s) of Meloidogyne incognita and Heterodera glycines. Results
were consistent with previous reports of repellency of M. incognita to a
majority of the ionic solutions, including NH4NO3, KNO3, KCl, MgCl2, and
CaCl2. H. glycines was found to be attracted to both NH4NO3 and KNO3,
which has not been reported previously. A software program was written to
aid in monitoring the location of nematodes at regular time intervals using the
root chip. In experiments with the root chip, H. glycines J2s were attracted to
roots of 3-day-old, susceptible (cultivar Williams 82) soybean seedlings, and
attraction of H. glycines to susceptible soybean was similar across the length
of the root. Attraction to resistant (cultivar Jack) soybean seedlings relative to
the water only control was inconsistent across runs, and H. glycines J2s were
not preferentially attracted to the roots of resistant or susceptible cultivars
when both were placed on opposite sides of the same root chip. The chips
developed allow for direct tests of plant-parasitic nematode chemotaxis to
chemicals and roots with minimal human intervention.

The soybean cyst nematode, Heterodera glycines, and the root-
knot nematode, Meloidogyne incognita, are economically impor-
tant plant-parasitic nematodes, each causing billions of dollars in
crop loss annually (Sasser and Freckman 1987). Plant-parasitic
nematodes locate their hosts using a range of chemical cues exuded
fromhost roots (Perry 1996). The selectivemovement of nematodes
toward knownandunknownchemical cues is referred to as chemotaxis
(Zuckerman and Jansson 1984). In the soil, chemotaxis is a com-
plex phenomenon where interplay among multiple attractants and
repellents produce long-range and short-range spatiotemporal
signals for the nematode (Reynolds et al. 2011).With limited energy
reserves, nematodes need to decipher competing chemical cues and
infect their host within a restricted time. Understanding the factors
involved with plant-parasitic nematode chemotaxis is a scientifically
intriguing topic that could lead to advances in managing these pests.
A number of assays have been developed and used to study

the chemotaxis of nematodes. Many of these laboratory assays use
agar as the migration matrix and use a number of different phy-
sical configurations (Castro et al. 1990; Devine and Jones 2003;
Papademetriou and Bone 1983; Riddle and Bird 1985; Shinya et al.
2015). The configuration and dimensions of the areas used to conduct
these assays depend on the scientific hypotheses being tested. For
example, a Y-shaped olfactometer was created in a Pluronic gel

matrix to study whether M. incognita and M. graminicola used the
shortest path to navigate a maze and reach host roots (Reynolds et al.
2011). Besides the choice of the physical device, different ways to
quantify the chemotactic behavior on plate assays have been
reported. For instance, relative values can be assigned to nematodes
depending on their proximity to a source compound (Wuyts et al.
2006), the number of nematodes in contact with a root (Wang et al.
2009b), or by observing the tracks created by nematodes on agar
surfaces as they move toward a filter paper disk soaked with a test
compound (Huettel and Jaffe 1987; Papademetriou and Bone 1983).
Although agar-based plate assays are widely adopted for their in-
herent simplicity, there are some compromises associated with their
use. Plate assays require carefully drying the agar (Wuyts et al. 2006),
and adding a treatment compound to a well cut into the agar or on
a saturated filter paper disk (Hu et al. 2013; Papademetriou and
Bone 1983), potentially introducing a source of variability between
experiments. On plates with agar, some of the nematodes may not
bevisible throughout the length of the experiment as somenematodes
can move beneath the agar surface, migrate to the edges of the plate,
or become obscured as they reach the source of the chemical gradient
(i.e., agar plug, filter paper disk, etc.). Recording tracks made by
nematodes (Papademetriou and Bone 1983) to a test compound can
also be challenging if there are many nematodes on a given plate.
As an alternative to agar-based plate assays, microfluidic tech-

nology offers the advantage of diffusing compoundswithin custom-
designed chip geometries to suit a desired chemotaxis experiment.
Microfluidics can be defined as “the handling and analyzing of
fluids in structures of micrometer scale” (Beebe et al. 2002). In the
past two decades, there have been exciting applications of micro-
fluidics in biology, such as in electrophysiology, pharmaceutical drug
screening, cell sorting and analysis, biomolecule separation and
screening, point-of-care diagnostics, and tissue engineering (Beebe
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et al. 2002). Microfluidic systems may also be paired with technology
to allow the user to automatically load samples, perfuse chemicals,
monitor real-time activity, record and analyze data, and conduct
multiple tests simultaneously and in parallel. In nematology, the
development ofmicrofluidic assays have been primarily focused on
the behavioral modeling ofCaenorhabditis elegans (Saldanha et al.
2013) and some parasites of veterinary importance (Chen et al.
2011). These studies have also used image analysis combined with
microfluidics to aid in data acquisition (Njus et al. 2015; Saldanha
et al. 2013).
While the goals of automation, real-time imaging, and high-

throughput screening are necessary in certain studies (e.g., those
involving pharmacology, toxicity, olfactory functions, and ion-
channel kinetics of whole nematodes) that run over 10 or 20 min
(Carr et al. 2011;Lockery et al. 2012;Peytavi et al. 2005), experiments
to investigate the chemotaxis of plant-parasitic nematodes require
longer time periods. Plant-parasitic nematodes exhibit a far more
sedentary lifestyle than C. elegans, so microfluidic devices must be
designed with these behavioral attributes in mind.
The objectives of our study were to (i) design, optimize, and

fabricate twomicrofluidic chips, a “chemical chip” and “root chip”;
(ii) determine the effect of multiple ionic solutions on movement of
second-stage juveniles (J2s) of H. glycines andM. incognita using
the chemical chip; and (iii) study themovement ofH. glycines J2s in
response to young soybean roots growing in the root chip. The
combination ofmicrofluidic chips and imaging tools can potentially
lead to faster screening of novel chemical compounds that disrupt
nematode migration to roots, characterizing nematode-resistant traits
of host plants, and answering fundamental questions in root_nematode
interactions.

MATERIALS AND METHODS

Microfluidic chips. The overall design of the chemical micro-
fluidic chip is shown in Figure 1. Each lane on the chip consisted of
a central port (i.e., the nematode entry port) where nematodes were
inserted for chemotaxis experiments (Fig. 1A). Two resting chambers

on either side of the nematode entry port allowed for unrestricted
movement of the nematodes from the central port. Two resting
chambers at opposite ends of the lane provided access to reservoirs
that contained treatment solutions. The treatment reservoir housed the
test compound of interest and the control reservoir contained the
experimental control treatment. The resting chamberswere connected
to the treatment and control reservoirs by microscale filters (Fig. 1B).
The filters allowed slowdiffusion of chemicals from the treatment and
control reservoirs into the resting chambers and also prevented
nematodes frommoving into the treatment and control reservoirs. The
chemical microfluidic chip contained four parallel lanes for separate,
simultaneous tests (Fig. 1C). The dimensions of all components of the
chip are included in Supplementary Figure S1.
The mask templates were drawn in AutoCAD and sent to an

outside vendor (FineLine Imaging) for printing. The microfluidic
chip mold was made in two parts: first the filters were made,
followed by the chambers and ports. Standard soft lithography was
used to fabricate the microfluidic chip. Briefly, an ultraviolet-
sensitive polymer, SU-8 2005 (MicroChem), was spin coated at a
speed of 3,000 rpm for 30 s on a 7.62 cm silicon wafer to deposit a
5-µm-thick layer. The wafer then was baked at 95�C for 2 min. The
SU-8 layer was selectively exposed to ultraviolet light (350 nm)
using themask template for the filters. Thewafer thenwas baked for
3 min at 95�C to harden the developed SU-8. A second layer of
photoresist, SU-8 2025 (MicroChem), was spin coated on top of the
5-µm-thick layer of SU-8 for 30 s at 1,000 rpm resulting in a layer
thickness of 75 µm.Next, thewafer was baked at 65�C for 3min and
then baked for an additional 9 min at 95�C. The mask template for
the ports and chambers thenwas used to selectively expose the SU-8
to the ultraviolet light. After another baking step at 65�C for 2 min
and 95�C for 7 min, a SU-8 developer (MicroChem) was used to
remove the unexposed photoresist leaving a negative mold of the
final chip. Then to fully harden the SU-8, the wafer was baked at
150�C for 30 min. Thereafter, polydimethylsiloxane (PDMS) was
poured on the SU-8 mold and baked on a hotplate for 3 h at 100�C.
The solidified PDMS structure was peeled off and holes were
punched to create the treatment and control reservoirs and the

Fig. 1. Images of the chemical chip used for chemotaxis experiments. A, Each lane comprised a nematode entry port, left and right resting chambers, left and right
reservoirs, and microscale filters connecting the reservoirs to the resting chambers. B,Magnified image of the filters that permitted chemical diffusion but restricted
the nematodes to the resting chambers. C, Image of a whole chip comprising four parallel lanes and bonded to a glass slide. Scale bars in the images depict the
relative sizes of the microfluidic chip.
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nematodeentryport. Finally, thePDMSchipwasbonded toaglass slide
using a plasma cleaner. Preliminary experiments were conducted with
H. glycines J2s to determine the optimal device layout and dimensions,
particularly the size of the filters and the relative volumes of resting
chambers and reservoirs for use with plant-parasitic nematodes.
Figure 2A shows diffusion tests with colored dyes taken at

different time points to confirm the slow diffusion of chemicals
into the resting chambers over the length of an experiment. A
microfluidic lane in the chip was prefilled with water, and red and
blue dyes were added to the treatment and control reservoirs. As
shown in the figure, the two dyes are localized in their respective
resting chambers, and there is virtually no mixing of the dyes in the
central nematode entry port. This visual observation suggests that the
microfluidic chips can be used to perform chemotaxis experiments
for up to 24 h. Figure 2B demonstrates how nematodesmove through
the chemical chip over the length of an experiment with KNO3. The
H.glycines J2s in this runwereattracted toKNO3as early as 4h, and a
majority of the nematodes in the chip were in the resting chamber
nearest to the filters connected to the KNO3 reservoir by 24 h.
The chemical chipwasmodified into a root chip by converting the

four separate treatment and control reservoirs in the four lanes of the
chip into two elongated root channels. This was done by carefully
cutting a PDMS layer with a clean razor blade and bonding two
rectangular pieces of PDMS over the top of the root channels. This
design provided coverage of the root and slowed the evaporation of
fluids from the root channel. The root chip comprised four lanes that
are exposed to different sections of the growing root, from nearest
the seed to nearest the root tip.

Nematode collection for experiments. Populations ofH. glycines
and M. incognita were maintained in the greenhouse on soybean,
Glycine max (cultivar Williams 82) and tomato, Lycopersicon
esculentum (cultivar Rutgers), respectively. Females and cysts
(dead females filled with eggs) of H. glycines were collected from
4- to 8-week-old plants by rinsing roots with water to remove soil
and then spraying the roots with a stream of water on an 850-µm-
pore sieve nested above a 250-µm-pore sieve. The debris and the
H. glycines females and cysts were collected on the 250-µm-pore
sieve, and the females and cysts were separated from the debris by
sucrose centrifugation (Jenkins 1964) using sucrose at 1,362 g/liter.
The females and cysts were crushed with a motorized rubber
stopper to release the eggs, which were collected on a 25-µm-pore
sieve nested under a 75-µm-pore sieve (Faghihi and Ferris 2000).
Eggs of M. incognita were collected by washing soil from the

roots of 6- to 8-week-old M. incognita-infected tomato plants,

cutting the roots into 2-cm-long pieces, and incubating the root
pieces with agitation in 0.5% sodium hypochlorite (bleach) for
2min (Hussey and Barker 1973). The suspensionwas poured over a
nested pair of 75-µm-pore and 25-µm-pore sieves to recover the
nematode eggs on the bottom, 25-µm-pore sieve. The eggs were
rinsed with water several times to remove all residues of the bleach.
Extracted eggs of both nematode species were further separated

from debris with sucrose centrifugation in sucrose at 454 g/liter
(Jenkins 1964). The eggs were washed with sterile, distilled water
and incubated in the dark at 25�C for 72 h on 30-µm-pore mesh
(Elko Filtering,Miami, FL) to hatch the J2s (Wong et al. 1993). The
hatched J2s moved downward through the 30-µm-pore mesh into
the water and were collected by centrifuging the nematode
suspension at 2,000 × g for approximately 4 min. The concentrated
J2 suspension was diluted with sterile distilled water to achieve the
appropriate nematode population density for use in the experiments.

Chemical chip experimental setup. Each lane of the micro-
fluidic chip was filled with approximately 100 µl of sterile distilled
water added through the nematode entry port using a 100-ml
syringe connected to rubber tubing (inner diameter: 1 mm). A
custom-made PDMS connector was put over the nematode entry
port to apply sufficient fluid pressure to completely fill the chip.
The connector was a cylindrical piece of PDMS (outside diameter:
5 mm, height 3 mm) with a 0.8-mm-diameter hole punch in the
center, which allowed the tubing to be attached the connector. The
chips were visually inspected after filling to ensure that each entire
lane was completely filled with water. If air bubbles were trapped
in any section of the lane, more water was added until the bubbles
had exited the lane through openings of the treatment or control
reservoirs. Chips that had large bubbles in the resting chambers or in
the filters that could not be removed were discarded. Next, 30 to 70
H. glycines or M. incognita J2s were suspended in 10 to 15 µl of
water and added to the nematode entry port, and then 50 µl of test
chemical was added to the treatment reservoir and 50 µl of water
was added to the control reservoir. The compounds used in the
experiments were ionic solutions that had been reported to be
attractants or repellants for H. glycines (Papademetriou and Bone
1983) andM. incognita (Castro et al. 1990; Le Saux and Quénéhervé
2002; Prot 1979; Riddle and Bird 1985). These included sulfates
(Na2SO4, ZnSO4), nitrates (NH4NO3, KNO3), and chlorides (MgCl2,
CaCl2, KCl). All ionic solutions were prepared at a concentration of
500mM. Ionic solution treatmentswereadded to the left or right sides
arbitrarily, and their position was switched for each replication. To
check for any bias of nematodemovement fromother factors (such as

Fig. 2. A, Diffusion of red and blue dye and B, movement of Heterodera glycines second-stage juveniles in response to KNO3 versus water in chemical chips at
four time points after incubation at 25�C. The diffusion of the dyes into the resting chambers of the lane over time is apparent in the images on the left. The colored
circles represent H. glycines second-stage juveniles that moved toward (red) or away (blue) from the KNO3 or stayed in or near the entry ports (black) of the lane in
the microfluidic chip in the images on the right.
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chip dimensions, fluid flow, or filling process), some laneswere filled
with water in both the treatment and control reservoirs. The chips
were incubated in darkness at 25�C. For each ionic solution, between
482 to 712 H. glycines J2s were tested over a total of 9 to 10
replications and441 to666 J2sofM. incognitawere testedover a total
of 9 to 12 replications (Table 1).

Root chip experimental setup. Experiments were conducted
withH. glycines and soybean seedlings in root chips. The following
set of treatments were assessed: H. glycines-susceptible soybean
versus water,H. glycines-resistant soybeanversus water,H. glycines-
susceptible soybean versus H. glycines-resistant soybean, and water
versuswater. Soybean seeds ofH. glycines-susceptible (Williams 82)
and H. glycines-resistant (Jack) cultivars were plated on 1.5% agar
andgerminated indarkness at 25�Cfor 3days. For testing chemotaxis
ofH. glycines to single cultivars, roots of these seedlings were inserted
arbitrarily in a channel on either side of the root chip, and the other
channelwas filledwithwater. In a separate experiment, roots of the two
soybean cultivarswere placed on opposite sides of a chip. Similar to the
chemical chip setup, water-only controls were used to check for any
directional bias in the chips in which the root channels were filled with
water on both sides. The H. glycines J2s were added to the nematode
entry port just as they were for the chemical chip experiments, and the
movement of the J2s toward or away from these treatments was
monitored.Root chipswereplaced flat ona scanner thatwasenclosed in
the temperature-controlled (25�C) chamber and scanned every hour for
18h.A total of4chipswereused for each treatment,with thenumberof
H. glycines J2s tested for each treatment ranging from 502 to 574.

Data collection. For the chemical chip experiments, all data
were collected using a dissecting microscope at 60× magnification.
The locations of the nematodes in the chemical chips were initially
recorded at 1, 6, 24, and 48 h after the start of the experiment. It was
thendetermined that themaximumresponse occurred at 24h, anddata
collection for some chemical chip experiments was done only at 24 h.
For experiments with the root chip, a custom software program

was written in AutoHotkey to control a high-resolution (2,400 dpi)
flatbed scanner (EPSON Perfection V750-M Pro Scanner) onto
which the root chips were placed. The program also controlled the
time interval between successive scans of the chips. A temperature-
controlled chamber (25�C) housed the scanner, and multiple chips
(up to four) were placed on the scanner bed to be monitored

simultaneously during an experiment. When the experimental run
was completed, a second program written in MATLAB organized
and formatted the scanned images to allow a user to identify the
locations of all of the nematodes in a lane at each time point.
Thereafter, the MATLAB program used the x- and y-coordinates of
each user-identified nematode and scored individual nematodes
as either being attracted, repelled, or having no preference to
the treatment based on their location in the resting chambers or
nematode entry port. The movement of J2s to a resting chamber
adjacent to a reservoir holding a test compound was considered an
attraction behavior, and movement of J2s to a resting chamber in
the opposite direction was considered a repulsion behavior. We
also used the scanner setup to demonstrate the slow diffusion of
chemicals through the filters from the treatment ports (Fig. 2).

Statistical analysis. For each nematode species in the chemical
chip experiments, there were between 9 to 12 runs for each ionic
solution tested and 23 runs for thewater only control treatment. The
percentages of J2s in the two resting chambers and nematode entry
port at 24 h were calculated. For the chemical chip experiments,
the percentage of nematodes in a resting chamber adjacent to the
treatment reservoir was compared with the percentage of nematodes
in the resting chamber adjacent to the control reservoir by a paired
Student’s t test in SAS using PROCTTEST (Devine and Jones 2003;
Hu et al. 2013).
For the root chip experiments, the percentages of nematodes in

each of the resting chambers were analyzed similarly to the chemi-
cal chip experiments. First, an analysis of variance was conducted
in PROC GLM of SAS (version 9.4) to test the effect of lane at
each hour time point. If the effect of lane was found not to be
significant, the data from all lanes were combined for analysis and
the effect of each treatment in the root chips at 18 h was tested using
a paired t test in PROC TTEST.
A chemotaxis index (chemoindex) modeled after Le Saux and

Quénéhervé (2002) was calculated to determine overall movement
of the nematode population inside each lane of the root chip. The
equation for the chemoindex was defined as pT _ pC, where pT is
the percentage of nematodes in the chip residing in the resting
chamber adjacent to the treatment reservoir and pC is the percentage
of the nematodes in the resting chamber adjacent to the control
reservoir. Therefore, a positive value (i.e., greater than zero) denoted
that the nematode juveniles were attracted to the treatment, and a
negative value (i.e., less than zero) indicated that juveniles were
repelled from the treatment. The chemoindex value was calculated
for each lane of a chip at every time point in the experiment. Standard
errors of the mean of the chemoindex values for each lane were
calculated and plotted for every hour of the experiment.

RESULTS

Chemical chip experiments. Greatest separation of both plant-
parasitic nematode species from the resting chambers occurred by
24 h of incubation (data from other time points are not shown). No
directional bias toward the right or left side of the chipwas observed
in the water only controls (Fig. 3). H. glycines and M. incognita
exhibited differential chemotactic responses to the ionic solutions.
In general, 32 to 52.3% of theH. glycines J2s added to the chemical
chips moved toward or away from test compounds and 37.6 to
76.6% remained in the nematode entry point after 24 h. In contrast,
only 14.1 to 51% of the M. incognita J2s moved toward or away
from compounds used in the experiments.
A compound was determined to be an attractant or repellent if a

significantly higher proportion of nematodes moved toward the
nematode resting chamber adjacent to treatment reservoir or away
from a compound being tested (i.e., toward the resting chamber
adjacent to the control reservoir). Compounds that elicited no
significant movement toward or away from the source were
considered neutral. Among the compounds to which H. glycines
was exposed, three were attractants, one was a repellant, and three

TABLE 1. Effect of different ionic solutions (500 mM) on chemotaxis of two
plant-parasitic nematodesa

Ionic solution Replicates
Total

nematodes Outcome P value
Standard
error

Meloidogyne
incognita

CaCl2 12 626 R 0.0007 7.79
MgCl2 10 496 R 0.0004 9.05
KCl 11 441 R <0.0001 6.08
NH4NO3 12 768 R <0.0001 6.63
KNO3 11 666 R 0.0002 7.36
ZnSO4 10 515 N 0.1798 6.28
Na2SO4 9 555 N 0.2435 4.46
Water 23 1363 N 0.9185 5.26

Heterodera
glycines

CaCl2 10 690 R 0.0332 7.42
MgCl2 10 483 A 0.0195 7.79
KCl 10 627 N 0.6436 9.52
NH4NO3 9 473 A 0.0058 5.83
KNO3 10 712 A <0.0001 6.20
ZnSO4 9 561 N 0.5131 0.05
Na2SO4 9 546 N 0.2157 0.04
Water 23 1458 N 0.1634 0.06

a Results of chemotaxis experiments were taken at 24 h. A total of 9 to 12
replications were done for each ionic solution tested. For each species of
nematode, the response was rated as either A = attracted, N = neutral response,
or R = repelled at the P = 0.05 level using a Student’s paired t test.

1566 PHYTOPATHOLOGY



had no significant effect (Table 1). Specifically, there was
significant movement ofH. glycines J2s toward MgCl2, KNO3,
and NH4NO3 (Fig. 3). H. glycines J2s were most strongly
attracted to KNO3, where an average of 51% of the J2s in the chip
moved toward the compound and only 10.1% away. Conversely,
H. glycines was repelled by CaCl2, with an average of 13.2%
moving toward the compound and 32%moving away. Therewas no
significant movement detected toward or away from KCl, ZnSO4,
Na2SO4, and the water only control. In contrast to the results
obtainedwithH. glycines,M. incognita J2swere repelled byKNO3,
NH4NO3, KCl, MgCl2, and CaCl2. For example, an average of 51%

of the M. incognita J2s move away by KCl and only 1.3% moved
toward the compound (Fig. 3). Like H. glycines, M. incognita J2s
were not attracted or repelled by ZnSO4 and Na2SO4 (Table 1).

Root chip experiment. These experiments were limited to
18 h, largely becausewater uptake from roots resulted in empty root
channels after this time. The H. glycines J2s were successfully
tracked moving in the chip during the course of the experiment
using a flatbed scanner enclosed in a temperature-controlled box
(Fig. 4). For the treatments with roots, the lane positions had
negligible effect on the nematode movement patterns, and
data were subsequently combined and analyzed (Table 2). The

Fig. 3. Results after 24 h from the chemical chip chemotaxis experiments using different ionic solutions (500 mM) on juveniles of Meloidogyne incognita and
Heterodera glycines. Bars represent the percentage of total nematodes in each lane moving either toward or away from ionic solutions. Each bar represents pooled
data from all runs (n = 9 to 23; Table 1). Asterisks indicate a significant difference between the percentage of attracted and repelled juveniles at P = 0.05 using a
Student’s paired t test.
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H. glycines-susceptible cultivar attractedH. glycines J2s regardless
ofwhich lane thenematodeswereplaced in,withpositive chemotaxis
index values ranging by lane from 12.1 to 16.8 after 18 h (Fig. 5A).
When lanes were combined for analysis, this attraction to the
susceptible root was found to be significant (Table 2).H. glycines J2s
were attracted toH. glycines-resistant soybean in some runs, but the
attractive response was not consistently seen across all replications,
with chemotaxis index values ranging by lane from _9.2 to 3.5 after
18 h (Fig. 5B). There was no strong preference to either root
when roots from both H. glycines-resistant and H. glycines-
susceptible cultivars were present on opposite sides (Fig. 5C),
with most nematodes remaining in the central port at the end of the
experiment. There was no directional bias in the water-only control
chips (Fig. 5D).

DISCUSSION

Plant-parasitic nematodes use chemical signals in the soil to
guide them to host roots. This host-finding behavior provides
scientists with an opportunity to search for chemical com-
pounds and biological agents that disrupt obligately parasitic
nematodes from finding host roots. Known chemical signals to
which nematodes respond include plant hormones, CO2, ionic
gradients, pH gradients, and secondary metabolites (Curtis 2008;

Dusenbery 1983;Kerry 2000;Riddle andBird 1985;Wang et al. 2009a;
Wuyts et al. 2006). Root exudates likely contain components that both
attract and repel nematodes (Devine and Jones 2003; Tefft and Bone
1985). Some scientists have tried to characterize the effects of root
exudates on nematodes (Devine and Jones 2003), but more studies
are needed to understand the role of various factors in nematode
chemotaxis. A better understanding of nematode chemotaxis can
lead to identifying compounds that could serve as crop protection
chemicals (Le Saux and Quénéhervé 2002) or biological antago-
nists (Hu et al. 2013; Sikora 1992). Host plant resistance has been
reported based partially on reduced nematode attraction to roots
(Linsell et al. 2014), and exudates from root-cap cells have been
reported to induce quiescence in certain plant-parasitic nematodes
(Hiltpold et al. 2014). Furthermore, production of peptides in planta
that disrupt chemotaxis of cyst nematodes has been reported (Liu
et al. 2005). Themicrofluidic chips described in this paper can aid in
conducting research to develop novel management strategies.
In this paper, we describe two microfluidic chips to study the

chemotaxis of plant-parasitic nematodes to both chemical com-
pounds and live roots of intact soybean seedlings. The designs
incorporate microscale filters that physically separate the nema-
todes from the treatments while permitting the establishment of
chemical gradients over a period of 18 to 24 h. The chips enable
increased standardization in chemotaxis experiments because the

Fig. 4. Results from root chip experiments conducted on flatbed scanner measuring the effect of the presence of roots of 3-day-old soybean seedlings on
Heterodera glycines chemotaxis. Each circle represents a single juvenile. Black circles represent juveniles in the center of the chip, while red and blue circles
represent juveniles that have migrated to the left and right portions of the chip, respectively.
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mask template is reusable, allowing us to fabricate new batches of
microfluidic chips with consistent repeatability in chip dimensions.
Additionally,wedevelopeda softwareprogramthat helps toanalyzea
large set of saved images—identifying moving nematodes and
tracking the movement of nematode populations as a function of
time.Seven ionic solutionswere tested on chemotaxis ofM. incognita
and H. glycines J2s using visual observation of large numbers of
nematodes (>5,000 of each species) with the chemical chip. And we
measured the effect of soybean roots on chemotaxis of H. glycines
with the root chip using a flatbed scanner paired with software to
identify the position of all the nematodes in a device at 1 h time points
over the course of an 18 h experiment.
The results of the experiments with the chemical chip revealed an

interesting differential chemotactic response of M. incognita and
H. glycines J2s to various ionic solutions. M. incognita J2s were

significantly repelled by all but two ionic solutions tested, which
was consistent with results from previous studies reporting strong
repellency of M. incognita to various ionic solutions (Castro et al.
1990; Le Saux and Quénéhervé 2002; Prot 1979; Riddle and Bird
1985). Themechanism behind this repellent behavior ofM. incognita
J2s to ionic solutions has not been discerned, but recent research by
Hida et al. (2015) indicates that KNO3 can be both an attractant and
repellent at different concentrations. Our research did not examine
concentration-dependent effects.
Chemotaxis of H. glycines J2s has been less studied than that of

M. incognita, but Papademetriou and Bone (1983) found that
ZnSO4 and MgCl2 attracted H. glycines J2s. In our experiments,
MgCl2 attracted H. glycines J2s but ZnSO4 did not elicit an
attractive or repellent response. Differences between our results and
those reported by the literature can possibly be attributed to the

TABLE 2. Effect of 3-day-old Heterodera glycines-susceptible (Williams 82) and H. glycines-resistant (Jack) soybean roots on chemotaxis of H. glycines
juvenilesa

Treatment Control Replicates (all lanes) Total nematodes
P value for
effect of lane

Outcome
(combined lanes)

P value for
paired t test

Standard
error

Susceptible Water 16 502 0.8499 A 0.001 3.70
Resistant Water 16 573 0.4183 N 0.90 3.79
Susceptible Resistant 16 576 0.9845 N 0.21 5.81
Water Water 16 524 0.9253 N 0.11 2.33

a Results are for root chip experiments at 18 h. Effect of lane was determined by analysis of variance at 18 h for each of the treatments. Data from the percentage
of juveniles migrating to each side of the chip was then analyzed, and the response was rated as either A = attracted, N = neutral response, or R = repelled at the
P = 0.05 level using a Student’s paired t test.

Fig. 5. Chemotaxis of Heterodera glycines second-stage juveniles in root chips with A, susceptible soybean (Williams 82), B, resistant soybean (Jack),
C, susceptible versus resistant, and D, water only controls. Positive values represent greater movement to roots in A and B, to the susceptible soybean root in C,
and to the right side of the water only control in D. Negative values represent greater movement to the water control in A and B, to the resistant soybean root in C,
and to the left side of the water only control in D. Error bars represent the standard error of the mean for each lane-hour combination.
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difference in chemical diffusion in different incubation media
(water, agar, Pluronic gel, etc.) or the layout of the assay. For example,
the assay of Papademetriou and Bone (1983) measured attractive
behavior indirectly based on agar tracks as an indication to whether
the nematodes moved toward filter paper saturated with a test
compoundover a24hperiodandZnSO4was found tobeanattractant.
Our chip allows for direct observation of nematodemovement toward
or away from a test compound. The fundamental differences in
the two assay setups (measuring tracks versus direct nematode
observation) may explain the differences in observed results. Our
results found H. glycines J2s to be strongly attracted to both KNO3

and NH4NO3 and repelled by CaCl2, which has not been reported
previously. As shown in Figure 2B, the attraction of H. glycines to
KNO3 occurredwithin a few hours,with a large number of J2s being
attracted to the chemical as early as 4 h after the start of the
experiment. This response indicates that a KNO3 solution can serve
as a good positive control for futureH. glycines chemotaxis studies.
The root chip system provides an alternative methodology for

experiments that test nematode behavior in response to collected
root exudates. Previous work has relied on collecting root exudates
from growing plants and applied them to nematodes in separate
steps (Levene et al. 1998; Tefft and Bone 1985; Zhao et al. 2000).
Our root chip allows for undisturbed growth of the soybean
seedlings in the presence of the nematode. Therefore, the nematode
can react to exudates as they are directly being emitted from the
roots. A single chip has four separate lanes that allow spatial effects
of roots of plant-parasitic nematode chemotaxis to be discerned.
Spatial preference of J2 for penetration has been noted for species
such asM. incognita, which migrates to root tips of host plants for
penetration (Wyss et al. 1992). The results of our experiments with
3-day-old soybean seedlings suggest there is no spatial preference
on chemotaxis of H. glycines (Table 2).
Experiments with the root chip were conducted by taking high-

resolution scans of the chips under controlled conditions over a
period of 18 h. The H. glycines J2s tested with the root chip were
successfully monitored and analyzed with custom software program
for automatic imagecapture aswell as to streamline imageprocessing
and analysis. Results from the root chip foundH. glycines J2s to be
attracted to roots of susceptible (Williams 82) soybean across
multiple runs. TheH. glycines J2s were attracted to resistant (Jack)
soybean in some runs (Fig. 4), but this effect was not consistent
across runs (Fig. 5). There was no attraction of H. glycines J2s
toward susceptible or resistant roots when both were placed on
opposite sides of the chip (Fig. 5). This result is not inconsistentwith
the findings of Colgrove and Niblack (2005) who reported no
differences in H. glycines J2 penetration into roots of resistant and
susceptible soybean genotypes. Our results do not provide any
strong conclusions in understanding the role of plant resistance on
H. glycines chemotaxis, because the two soybean cultivars tested
are genetically distinct. Becausewe did not test the effect of roots of
nonhosts, it also is unclear if the attraction ofH. glycines to the roots
in our experiments is soybean specific or due to exudates found in
all plant roots. Others have reported host and cultivar effects on
chemotaxis of plant-parasitic nematodes (Zhao et al. 2000), indicating
that this assaymight be useful for further host and cultivar preference
studies. Additionally, this assay may be valuable for testing the effect
of seed treatments, particularly systemic compounds, on chemotaxis
of different nematode species.
Recently, Hida et al. (2015) described a microfluidic chip that

measured chemotaxis of M. incognita J2s to KNO3. There are
similarities and differences between their approaches and ours.
Both chips were constructed from PDMS using soft lithography,
incorporate microscale filters to form concentration gradients of a
chemical, and require the J2s to migrate to a final resting chamber.
The chip described by Hida et al. (2015) is a T-shaped design that
requires the nematodes to migrate up a channel before making a
choice toward or away from a test chemical. Our chips require the
J2s to make an immediate choice toward or away from a treatment.

Additionally, Hida et al. (2015) used agarose gel as the migration
medium, and our chips were filled with sterile, distilled water. The
chips described inHida et al. (2015) aswell as in our paper can aid in
understanding plant-parasitic nematode chemotaxis.
There are some limitations of the microfluidic chips presented in

this paper. As with other in vitro assays, it is difficult to ascertain if
the results obtained from laboratory assays can be reliably reproduced
in the field setting. For instance, the chemotactic gradients established
in our assaysmay be different from those in natural soil environment,
since these gradients may be altered by abiotic or biotic factors in
the soil. In this context, Spence et al. (2008) cautioned that while
laboratory assays can be useful in studying plant-parasitic and
entomopathogenic nematodes, the effects observed in an in vitro
assay can only provide predictions of field-relevant interactions and
extrapolations of laboratory results are often unjustified. Advances
in replicating the soil environment within chemotactic assays may
aid in providing better predictions of field-relevant interactions
(Lockery et al. 2008). Additionally, microfluidic chips constructed
from PDMS are unable to test the chemotaxic effects of hydrophobic
compounds without additional fabrication steps (Mukhopadhyay
2007; Toepke and Beebe 2006). Our chips rely on diffusion of
compounds in water, and hydrophobic compounds would be
immiscible and tend to get absorbed into the PDMS sidewalls.
Inorder tousePDMSmicrofluidic chipswithhydrophobiccompounds,
the chips must be coated with a suitable hydrophobic coating (e.g.,
Teflon, paralyne) to prevent the hydrophobic compound from being
absorbed into the PDMS material.
Microfluidic technology offers an attractive alternative to agar-

based plate assays for studying chemotaxis of plant-parasitic
nematodes. Our results demonstrate the direct benefits of micro-
fluidic chips for testing a large number of nematodes, creating a
controlled chemical gradient for long timeperiods, runningconcurrent,
parallel experiments on the same chip, monitoring root_nematode
interactions, and using semiautomated imaging and tracking tools
during the experiments. The use of microfluidic chips paired with
image capture tools can provide a wealth of information about
nematode behavior. Increased adoption, improvements, and modifi-
cations of microfluidic chips to answer specific research questions
may result in greater data granularity and faster screening of the
chemotactic effects of chemicals and root exudates on plant-parasitic
nematodes.
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