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Abstract Syncytial cells in soybean (Glycine max culti-
var [cv.] Peking) roots infected by incompatible and com-
patible populations of soybean cyst nematode (SCN
[Heterodera glycines]) were collected using laser capture
microdissection (LCM). Gene transcript abundance was
assayed using Affymetrix® soybean GeneChips®, each con-
taining 37,744 probe sets. Our analyses identified differen-
tially expressed genes in syncytial cells that are not
differentially expressed in the whole root analyses. There-
fore, our results show that the mass of transcriptional activ-
ity occurring in the whole root is obscuring identification of
transcriptional events occurring within syncytial cells. In
syncytial cells from incompatible roots at three dpi, genes
encoding lipoxygenase (LOX), heat shock protein (HSP)
70, superoxidase dismutase (SOD) were elevated almost
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tenfold or more, while genes encoding several transcription
factors and DNA binding proteins were also elevated, albeit
at lower levels. In syncytial cells formed during the com-
patible interaction at three dpi, genes encoding prohibitin,
the epsilon chain of ATP synthase, allene oxide cyclase and
annexin were more abundant. By 8 days, several genes of
unknown function and genes encoding a germin-like pro-
tein, peroxidase, LOX, GAPDH, 3-deoxy-D-arabino-hep-
tolosonate 7-phosphate synthase, ATP synthase and a
thioesterase were abundantly expressed. These observa-
tions suggest that gene expression is different in syncytial
cells as compared to whole roots infected with nematodes.
Our observations also show that gene expression is different
between syncytial cells that were isolated from incompati-
ble and compatible roots and that gene expression is chang-
ing over the course of syncytial cell development as it
matures into a functional feeding site.
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nematode - SCN - Heterodera glycines - Microarray -
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Abbreviations

EST Expressed sequence tag

hpi Hours post inoculation

dpi Days post inoculation

SCN Soybean cyst nematode

12 Second stage juvenile

FS Farmer’s solution

PFA Paraformaldehyde

DEPC Diethylpyrocarbonate

LCM Laser capture microdissection

MRS
ROS

Moisture replacement system
Reactive oxygen species
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LCM Laser capture microdissection
LRR Leucine rich repeat

BP Base pair

CaMKII Calmodulin kinase IT

Avr Avirulence

Introduction

The infection of plants by parasitic nematodes is a poorly
understood major agricultural problem (Williamson and
Kumar 2006). For example, soybean cyst nematode (Hetero-
dera glycines Ichinohe) disease progression in soybean
(Glycine max L. Merrill) accounts for an estimated $460 to
$818 million in production losses annually in the US (Wrather
and Koenning 2006). Thus, understanding the nature of dis-
ease progression is urgently needed. Establishment and devel-
opment of infections by parasitic nematodes are complicated
processes that involve an intimate interaction between the host
and its pathogen. Molecular interactions accrue over time,
resulting in incompatibility (resistance) or compatibility (sus-
ceptibility) between the host and its pathogen. The host either
overcomes and survives the infection as a consequence of its
defense response or succumbs to the pathogen.

The G. max-H. glycines system is powerful because
information on gene expression in this system can be trans-
lated directly to improve resistance in an agriculturally rele-
vant plant. Several studies have taken a genomic approach
to investigate plant infection by parasitic nematodes (Put-
hoff et al. 2003; Khan et al. 2004; Jammes et al. 2005;
Alkharouf et al. 2006; Ithal et al. 2007). Focusing on time-
course cyst nematode interactions, Alkharouf et al. (2006)
presented a seven time point whole root microarray analy-
sis that spanned the time prior to feeding site selection (6
and 12 h post inoculation [hpi]) and times beyond feeding
site selection (1, 2, 4, 6 and 8 days post inoculation [dpi]).
Subsequently, a three-time point analysis spanning time
points after feeding site selection were presented (Ithal
et al. 2007). These studies focused primarily on compatible
reactions in whole roots and did not examine gene expres-
sion in roots undergoing an incompatible reaction. None of
these microarray studies specifically examined gene
expression within nematode feeding sites.

The Glycine max-Heterodera glycines interaction is a
good model to compare incompatibile and compatibile reac-
tions because well-defined incompatible and compatible H.
glycines populations are available (Riggs and Schmitt 1991;
Niblack et al. 2002). An interesting facet of G. max infection
by H. glycines is that even resistant varieties undergo infec-
tion (Endo 1965, 1991; Riggs et al. 1973; Kim et al. 1987).
During infection, H. glycines invade roots and migrate
through the cortex to the stele where they select and estab-
lish their feeding sites (Endo 1965, 1991; Riggs et al. 1973;
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Kim et al. 1987). Syncytial cells of incompatible roots col-
lapse 3—4 days after infection and the nematodes die. Con-
versely, syncytial cells continue to develop in compatible
roots into sites from which H. glycines feed during the
course of their lifecycle (Endo 1965, 1991; Riggs et al.
1973; Kim et al. 1987). Thus, two scenarios of infection can
be inferred (Fig. 1). In one scenario (Fig. 1a), gene expres-
sion specific to incompatible or compatible reactions occurs
throughout the root. A second scenario (Fig. 1b) is that gene
expression, pertaining to the incompatible or compatible
reaction, is localized to the syncytial cell. At this time it is
unclear if important changes pertaining to the incompatible
or compatible responses are expressed throughout the root or
only within the developing syncytial cell. However, in a
microarray analysis, Klink et al. (2007) determined that tran-
scriptional events that were specific to the incompatible and
compatible reactions were occurring as early as 12 hpi, a
time point prior to nematode feeding site selection.
Challenges to studying H. glycines infection at cellular
resolution are that the infection process is not synchronous
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Fig. 1 G. max infection by H. glycines. In one characterization (a),
changes in gene expression occur throughout the root, characterizing
incompatible (dark blue) and compatible (red) reactions. Transcrip-
tional activity in the syncytial cell is similar to the surrounding tissue.
These changes in gene expression that characterize incompatibility and
compatibility begin early on as incompatible (pink) and compatible
(green) nematodes burrow through the root. These root transcriptional
changes that characterize incompatibility and compatibility continue
on as nematodes establish syncytial cells by three dpi. Syncytial cells
in incompatible (white arrow) or compatible (black arrow) roots ap-
pear similar anatomically at three dpi. By eight dpi, incompatible syn-
cytial cells (white arrow) collapse while compatible syncytial cells
(black arrow) continue to develop. In a second characterization (b),
differential gene expression is restricted locally to the syncytial cell
during the onset of incompatibility or C. By three dpi, little or no
change in gene expression has occurred throughout the roots except
within the incompatible syncytial cell(dark blue, white arrow) or com-
patible syncytial cell (in red, black arrow). By eight dpi, the incompat-
ible syncytial cell (in black, white arrow) has collapsed while the
compatible syncytial cell (in red, black arrow) continues to develop
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and the syncytial cell is encased deeply within the root. To
address these issues, physical separation and isolation of
cells can be performed by laser capture microdissection
(LCM) (Isenberg etal. 1976; Emmert-Buck etal. 1996;
Asano et al. 2002), providing a means to obtain homoge-
neous cell samples. We used LCM previously to obtain
homogeneous populations of syncytial cells that were
developing during the compatible response of G. max to H.
glycines (Klink et al. 2005). In those experiments, RNA
was isolated from syncytial cell populations and was of
sufficient quality to clone genes and perform expression
analyses (Klink et al. 2005). These studies established the
protocols and procedures needed for this study of gene
expression in syncytial cell samples using microarrays.

The GeneChip® microarray technology is an established
platform for measuring gene transcript levels (Lipshutz
et al. 1999). The GeneChip® has been used in Arabidopsis
thaliana to study compatible reactions to the pathogen Phy-
topthora syringae over time (Wang et al. 2006) and to com-
pare incompatible and compatible reactions over time in A.
thaliana during P. syringae infection (Tao et al. 2003). The
Affymetrix® soybean GeneChip® has been used to study a
time-course of H. glycines infection during a compatibile
reaction in whole G. max roots, but only at time points after
nematodes have established feeding sites (Ithal et al. 2007).
We have used the soybean GeneChip® to study a time-
course of H. glycines infection during both a compatibile
and an incompatible reaction in whole G. max roots at time
points both prior to and after nematodes have established
feeding sites (Klink et al. 2007).

In this paper, we use the soybean GeneChip® containing
37,744 G. max probe sets to study gene expression occurring
within the syncytial cell, comparing incompatible and com-
patible interactions. Our study focuses on using well-defined
nematode populations that yielded bona fide incompatible
and compatible reactions (Niblack et al. 2002) in the same
G. max cultivar. We address several basic questions con-
cerning the G. max-H. glycines interaction at the site of
infection, the syncytial cells. These questions are: (1) Is gene
expression in syncytial cells different from gene expression
in whole roots? (2) Is gene expression different in three dpi
syncytial cells from incompatible versus compatible interac-
tions? (3) How does the pattern of gene expression in the
syncytium change over time in a compatible interaction?

Materials and methods
Plant and nematode procurement
Plant and nematode materials were grown at the United

States Department of Agriculture, Soybean Genomics and
Improvement Laboratory. Two populations of H. glycines,

NLI1-RHg (incompatible) and TN8 (compatible), were
maintained in the greenhouse using the moisture replace-
ment system (MRS) (Sardanelli and Kenworthy 1997).
Seedlings were grown in sterile sand in 20 x 20 x 10 cm
flats for a week. The seedlings were then gently removed
from the sand and rinsed with sterile water. Seedlings were
placed on moistened germination paper (Anchor Paper; St
Paul, MN, USA) inside each 20 x 20 x 10 cm flat. Mature
female nematodes were harvested from the sand beakers of
the MRS 3 days previously, by massaging the roots in
water and sieving the solution through nested 850 and
150 pm sieves. Females were purified further by sucrose
flotation (Matthews et al. 2003), and the females were
crushed gently with a rubber stopper in a 7.5 cm diameter,
250 pm sieve to release the eggs. The eggs flowed through
the sieve into a small plastic tray. Debris smaller than the
eggs was removed by washing in a 25 pm mesh sieve. The
eggs were placed in a small plastic tray with 1 cm of water.
The tray was covered with plastic wrap and placed on a
rotary shaker at 25 rpm. After 3 days, the second stage
juvenile nematodes (J2s) were separated from unhatched
eggs by passing them through a 41 um mesh cloth. The J2s
were concentrated by centrifugation in an IEC clinical cen-
trifuge for 30 s at 1,720 rpm to 5,000 J2/ml. This repre-
sented the inoculum. Two ml of inoculum was added
directly on the roots for a final concentration of 2,000 J2/
root. Control mock-inoculated replicates received the same
amount of water. The roots were covered with a moistened
sheet of germination paper and placed in a
45 x 50 x 20 cm plastic tray with 1 cm of water in the bot-
tom to add humidity. A semi-transparent bag was wrapped
around the tray, and trays were placed under fluorescent
lights of 16/8 h light/dark photoperiod. Identical light inten-
sities were used for each experiment. Infected roots were
grown for three or eight dpi. The mock-infected control
samples were washed and subsequently flash frozen in lig-
uid nitrogen at the same time points. The other two samples
were also washed to remove the extraneous nematodes that
had not yet penetrated the root. This prevented additional
nematodes from entering the root. Lateral roots that were
maximally infected (as determined later by acid fucshin
staining) were harvested and flash frozen in liquid nitrogen.
This ensured that we obtained tissue that was the most
highly infected with nematodes (Alkharouf et al. 2006).
The tissue for whole root analysis was ground to a fine
powder and stored at —80°C. Total RNA was extracted
using the method of Mujer et al. (1996). The process was
then repeated, providing two independent sets of samples.
Representative samples of roots were used to determine the
extent of nematode infection by acid fuchsin staining (Byrd
et al. 1983). A second set of samples was used for histolog-
ical observation to confirm incompatible and compatible
reactions (see below).
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Histology

Tissue was fixed in Farmer’s solution (FS) composed of
75% ethanol, 25% acetic acid (Sass 1958; Klink et al.
2005) or killed and fixed in 3.7% paraformaldehyde (PFA)
buffered with PEMP buffer (100 uM Pipes, 1 pM EGTA,
1 pM MgCl,, and 4% polyethylene glycol MW 8000, pH
6.8) (Sugimoto et al. 2000; Klink et al. 2005). G. max root
tissue was harvested and cut into 0.5 cm pieces and vacuum
infiltrated with either FS or PFA at room temperature for
1 h. Fresh fixative (FS or PFA) was added to both samples.
Tissue was subjected to an incubation step of 12 h at 4°C.
PFA fixed tissue was dehydrated through 10, 25, 50, 75%
ethanol. The remaining procedure was done identically as
for FS processed tissue. Fixative was removed from the
roots. Dehydration of FS-fixed tissue proceeded through a
graded ethanol series (75, 85, 100, 100%), 30 min each.
Ethanol was replaced with 1:1 xylene:ethanol for 30 min.
Subsequently, three, 100% xylene incubations (30 min
each) were done. Xylene was replaced by paraffin slowly
by placing the specimens into a 58°C oven and infiltrating
the roots sequentially in 3:1, 1:1, 1:3 xylene:Paraplast+®
tissue embedding medium (Tyco Healthcare Group LP®;
Mansfield, MA, USA) in each step for 3 h. Tissue was cast
and mounted for sectioning. Serial sections of roots were
made on an American Optical 820 microtome (American
Optical Co®, Buffalo, NY, USA) at a section thickness of
10 pm (Klink et al. 2005). Sections were stained in Safra-
nin O in 50% ETOH and counter-stained in Fast Green and
permanently mounted in Permount (Klink et al. 2005).

LCM

Slides were prepared according to Klink etal. (2005).
MembraneSlides® (Leica®, Germany; Cat# 11505158)
were placed on a slide warmer set at 40°C. DEPC-treated
RNAse-free water (~0.5—1 ml) was placed onto the slide
and allowed to warm. The tissue used for these analyses
were obtained from the same tissue used in our whole-root
microarray experiments (Klink et al. 2007). Serial sections
(10 pum) from control mock-inoculated roots and roots
undergoing incompatible (three dpi) and compatible (three
and eight dpi) reactions were prepared according to Klink
et al. (2005). These serial sections for the independent sam-
ple types were placed directly onto the pool of DEPC-
treated water. After the serial sections were adequately
spread, the DEPC-treated water was blotted off with a ster-
ile KimWipe®. Tissue was allowed to warm on the slide
warmer for an additional h to promote tissue binding to the
slide surface. Slides were deparaffinized with a five min
incubation in xylene. This was followed by a 2-min incuba-
tion in 1:1 xylene:ETOH that was followed subsequently
with two 1 min incubations in ETOH. Slides were then
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dried on the lab bench on filter paper covered with KimWi-
pes®. After drying, the slides were used immediately for
LCM. LCM was performed on a Leica ASLMD micro-
scope® (Leica®). LCM cutting parameters varied; they
were determined empirically for each session by examining
how amenable the tissue was to LCM. However, cutting
parameters for dissections performed on the 40X objective
were approximately: power, 55-85; speed, 2—4; specimen
balance, 1-3; offset, 40. Similar quantities of cells were
obtained for each sample type for the analyses.

Tissue was collected in OptiCaps® (Leica® Cat. #
11505169). LCM tissue was washed to the bottom of the
OptiCap PCR tube by micropipetting 20 pl of XB buffer
(Arcturus®) onto the microdissected tissue. The cap was
spun for 5 min at 500 rpm to pellet the tissue into the bot-
tom of the opticap. LCM tissue was ground with a mic-
ropestle in 40 ul RNA extraction buffer (Arcturus®). The
RNA was extracted and processed with the PicoPure RNA
Isolation Kit (Arcturus®) according to the manufacturer’s
instructions, with the addition of a DNAse treatment, just
before the second column wash, using DNAfree (Ambion®,
Austin, TX, USA). RNA quality and yield were determined
using the RNA 6000 Pico Assay® (Agilent Technologies®,
Palo Alto, CA, USA) on the Agilent 2100 Bioanalyzer®
according to the manufacturer’s instructions. RNA amplifi-
cation of LCM samples was done with the GeneChip®
Two-Cycle cDNA Synthesis Kit (Affymetrix®, Santa Clara,
CA; Cat. # 900432). Probe preparation and hybridizations
were performed according to Affymetrix® guidelines at the
Laboratory of Molecular Technology, SAIC-Frederick,
Inc.; National Cancer Institute at Frederick, Frederick, MD
21701, USA.

Microarray analyses and G. max probe set annotations

The GeneChip® Soybean Genome Array (Cat. # 900526;
Affymetrix®) was used for the microarray analyses. The
high-density array is an 11-probe pair (25 bp per oligonu-
cleotide), 11-micron feature size array, providing multiple
independent measurements for each individual transcript.
The array contains 37,744 G. max probe sets (35,611 tran-
scripts). Thus, some redundancy is present. Details of the
GeneChip® soybean genome array can be obtained (http://
www.affymetrix.com/index.affx).

Brandon Le and Anhthu Bui of Dr. Robert Goldberg’s
lab (University of California, Los Angeles) very kindly pro-
vided the annotations of the G. max probe sets. The G. max
probe set annotations were made by comparison to the A.
thaliana gene ontology (GO) database (The Gene Ontology
Consortium 2004) based on their best match obtained by
Blast searches (Altschul et al. 1997).

All microarray hybridizations were performed at the Lab-
oratory of Molecular Technology, SAIC-Frederick, National
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Cancer Institute at Frederick, Frederick, MD 21701, USA.
The microarrays were analyzed using Bioconductor®, a suite
of genomics analysis tools (packages) primarily written in
the R programming language (Gentleman et al. 2004). R is a
high-level interpreted language and environment for statisti-
cal computing and graphics, allowing the user to more easily
and quickly prototype new statistically based computational
methods. In addition, the R environment includes a well-
established system that permits packaging of related soft-
ware components and accompanying documentation. These
features of R make it useful for genomic data analysis, par-
ticularly for microarrays (Gentleman et al. 2004). R is freely
available for download at http://www.r-project.org/ and Bio-
conductor® is freely available for download at http://
www.bioconductor.org. The expression levels of the probe
sets on each chip were extracted using the Robust Multichip
Average (RMA) methodology (Irizarry et al. 2003a, b) as
implemented in the Affymetrix® Bioconductor® package.
RMA consists of three steps: (1) convolution background
correction, (2) quantile normalization, and (3) summariza-
tion based upon a multi-array model of the normalized and
log (base 2) transformed probe set data. The model parame-
ters are estimated using the median polish algorithm. This
algorithm is a robust procedure that protects against outlier
probes. The standard ¢ test was not used for differential
expression analysis because two biological replicates for
each time point were run. Instead, we used a moderated t-
statistic that was calculated using an Emperical Bayes
approach as implemented in the limma Bioconductor® pack-
age (Gentleman etal. 2004; Smyth 2004). Using this
method, a more stable estimate of gene-specific variance is
calculated by considering the variances of other genes on the
microarray, reducing the possibility of obtaining large val-
ues. These stable variance estimates were subsequently used
to calculate the moderated t-statistic. The moderated t-statis-
tics were then used to calculate P values, and any probe set
in the test samples (three and eight dpi) having a fold change
with an absolute value >1.5 and having a P value <0.05 was
considered to be differentially expressed as compared to the
control (mock inoculated) (Alkharouf etal. 2006). All
original data sets, the normalized data sets, statistics and
data supplemental to each table and figure are available at
[http://www .towson.edu/nalkharo/SGMD/SupplementalSites/
AftyGmLCM].

Results

Histological analysis of incompatible and compatible
responses in the whole root

Morphological and anatomical details of incompatible and
compatible disease responses by G. max to H. glycines

infection have been published previously (Endo 1964,
1965, 1971, 1991, 1998; Endo and Veech 1970; Gipson
etal. 1971; Jones and Northcote 1972; Riggs et al. 1973).
We focused on infection during the first eight dpi (Fig. 2).
This was done because syncytial cells complete the incom-
patible reaction by eight dpi under our experimental condi-
tions. By three dpi, nematodes have selected and begun
establishing feeding sites in compatible roots (Fig. 2a). By
eight dpi, nematodes have established syncytial cells in
compatible roots and begun their circumferential expansion
as they feed from syncytial cells (Fig. 2b). At three dpi,
nematodes have selected and begun establishing feeding
sites in incompatible roots (Fig. 2c). However, syncytial
cells collapse by eight dpi in incompatible roots (Fig. 2d).
Prior analyses revealed that G. max syncytial cells were
metabolically active (Endo 1971; Endo and Veech 1970;
Gipson et al. 1971). Therefore, gene expression supporting
that metabolism may also be active in syncytial cells. Other
analyses (reviewed in Gheysen and Fenoll 2002) including
those based on microdissected syncytial cells (Klink et al.
2005), revealed that there were changes in gene expression
occurring within and around syncytial cells. We sought to
expand on those analyses by characterizing global gene
expression in samples obtained from microdissected syncy-
tial cells (Fig. 3). These microarray analyses allowed specific
analysis of gene expression in syncytial cell samples, while
eliminating other root cells not directly involved in nema-
tode feeding. Analyses presented here include comparisons
of genes differentially expressed in syncytial cell samples
compared to genes differentially expressed in whole roots.

Comparison of gene expression in whole roots and syncytia
at three dpi in an incompatible interaction

In a previous microarray study, we identified probe sets
measuring differential expression in G. max whole roots
infected with incompatible and compatible populations of
H. glycines (Klink etal. 2007). Here, we performed a
microarray analysis of syncytial cell samples isolated from
incompatible and compatible roots at three and eight dpi.
Control cell samples were obtained from microdissected
pericycle and their surrounding cells. In Fig. 4a—c, differen-
tially expressed probe sets in whole root samples (Klink
et al. 2007) are compared to those identified in syncytial
cell samples identified in this analysis. Overall, more probe
sets were identified that measured induced and suppressed
differential expression in three dpi incompatible syncytial
cell samples and three dpi incompatible whole root samples
(Fig. 4a) as compared to the compatible response at the
same time point (Fig.4b). These analyses measured
induced differential expression that is in common between
the three dpi incompatible syncytial cell samples and three
dpi whole incompatible root samples, identifying 19 probe
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Fig. 2 G. max cv. Peking seedlings were inoculated with incompatible
or compatible H. glycines J2 nematodes. Roots were harvested at three
and eight dpi. a Three dpi Peking infected with a compatible nematode;
black arrowhead, nematode; area encircled in red, syncytial cell. b
Eight dpi Peking infected with a compatible nematode;black arrow-

Fig. 3 Microdissection of syn-
cytial cells. a A three dpi time
point syncytial cell (area encir-
cled in red) prior to microdissec-
tion was identified by their
proximity to H. glycines (black
arrow). b The same syncytial
cell section from Fig. 3a after
microdissection; microdissected
syncytial cell (area between
white arrows); nematode (black
arrow). ¢ An eight dpi time point
syncytial cell (area encircled in
red) prior to microdissection
was identified by their proximity
to H. glycines (black arrow).

d The same syncytial cell section
shown in Fig. 3c, but after
microdissection (area between
white arrows), nematode

(black arrow)

sets common to the three dpi incompatible syncytial cell
samples and three dpi incompatible whole root samples
(Fig. 4a). Genes that were differentially induced in both the
three dpi syncytial cell samples and the three dpi whole root
samples include a WRKY transcription factor, an acid
phosphatase, HSP70 and a phosphate responsive protein
(Table 1). These analyses also identified 39 probe sets mea-
suring suppressed differential expression that are in com-
mon between the three dpi incompatible syncytial cell
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head, nematode; area encircled in red, syncytial cell. ¢ Three dpi Pe-
king infected with an incompatible nematode;black arrowhead,
nematode; area encircled in red, syncytial cell. d Eight dpi Peking in-
fected with an incompatible nematode; black arrowhead, nematode;
area encircled in red, syncytial cell. Bar = 100 pm

samples and the three dpi incompatible whole root samples
(Fig. 4a). Those probe sets included a hairpin-induced fam-

ily protein (HINI), an ubiquitin-conjugating protein
(UBC2) and a gibberellin-regulated protein (Table 1).

The microarray analysis compared probe sets measuring
differential expression that was present in the three dpi
incompatible syncytial cell samples and not present in the
three dpi incompatible whole root samples (Fig. 4a). Thus,
these differentially expressed syncytial cell probe sets
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Fig.4 Venn diagrams depict the numbers of probe sets measuring
differential expression in G. max syncytial cell samples during incom-
patible (I) and compatible (C) reactions. The size of the circles is not
relative to the quantity of probe sets, respectively. Overlapping areas
represent common probe sets. A fold change with an absolute value
>1.5 and having a P value < 0.05 was used for our analyses. a Probe
sets measuring differentially expressed induced or suppressed tran-
script abundance in three dpi microdissected incompatible syncytial
cell and three dpi incompatible whole root samples. b Probe sets mea-
suring differentially expressed induced or suppressed transcript abun-
dance in three dpi compatible microdissected syncytial cell and three

suppressed 2735 62

l c / \ 3dpi &dpl
e

-
whole oot symeytium
c / ,".
induced | 787 |12 | 208

mp,m“f 5114 ::4 63 >

induced 196
suppressed 18
syncytium
tim urse-

dpi compatible whole root samples. ¢ Probe sets measuring differen-
tially expressed induced or suppressed transcript abundance in eight
dpi compatible microdissected syncytial cell and eight dpi compatible
whole root samples. d Probe sets measuring differentially expressed in-
duced or suppressed transcript abundance in samples of three dpi mi-
crodissected incompatible syncytial cells and three dpi microdissected
compatible syncytial cells. e Time-course analysis showing probe sets
measuring differentially expressed induced or suppressed transcript
abundance in three dpi microdissected compatible syncytial cells and
eight dpi microdissected compatible syncytial cells

Table 1 Select gene lists from the microarray analyses accompanying Fig. 4a that are common between the three dpi incompatible syncytial cell

probe sets and the three dpi incompatible whole root probe sets

Gene annotation Public ID FC_I_3dpi_syn P value_I 3dpi_syn FC_I_3dpi WR P value_I_3dpi_WR
Induced

Heat shock protein 70 / HSP70 BU764731 10.721975 0.012441448 1.644507 0.003072663
Acid phosphatase CD409023 4.999038 0.028601515 3.521159 3.74E-006
Expansin family protein (EXPL2) AW156630 4.201104 0.037455027 2.585297 0.000429735
WRKY family transcription factor BUS545050 4.050582 0.025695908 2.394812 0.00010373
VQ motif-containing protein BQ743055 2.73153 0.01980075 3.614756 1.03E-005
Phosphate-responsive protein (EXO) CA938684 2.155532 0.022261866 4.619361 0.000418605
Suppressed

Harpin-induced family protein (HIN1) AW317183  —2.14836 0.00460557 —2.48185 0.000244615
Major latex protein BQ629904  —2.16022 0.042142231 —2.55552 0.001743316
Senescence-associated family protein BQ611386 —2.31429 0.007148596 —1.53944 0.022894911
Ubiquitin-conjugating enzyme 2 (UBC2) BU764012  —3.49867 0.000311995 —1.59336 0.00629184
Gibberellin-regulated family protein BE658252 —6.22526 0.02204192 —8.86506 0.000271013

I incompatible, C compatible, WR whole root, Syn syncytium, FC fold change

escaped identification in our whole root analyses. Those anal-
yses identified non-overlapping probe sets measuring
induced (N=147) and suppressed (N =278) differential
expression in the three dpi incompatible syncytial cell sam-
ples (Fig.4a). Probe sets measuring induced differential

expression in the three dpi incompatible syncytial cell sam-
ples, but that were not measuring induced differential expres-
sion in three dpi incompatible whole root samples include
LOX, 40S ribosomal protein S11, 20S proteasome [3-subunit
A, and annexin (Table 2). Select probe sets measuring

@ Springer



1396

Planta (2007) 226:1389-1409

Table 2 Select induced or sup-

Gene annotation Public ID Fold change P value
pressed gene lists from the
microarray analyses of Fig. 4b Induced
that are differentially expressed Lipoxygenase CD409280 19.122529  0.013657
only in the three dpi incompati-
ble syncytial cell samples Expressed protein CF808788 14.077678 0.000678
40S ribosomal protein S11 (RPS11C) CD416674 9.920161 0.000399
20S proteasome beta subunit A (PBA1) (PRCD) BG509166 9.79095 0.005702
Arabinogalactan-protein (AGP18) BQ612879 9.344038 2.31E-005
Annexin AW100836 7.483913 0.042466
Heat shock cognate 70 kDa protein 1 (HSP70-1) AW350100 6.164971 0.020896
Esterase/lipase/thioesterase family protein CD391061 4.157606 0.000153
Transcription initiation factor IIA gamma chain AI938265 3.664592 0.046791
Nucleosome assembly protein (NAP) BMS891517 3.31616 0.006481
LRR transmembrane protein kinase (GmRLK3-like) AF244890.1 2.879774 0.007024
Basic helix-loop-helix (hPHLH) family protein BG363660 1.739555 0.009509
Suppressed
rpl16 ribosomal protein L16 CA85179%4 —15.67608 0.002206
rpl2 BM108350 —13.44336 0.001537
Vacuolar VPS28 family protein CD398333 —13.42502 0.00025
Malate oxidoreductase AI960156 —12.51308 0.007133
Ubiquitin-like protein (SMT3) CD404770 —10.46067 0.02818
Disease resistance protein/dirigent protein CF807323 —10.22068 0.019505
Ethylene-responsive element-binding factor 5 (ERF5) CD395831 —10.03465 0.016186
60S ribosomal protein L26 (RPL26A) CD399794 —9.82603 0.031778
psaJ PSI J protein BG047114 —9.36749 0.011498
L-ascorbate peroxidase 1b (APX1b) CF808604 —8.93137 0.046466
Peroxidase 42 (PER42) AW569086 —8.81378 0.042681
60S ribosomal protein L38 (RPL38B) CD396136 —8.79648 0.003562
Metallothionein protein CA852037 —8.34511 0.047233
Calmodulin CF807481 —7.4354 0.029314
S-adenosylmethionine synthetase 2 (SAM2) CF806716 —7.17907 0.000753
Translationally controlled tumor family protein BU926530 —7.08064 0.043272
Polyubiquitin (UBQ10) (SEN3) AW133169 —6.85579 0.00159
Expressed protein BG839311 —6.72932 0.002728
atpA ATPase alpha subunit BG839162 —6.69734 0.003867
ADP-ribosylation factor AW348317 —6.32614 0.00797
Cinnamyl-alcohol dehydrogenase, putative (CAD) CF808078 —5.57234 0.032944
O-methyltransferase family 2 protein BM523459 —4.73702 0.038341
Glycine-rich RNA-binding protein (GRP7) AF169205.1 —3.60773 0.044109
Cysteine proteinase (RD21A)/thiol protease CA938233 —2.86609 0.029373

suppressed differential expression (all with an absolute value
>tenfold) include ribosomal protein (rpl16), vacuolar VPS28
and malate oxidoreductase (Table 2). The complete probe set
lists for Tables 1 and 2 are provided as supplemental data.

Gene expression in whole roots and syncytia at three dpi
in a compatible interaction

Transcripts were compared in syncytial cell samples and

whole root samples from compatible interactions at three
dpi (Fig. 4b). Common induced or suppressed gene expres-
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sion was identified (Table 3). Interestingly, only two probe
sets measured induced differential expression that were in
common between the three dpi compatible syncytial cell
samples and the three dpi compatible whole root samples;
they encoded a bZIP transcription factor and a glutathione-
S-transferase (Table 3). Sixty-two probe sets for suppressed
genes were shared between the three dpi compatible syncy-
tial cell samples and the three dpi compatible whole root
samples (Table 3). Those suppressed probe sets include a
vacuolar sorting protein, a plasma membrane intrinsic fam-
ily protein and a peroxidase (Table 3).
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Table 3 Select gene lists from the microarray analyses of Fig. 4b that are common between the three dpi compatible whole root probe sets and

the three dpi compatible syncytial cell probe sets

Gene Annotation Public ID FC_C_3dpi_Syn P value _C_3dpi_Syn FC_C_3dpi_WR P value_C_3dpi_WR

Induced

Glutathione S-transferase AF243365.1 9.253324 0.001958591 1.624501 0.027158943

bZIP transcription factor family protein ~ AF532621.1 1.973938 0.031597722 2.496353 0.041302783

Suppressed

Auxin-responsive protein BU927041 —6.78553 0.015029395 —1.87393 0.022888006

Vacuolar protein sorting-associated CD398333 —6.08113 0.000123562 —2.27472 0.030495966
protein 28 (VPS28)

Plasma membrane intrinsic protein CD415356 —5.81218 0.015516117 —1.59204 0.035375188

Peroxidase 42 (PER42) AW569086  —4.81812 0.000623222 —1.65858 0.014904322

Disease resistance-responsive CF807323 —4.43261 0.033477428 —1.59599 0.033303338

protein/dirigent protein

C compatible, WR whole root, Syn syncytium, FC fold change

The microarray analysis identified probe sets measuring
differential expression that was present in the three dpi
compatible syncytial cell samples and not present in the
three dpi compatible whole root samples (Fig. 4b). Thus,
these differentially expressed syncytial cell probe sets
escaped identification in our whole root analyses. Seventy-
seven probe sets were uniquely induced in the three dpi
syncytial cell samples (Fig. 4b). These included prohibitin,
leucine-rich repeat (LRR) transmembrane protein kinase
and HSP81-2. Additional induced probe sets are provided
(Table 4). Two hundred and ten probe sets were identified
that were suppressed in three dpi compatible syncytial cell
samples, but not in three dpi compatible whole root sam-
ples (Table 4). These suppressed probe sets include an inor-
ganic phosphate transporter, cinnamyl-alcohol dehydrogenase
(CAD), 60S ribosomal protein (rpl11D) and major intrinsic
family protein. The complete probe set lists for Tables 3
and 4 are provided as supplemental data.

Comparison of gene expression in whole roots
and syncytia at eight dpi in a compatible interaction

In a compatible interaction, syncytial cells at eight dpi have
enlarged by merging with cells adjacent to the original
feeding site through the process of cell wall degradation.
Eight dpi compatible syncytial cells were collected to
examine gene expression in these cells that are functioning
as feeding sites [as judged by the growth of the adjacent
nematode (Fig. 2b)]. The microarray analysis identified
probe sets measuring differential expression that was pres-
ent in both the eight dpi compatible syncytial cell samples
and eight dpi compatible whole root samples (Fig. 4c). It
was surprising to find comparatively few probe sets in com-
mon between the eight dpi compatible syncytial cell sam-
ples and the eight dpi compatible whole root samples,
especially since there were a large amount of total probe

sets (N = 6,118) measuring suppressed differential expres-
sion in whole root samples.

Only 12 probe sets that measured induced transcript lev-
els were in common between the eight dpi compatible syn-
cytial cell samples and the eight dpi compatible whole root
samples (Fig. 4c). Induced probe sets included a germin-
like protein, metallothionein and a peroxidase (Table 5).
Four probe sets that measured suppressed transcript levels
were in common between the eight dpi compatible syncy-
tial cell samples and the eight dpi compatible whole root
samples (Fig. 4c). Suppressed probe sets included VPS28,
RCCI and a myb family transcription factor (Table 5).

Two hundred and six probe sets measured induced tran-
script levels in eight dpi incompatible syncytial cell sam-
ples but not in the eight dpi compatible whole root samples
(Fig. 4¢). Thus, these differentially expressed syncytial cell
probe sets escaped identification in our whole root analyses.
Some of these were prohibitin (~128-fold induction) and
three genes of unknown function (each >20-fold induction)
(Table 6). Sixty-three probe sets measured suppressed tran-
script abundance in the eight dpi compatible syncytial cell
samples compared to eight dpi compatible whole root sam-
ples (Table 6). These included a 60S ribosomal protein
(rpl32A), a gibberellin-regulated protein and annexin
(Table 6). The complete probe set lists for Tables 5 and 6
are provided as supplemental data.

Comparison of gene expression in incompatible
and compatible syncytia at three dpi

Thirty probe sets measured induced transcript abundance in
both the three dpi incompatible syncytial cell samples and
the three dpi compatible syncytial cell samples while 154
probe sets measured suppressed transcript abundance
(Fig. 4d). Some of the shared induced probe sets included
glutathione-S-transferase, a VQ motif-containing protein
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Table 4 Select induced or sup-

pressed gene lists from the Gene Annotation Public ID Fold change P value

microarray analyses of Fig. 4b Induced

that are differentially expressed

only in the three dpi compatible Prohibitin AW099275 19.541982 0.000292

syncytial cell samples Hypothetical CK606438 8.756145 0.004057
Hypothetical AI960551 5.079139 0.001611
LRR transmembrane protein kinase (GmRLK3-like) AF244890.1 4.958235 0.009929
Heat shock protein 81-2 (HSP81-2) BG839191 4.108972 0.021544
Casein kinase II alpha chain CF807415 3.90476 0.047667
Metallothionein protein 2B (MT-2B) CK606277 3.459351 0.021149
VQ motif-containing protein BQ743055 3.362516 0.012618
Nucleosome assembly protein (NAP) BU926887 3.199792 0.008664
Phosphoglucomutase BES820423 2.259057 0.019372
Monooxygenase CK605567 1.659173 0.036321
MD-2-related lipid recognition CD397136 1.658393 0.02179

domain-containing protein

Suppressed
Inorganic phosphate transporter (PHT3) CA851637 —5.68656 0.002941
Cinnamyl-alcohol dehydrogenase (CAD) CF808078 —5.48893 0.039218
psal PSI J protein BG047114 —5.26437 0.024167
60S ribosomal protein L11 (RPL11D) BES583478 —5.13793 0.030011
Major intrinsic family protein Al442632 —4.5964 7.06E-006
60S ribosomal protein L9 (RPL90A/C) AW351051 —4.5919 0.001234
Ubiquitin-conjugating enzyme 2 (UBC2) CD391849 —4.48259 0.02306
Putative resistance protein CD406617 —4.31333 0.000453
Glyceraldehyde 3-phosphate dehydrogenase BM309062 —4.12427 0.036579
Pyridine nucleotide-disulphide oxidoreductase family CF920232 —4.12387 0.0101
Lipoxygenase (LOX1) U04526.1 —3.57641 0.039399
ATP-citrate synthase CF808975 —2.72078 0.029526
Potassium transporter (HAKS) Al441778 —2.64911 8.92E—005
Sucrose synthase AF030231.1 —2.64636 0.00264
Cellulose synthase BI969361 —2.32683 0.000973
Superoxide dismutase (Cu-Zn), chloroplast (SODCP) BI968043 —1.97373 0.009734

Table 5 Select gene lists from the microarray analyses of Fig. 4c that are common between the eight dpi compatible whole root probe sets and
compatible syncytial cell probe sets

Gene annotation Public ID FC_C_8dpi_Syn P value_C_8dpi_Syn FC_C_8dpi_WR P value_C_8dpi_WR

Induced

Germin-like protein CF806709 38.526914 0.028434023 4.008099 3.72E-005

Metallothionein protein (MT2A) BU549226 18.366703 0.017350167 1.539354 0.014631206

Peroxidase AW309606  11.168575 0.033393374 4.50789 0.00331661

Myb family transcription factor (MYB123) AB029270.1  1.606206 0.003511747 4.008351 0.026057978

LOB domain protein 40 BES823137 1.574215 0.039100023 2.542969 0.007274802

Suppressed

Vacuolar protein sorting-associated CD398333 —3.25343 0.000924559 —2.00189 0.001661222
protein 28(VPS28)

Photosystem I reaction center subunit IV CD398368  —1.95731 0.020311293 —1.55895 0.005397157

Regulator of chromosome BM108231  —1.65329 0.034157246 —1.6706 0.021508311
condensation (RCC1) protein

Myb family transcription factor (MYB48) BE346777 —1.55199 0.018950222 —2.01951 0.027492647

C compatible, WR whole root, Syn syncytium, FC fold change
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Table 6 Sele?t induced or sup- Gene annotation Public ID Fold change P value

pressed gene lists from the

microarray analyses of Fig. 4c Induced

that are differentially expressed L

only in the eight dpi compatible Prohibitin AW099275 128.130492 3.55E—-005

syncytial cell samples Hypothetical CK606059 47.714286 0.009912
Hypothetical AW310421 38.959887 4.93E-006
Hypothetical CF921774 23.959672 0.01063
rRNA intron-encoded homing endonuclease CK605840 17.389235 0.016878
Hypothetical CA802980 16.845216 0.013174
Hypothetical AW760030 10.61707 0.037101
Lipoxygenase CD409280 9.828593 0.035778
ATP synthase delta’ chain, mitochondrial CD403347 9.427203 0.04677
Glutathione S-transferase AF243365.1 7.353187 0.025827
Profilin 2 (PRO2) (PFN2) (PRF2) CD401627 7.18508 0.028663
AMP-dependent synthetase and ligase family protein AW156522 7.146512 0.005353
Glyceraldehyde 3-phosphate dehydrogenase, cytosolic ~ BI1942102 6.736389 0.017292
Nucleosome assembly protein (NAP) BU926887 3.250687 0.018683
Lateral organ boundaries (LOB) domain BG652938 3.017417 0.002218

protein 38 (LBD38)

Suppressed
60S ribosomal protein L32 (RPL32A) CD407905 —6.15939 1.40E-005
Gibberellin-regulated family protein BE658252 —5.93782 0.022205
Annexin AW100836 —3.36503 0.043815
40S ribosomal protein S11 (RPS11C) CD416674 —3.14858 0.005398
rpl16 ribosomal protein L16 CA851794 —3.00603 0.010394
Elongation factor 1-alpha/EF-1-alpha CF808533 —2.98993 0.001455
Cytochrome P450 family protein AF135485.1 —2.79259 0.026905
Ubiquitin extension protein 6 (UBQ6) CF808861 —2.75764 6.52E-005
Sucrose synthase AF030231.1 —2.3247 0.001109
Porin CF808605 —2.19719 0.003805
Arabinogalactan-protein (AGP18) CD393884 —2.08532 0.002138
Superoxide dismutase (Cu-Zn), chloroplast (SODCP) B1968043 —1.57768 0.043846
Disease resistance-responsive protein/dirigent protein AW350584 —1.57392 0.012121

and a LRR protein (Table 7). Some of the shared sup-
pressed probe sets included glutamine synthetase, a ribo-
somal protein (rpl16), and an auxin responsive protein
(Table 7).

The microarray analysis also revealed differential
expression that was unique to the three dpi incompatible
syncytial cell samples and not present in the three dpi
compatible syncytial cell samples (Fig. 4d). Conversely,
some probe sets were measuring differential expression in
the three dpi compatible syncytial cell samples and not in
the three dpi incompatible syncytial cell samples (Fig. 4d).
More genes were induced only in the three dpi incompati-
ble syncytial cell samples (N = 136) than only in compati-
ble syncytial cell samples (N =49) (Fig. 4d), including
several genes known to be involved in various defense
responses. These probe sets are LOX, HSP70 and SOD
(Table 8). Notably, expression of each of these was at least
tenfold higher in three dpi incompatible syncytial cell

samples as compared to three dpi compatible syncytial cell
samples. 163 probe sets were suppressed in three dpi
incompatible syncytial cell samples, but not in three dpi
compatible syncytial cell samples, including malate oxido-
reductase, ethylene-responsive element-binding factor 5
(ERF5), 20S proteasome alpha subunit D2 (PAD2) and
calmodulin (Table 8). One hundred and eighteen probe
sets were uniquely suppressed in three dpi compatible syn-
cytial cell samples, including an extensin, HSP81-2 and a
WRKY transcription factor (Table 8). The complete probe
set lists for Tables 7 and 8 are provided as supplemental
data.

Comparative gene expression analysis of three dpi
and eight dpi compatible syncytial cells

Twenty-two transcripts were induced in both three and
eight dpi compatible syncytial cell samples (Fig. 4e). These
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Table 7 Select induced and suppressed gene lists from the microarray analyses accompanying Fig. 4d that are common to the three dpi incom-

patible syncytial cell probe sets and the three dpi compatible syncytial cell probe sets

Gene Annotation Public ID FC_I_3dpi_Syn P value_I 3dpi_Syn FC_C_3dpi_Syn P value C_3dpi_Syn
Induced
Expressed protein CF808788 14.077678 0.000677529 6.397714 0.0113646
Cyclin-related protein 1 CD395558 7.969046 0.032160645 6.521274 0.037559581
Glutathione S-transferase AF243365.1 3.34822 0.008465262 9.253324 0.001958591
LRR transmembrane protein kinase AF244890.1 2.879774 0.007024418 4.958235 0.009928948
(GmRLK3-like)
VQ motif-containing protein BQ743055 2.73153 0.01980075 3.362516 0.012617533
Ozone-responsive stress-related protein CF805812 2.115146 0.031406348 2.867888 0.041683732
Suppressed
rpl16 ribosomal protein L16 CA851794  —15.67608 0.002206351 —7.7149 0.001882579
Auxin-responsive protein BU927041 —6.40871 0.009638245 —6.78553 0.015029395
Glutamine synthetase CF807842 —4.63454 0.006600461 —4.62356 0.000115318
Vacuolar processing enzyme gamma BF324935 —3.81114 0.004301421 —3.60298 0.002766788
Ubiquitin-conjugating enzyme 2 (UBC2)  BU764012 —3.49867 0.000311995 —3.38379 0.000407606
Cytochrome b5 domain-containing protein CF806284 —3.46098 0.001506831 —2.84767 0.00077528
Elongation factor 2 / EF—2 CF807643 —3.16606 0.003894071 —2.60716 0.000434935
Sucrose synthase AF030231.1  —2.55695 0.002826692 —2.64636 0.002639994
Elongation factor 1-alpha/EF-1-alpha CF808533 —2.36809 0.001718912 —2.64113 0.001612268
I incompatible, C compatible, WR whole root, Syn syncytium, FC fold change

included a glutathione-S-transferase, prohibitin and a
nucleosome assembly protein (NAP). Several probe sets for
genes of unknown function, including CK606438 (~8.76-
fold), were also induced (Table 9). Forty-nine transcripts
were suppressed in both three and eight dpi compatible syn-
cytial cell samples, including a 60S ribosomal protein
(rp132A), VPS28 and sucrose synthase (Table 9).
Fifty-seven transcripts were induced approximately
three to fivefold in three dpi compatible syncytial cell sam-
ples, but not in eight dpi compatible syncytial cell samples
(Fig. 4e). These included ATP synthase epsilon chain,
allene oxide cyclase and HSP81-2 (Table 10). One hundred
and ninety-six probe sets were induced in eight dpi compat-
ible syncytial cell samples, but not in three dpi compatible
syncytial cell samples (Fig. 4e). These probe sets measur-
ing induced transcript abundance included a gene encoding
germin-like protein and several genes (i.e. AW310421
[~38.96-fold] and CF921774 [~23.96-fold]) of unknown
function (Table 10). Two hundred and twentythree tran-
scripts were suppressed in three dpi compatible syncytial
cell samples, but not in eight dpi compatible syncytial cell
samples (Fig. 4e), including CAD, a dirigent protein and
polyubiquitin. Eighteen probe sets measured suppressed
differential expression in the eight dpi compatible syncytial
cell samples that were not measuring suppressed differen-
tial expression in the three dpi compatible syncytial cell
samples (Fig. 4e). Transcripts suppressed in eight dpi com-
patible syncytial cell samples that were not suppressed in
three dpi compatible syncytial cell samples include ann-
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exin, a cytochrome P450, and an ATPase « subunit
(Table 10). The complete probe set lists for Tables 9 and 10
are provided as supplemental data.

Several probe sets exhibited contrasting expression over
time (Fig. 5). One hundred and thirty eight probe sets mea-
sured suppressed transcript abundance in three dpi compat-
ible syncytial cell samples, but measured induced transcript
abundance in eight dpi compatible syncytial cell samples
(Fig. 5). These included a sulfate adenylyltransferase 1/
ATP-sulfurylase 1 (APS1), uclacyanin 3 (UCC3) and actin
(Table 11). The complete probe set list for Table 11 is pro-
vided as supplemental data.

Discussion

The microarray analysis of incompatible and compatible
whole root samples revealed differential gene expression
during their responses to H. glycines infection (Klink et al.
2007). However, it is not possible to differentiate between
syncytial cell and root gene expression by conventional
methods. Experiments using hand dissections to obtain
giant cells from galls induced by Meloidogyne incognita
during a compatible interaction in tomato (Lycopersicon
esculentum) allowed for the isolation of cDNAs (Wilson
etal. 1994). Relatively few of them turned out to be gall
specific (Bird and Wilson 1994). However, the efficacy of
the approach in constructing cDNA libraries from these tis-
sues was demonstrated. LCM permits more control and
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Table 8 Select induced or suppressed gene lists from the microarray analyses of Fig. 4d that are differentially expressed only in the three dpi

incompatible syncytial cell samples

Gene annotation Public ID Fold change P value
Incompatible-induced

Lipoxygenase CD409280 19.122529 0.013656868
Heat shock protein 70 (HSP70) BU764731 10.721975 0.012441448
Superoxide dismutase (Mn), mitochondrial (SODA) CD417924 9.89836 0.021984199
Arabinogalactan-protein (AGP18) BQ612879 9.344038 2.31E-005
Checkpoint protein CK605863 8.837226 0.000203185
Annexin AW100836 7.483913 0.042465663
Heat shock cognate 70 kDa protein 1 (HSP70-1) AW350100 6.164971 0.020896316
Expansin family protein (EXPL2) AW156630 4.201104 0.037455027
WRKY family transcription factor BU545050 4.050582 0.025695908
Calreticulin 2 (CRT2) BM139971 3.860546 0.017811511
Zinc finger (Ran-binding) family protein BF426071 3.746941 0.036300192
Transcription initiation factor IIA gamma chain AI938265 3.664592 0.046790752
Zinc finger (C3HC4-type RING finger) family protein BG650762 3.049246 0.013203469
LRR transmembrane protein kinase (GmRLK3-like) AF244890.1 2.879774 0.007024418
Compatible-induced

Prohibitin AW099275 19.541982 0.000292027
Hypothetical CF806789 5.783488 0.047293977
ATP synthase epsilon chain, mitochondrial CF807813 4.837625 0.007333768
Allene oxide cyclase family protein BG789780 4.254437 0.033899006
Heat shock protein 81-2 (HSP81-2) BG839191 4.108972 0.021544304
Annexin CA935869 3.424286 0.004666955
Expressed protein AW101495 3.298495 0.049170294
MFP1 attachment factor BQ612875 3.262082 0.031008164
Nucleosome assembly protein (NAP) BU926887 3.199792 0.008663502
26S proteasome regulatory subunit, (RPN6) BM521698 2.510556 0.019899032
Incompatible-suppressed

Malate oxidoreductase AI960156 —12.51308 0.00713336
Ubiquitin-like protein (SMT3) CD404770 —10.46067 0.02818046
Ethylene-responsive element-binding factor 5 (ERF5) CD395831 —10.03465 0.016186481
208 proteasome alpha subunit D2 (PAD2) CD404912 —8.38668 0.005789708
Calmodulin CF807481 —7.4354 0.029314297
Dormancy/auxin associated family protein BE822208 —5.50541 0.016671388
Protease inhibitor/lipid transfer protein (LTP) AW309755 —4.01319 0.043075396
Glycine-rich RNA-binding protein (GRP7) AF169205.1 —3.60773 0.044109365
Sec61beta family protein AW351218 —2.69908 5.03E—005
Myb family transcription factor (MYB59) BQ611747 —2.36413 0.010532593
Hypothetical protein BI941782 —2.28392 0.02434705
Thioredoxin family protein AI794712 —2.20389 0.014013479
Dynamin-like protein 6 (ADL6) BG510112 —2.05002 0.042664107
Thioredoxin family protein BI785611 —1.7585 0.009713527
Myb family transcription factor BG046201 —1.58069 0.007571619
Compatible-suppressed

60S ribosomal protein L28 (RPL28A) CF807971 —3.39074 0.027596691
Pollen Ole e 1 allergen and extensin family protein CD391589 —2.76485 0.034322037
Four F5 protein-related / 4F5 protein-related CK606323 —2.5204 0.024397709
Heat shock protein 81-2 (HSP81-2) BG839191 —2.49496 0.039036457
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Table 8 continued

Gene annotation Public ID Fold change P value
Ethylene-responsive transcriptional coactivator BI970499 —2.34295 0.046411841
Rab2-like GTP-binding protein (RAB2) U32185.1 —1.95322 0.001289078
WRKY family transcription factor AW394946 —1.81409 0.001592114
Protein transport protein sec61 Al941474 —1.73198 0.042001299
Zinc finger (CCCH-type) family protein BG237175 —1.57101 0.044031095
40S ribosomal Protein S3 (RPS3C) BU926695 —1.56889 0.032642885

Also shown are select induced or suppressed gene lists that are differentially expressed only in the three dpi compatible syncytial cell samples

Table 9 Select induced and suppressed gene lists from the microarray analyses of Fig. 4e that are common to the three dpi compatible syncytial
cell probe sets and the eight dpi compatible syncytial cell probe sets

Gene annotation Public ID FC_C_3dpi_Syn P value _C_3dpi_Syn FC_C_8dpi_Syn P value_C_8dpi_Syn

Induced

Prohibitin AWO099275  19.541982 0.000292027 128.130492 3.55E-005

Glutathione S-transferase AF243365.1 9.253324 0.001958591 7.353187 0.025827443

No Homology to Known Proteins CK606438 8.756145 0.004056725 6.993718 0.027034872

Nucleosome assembly protein (NAP) ~ BU926887 3.199792 0.008663502 3.250687 0.018683034

Eukaryotic translation initiation BI968688 2.13732 0.049747043 2.426154 0.021347101
factor 4A-1/elF-4A-1

Suppressed

60S ribosomal protein L32 (RPL32A)  CD407905 —4.40675 0.005690759 —6.15939 1.40E-005

Gibberellin-regulated family protein BE658252 —4.87741 0.042517963 —5.93782 0.022205083

Vacuolar protein sorting-associated CD398333 —6.08113 0.000123562 —3.25343 0.000924559
protein 28 (VPS28)

rpl16 ribosomal protein L16 CA851794 —7.7149 0.001882579 —3.00603 0.010394023

Sucrose synthase AF030231.1 —2.64636 0.002639994 —2.3247 0.001109153

Glutamine synthetase CF807842 —4.62356 0.000115318 —1.5444 0.005895474

C compatible, WR whole root, Syn syncytium, FC fold change

greater specificity during the cell isolation process. Original
experiments using LCM showed the capability of isolating
specific cell types for biological analyses and demonstrated
the efficacy of the approach (Isenberg et al. 1976). The use
of LCM was then expanded to fixed animal (Emmert-Buck
etal. 1996) and plant (Asano et al. 2002) specimens. Our
prior experiments demonstrated the ability to isolate syncy-
tial cells that provided material suitable for cDNA library
construction, expression experiments and the cloning of
genes (Klink et al. 2005). The present experiments on syn-
cytial cells isolated by LCM provide material suitable to
reveal transcriptional changes occurring in syncytial cells
that may be masked by the bulk of tissue that surrounds the
syncytial cells in whole root samples.

Identification of genes differentially expressed
in the syncytium

In the experiments presented here, gene expression is com-
pared in syncytial cells isolated from roots undergoing
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incompatible or compatible responses to H. glycines. We
also explore gene expression that is occurring over time
during the establishment of syncytial cells in roots undergo-
ing a compatible reaction. We highlight here several of the
genes identified by the microarray analysis that were expe-
riencing elevated transcript levels in syncytia undergoing
an incompatible reaction, some of which are involved in the
defense response. However, we are not claiming that these
are the genes conferring G. max resistance to H. glycines.
The microarray analysis identified a WRKY homolog as
being induced in the three dpi incompatible syncytial cell
samples. This WRKY homolog was most closely related to
WRKY86 of G. max (GenBank ID: 83630941). Another
WRKY gene measured suppressed transcript abundance in
three dpi compatible syncytial cell samples. This gene was
most closely related to an uncharacterized Medicago trunca-
tula WRKY gene (GenBank ID: ABES80756). Unfortu-
nately, the WRKY gene family in G. max is not well
understood and almost no information for their roles is cur-
rently available. Alkharouf et al. (2006) identified induced
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Table 10 Select induced or suppressed gene lists from the microarray analyses of Fig. 4e that are differentially expressed only in the three dpi

compatible syncytial cell samples

Gene Annotation Public ID Fold change P value
Three dpi-induced

Hypothetical AI960551 5.079139 0.001610747
ATP synthase epsilon chain, mitochondrial CF807813 4.837625 0.007333768
Allene oxide cyclase family protein BG789780 4.254437 0.033899006
Heat shock protein 81-2 (HSP81-2) BG839191 4.108972 0.021544304
VQ motif-containing protein BQ743055 3.362516 0.012617533
MFP1 attachment factor BQ612875 3.262082 0.031008164
Hypothetical CF807135 2.940437 0.025196218
Expressed protein BM523729 1.923458 0.01892833
Pectate lyase family protein BE059139 1.76828 0.001972097
Zinc finger (C3HC4-type RING finger) family protein BE022964 1.604945 0.018758247
Coatomer beta subunit BQ610161 1.558281 0.001861251
Eight dpi-induced

Hypothetical AW310421 38.959887 4.93E-006
Germin-like protein CF806709 38.526914 0.028434023
Hypothetical CF921774 23.959672 0.010629557
Hypothetical protein BEg822937 20.980168 0.000111142
Metallothionein protein BU549226 18.366703 0.017350167
rRNA intron-encoded homing endonuclease CK605840 17.389235 0.01687841
Peroxidase AW309606 11.168575 0.033393374
Lipoxygenase CD409280 9.828593 0.035778235
Glyceraldehyde 3-phosphate dehydrogenase BI942102 6.736389 0.017292488
3-deoxy-D-arabino-heptulosonate 7-phosphate synthase BES22176 4.39092 0.034600336
Vacuolar ATP synthase 16 kDa proteolipid subunit 3 BES20412 3.894882 0.027193097
Esterase/lipase/thioesterase family protein BM270161 3.074063 0.028075135
Calmodulin L01430.1 2.878255 0.020017143
Uclacyanin 3 (UCC3) BI1469429 2.591613 0.017194968
Peroxisomal biogenesis factor 11protein BG237697 2.52042 0.049338177
Oxidoreductase BU762610 2.381977 0.003070051
Zinc finger (C2H2 type) family protein CF805959 2.315409 0.041697549
Senescence-associated protein CF808366 2.292769 0.038576859
Heat shock factor protein 4 (HSF4) 746953.1 1.841142 0.006433719
Myb family transcription factor (MYB123) AB029270.1 1.606206 0.003511747
Senescence-associated protein BI971309 1.57892 0.032352515
SAC3/GANP family protein BU084124 1.555766 0.024420219
Three dpi-suppressed

Cinnamyl-alcohol dehydrogenase, putative (CAD) CF808078 —5.48893 0.039217573
Hypothetical CK605927 —5.17484 0.014438625
Disease resistance-responsive protein/dirigent protein CF807323 —4.43261 0.033477428
Putative resistance protein CD406617 —4.31333 0.000452989
polyubiquitin (UBQ4) CF806647 —4.19784 0.039067955
S-adenosylmethionine synthetase 2 (SAM?2) BI786679 —4.1477 0.035236446
L-ascorbate peroxidase 1b (APX1b) CF808604 —4.07237 0.043828374
Dormancy-associated protein, putative (DRM1) BU765327 —4.03126 0.002535327
Lipoxygenase (LOX1) U04526.1 —3.57641 0.039398952
GDSL-motif lipase/hydrolase protein BU764871 —3.48718 0.000407212
RUB1-conjugating enzyme BU082924 —3.29089 0.020688312
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Table 10 continued

Gene Annotation Public ID Fold change P value
Peroxidase 3 (PER3) BQ611770 —3.25969 0.031971927
Zinc-binding family protein BM524173 —3.21624 0.037658314
Lipoxygenase (LOX1) CK605646 —3.00006 0.049653412
Cysteine proteinase CF809059 —2.96 0.041295026
Cysteine proteinase (RD21A) CA938233 —2.88337 0.045612312
Ethylene-responsive transcriptional coactivator BI970499 —2.34295 0.046411841
Peroxidase 42 (PER42) AF145348.1 —2.32324 0.045460702
Major latex protein-related BU764905 —2.07739 0.032031513
Epoxide hydrolase BU964415 —1.78353 0.007031788
3-oxo—5-alpha-steroid 4-dehydrogenase protein BE806891 —1.74636 0.000306302
Zinc finger (CCCH-type) family protein BG237175 —1.57101 0.044031095
Eight dpi-suppressed

Annexin AW100836 —3.36503 0.04381509
Cytochrome P450 family protein AF135485.1 —2.79259 0.026904953
AtpA ATPase alpha subunit BG839162 —2.20878 0.019982027
Hypothetical CF806273 —2.13365 0.000297623
60S ribosomal protein L18 (RPL18B) CF807237 —1.6823 0.001457414
Hypothetical AF047049.1 —1.61638 0.040570897
Small nuclear ribonucleoprotein G CF807140 —1.60546 0.017726371
Histone H2A BI967315 —1.59159 0.002694849
Disease resistance-responsive protein/ dirigent protein AW350584 —1.57392 0.012120663
14-3-3 protein GF14 iota (GRF12) CF806381 —1.5218 0.041073882

Also shown are select induced or suppressed gene lists that are differentially expressed only in the eight dpi compatible syncytial cell samples

Genes suppressed at 3 dpi and induced at 8 dpi

o N B O ®

N

Fold expression

o & b

3 dpi 8 dpi

Fig. 5 Probe sets measuring suppressed differential expression in
three dpi compatible syncytial cell samples and measure induced
differential expression in eight dpi compatible syncytial cell samples.
Probe sets are considered differentially expressed if they measure a
fold change with an absolute value >1.5 and having a P value <0.05 in
at least one of the time points

transcript levels for a WRKY6 transcription factor homolog
in compatible whole root samples during H. glycines infec-
tion of G. max. WRKY transcription factors are important in
defense (Wang et al. 2006; Zheng et al. 2006; Liu et al.
2006; Ryu et al. 2006; Ulker et al. 2007; Shen et al. 2007).
However, the WRKY gene family is large. There are 107
putative members of the WRKY family of transcription fac-
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tors for G. max on the Affymetrix® GeneChip® that show
complex patterns of expression when comparing incompati-
ble and compatible whole root samples during a time-course
of infection (Klink et al. 2007). Similar observations have
been made in A. thaliana during fungal infection (Ryu et al.
2006). Shen et al. (2007) demonstrated that WRKY genes
were important to incompatibility in specific cells that con-
tain the signaling proteins that are imparted by the pathogen.
The induction of WRKY gene expression in the syncytial
cells during incompatibility as G. max overcomes H. gly-
cines infection is consistent with their suggested roles in
plant defense. Thus, by isolating syncytia, we may have nar-
rowed down the number of differentially expressed WRKY
transcripts originally identified in our whole root analyses
(Klink et al. 2007) that could be involved in G. max defense
during H. glycines infection at the site of infection.

We observed induced transcript levels of LRR receptor-
like kinases during both incompatible and compatible inter-
actions. LRR receptor-like kinases perform diverse func-
tions during plant development. Among these functions are
their roles in defense against plant pathogens. Many of
those LRRs are essential in gene-for-gene incompatible
interactions (Jones etal. 1994). This is accomplished
through their recognition of pathogen avirulence (Avr) pro-
teins (Hammond-Kosak and Jones 1997; Dangl and Jones
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Table 11 Select gene lists mea-
suring suppressed differential

expression in three dpi compati-
ble syncytial cell samples and
measure induced differential
expression in eight dpi compati-
ble syncytial cell samples

Gene annotation Public ID FC_3dpi P value _3dpi FC_8dpi P value_8dpi
Sulfate adenylyltransferase AF452454.1 —1.84463 0.063504154 3.215631 0.006676563
1/ATP-sulfurylase 1 (APS1)
ucc3 B1469429 —2.77446  9.30E-05 2.591613  0.017194968
Unknown protein BM525748  —1.28218 0.025731197  2.388259  0.008607227
Expressed protein B1946222 —1.28219 0.033688209  1.817986 0.001324757
Actin BI970928 —1.6382  0.065870725  1.800369 0.005413867
Expressed protein BU765177  —=2.71119 0.023637521  1.787137 0.100215948
Expressed protein BE020513 —1.53195 0.046673568  1.685807 0.022568939
CBS domain-containing protein BF596725 —1.62218 0.001682969  1.565175 0.014150487
Nuclear transport factor 2 (NTF2) BQO081268  —2.01205 0.04390057 1.349292  0.005099312
Major latex protein-related BU764905  —2.07739 0.032031513  1.287179 0.029080941

2001; Shen et al. 2007). Thus, they are known as resistance
(R) genes. These R genes have been shown to confer resis-
tance to parasitic nematodes (Cai et al. 1997; Milligan et al.
1998; Hwang et al. 2000; van der Vossen et al. 2000; Ernst
etal. 2002; Hwang and Williamson 2003). A unique R
gene was induced in three dpi incompatible syncytial cell
samples and not detected in three dpi whole root samples.
This putative R gene was most closely related to G. max
RLK3 (GmRLK3) (Yamamoto and Knap 2001). Surpris-
ingly, GmRLK3 was also observed to be induced in the
three dpi compatible syncytial cell samples. The induction
of R gene expression is consistent with their involvement in
resistance to parasitic nematodes (Cai et al. 1997; Milligan
et al. 1998; Hwang et al. 2000; van der Vossen et al. 2000;
Ernst et al. 2002; Hwang and Williamson 2003). We identi-
fied 68 NBS-LRR-like R-genes on the Affymetrix® micro-
array. Like the WRKY genes, these R genes exhibit
complex patterns of expression when comparing incompat-
ible and compatible whole root samples during a time-
course of infection (Klink et al. 2007). However, at this
time it is unclear why the GmRLK3-like gene would be
induced in both incompatible and compatible syncytial cell
samples.

During transient stress, impairment of mitochondrial
function occurs, leading to the overproduction of reactive
oxygen species (Jones 2000). In some cases, defects in
mitochondrial activity result in pathogen resistance. For
example, the nad7 mutant in Nicotiana sylvestris mutant
deletes NAD7 (Pla et al. 1995), thus leading to an impaired
mitochondrial function (Gutierres et al. 1997). However,
these N. sylvestris nad7 plants exhibit a concomitant
increase in resistance to viral infection and tolerance to O,
stresses (Dutilleul et al. 2003). NAD mutants in Zea mays
experience increased expression of alternative oxidase
genes (Karpova etal. 2002) presumably to cope with
increased active oxygen species such as H,0,. This may
explain the induction of genes like SOD and HSP70 during
the incompatible response (see below).

Transcript levels of SOD in three dpi incompatible syn-
cytial cell samples were elevated almost tenfold. SOD is
induced by oxidative stress (Kliebenstein et al. 1998) and
acts to scavenge reactive oxygen species. SOD catalyzes
the dismutation of superoxide radicals to O, and H,O,
(Scandalios 1993). Thus, SOD represents a primary line of
antioxidant defense in plant cells because H,O, is a signal
molecule involved in the response of the plant to pathogen
attack, nodulation and other stress conditions (Rubio et al.
2004). H,0, is also involved in cell wall biosynthesis.
Changes in cell walls have been observed in the region sur-
rounding syncytial cells undergoing an incompatible reac-
tion and may explain the accumulation of callose under cell
walls in many incompatible interactions (Endo 1965, 1991;
Riggs et al. 1973; Kim et al. 1987). The induction of SOD
at three dpi in syncytial cell samples microdissected from
incompatible roots may contribute to creating a syncytial
cell environment unsuitable for H. glycines development or
may create an environment under oxidative stress to engage
other modes of resistance.

We also observed the induction of HSP70 in samples
isolated from three dpi incompatible syncytial cells. In
addition to its well known function as a molecular chaper-
one, HSP70 is important in preventing mitochondria from
inducing both caspase-dependent and independent apopto-
sis (Saleh et al. 2000; Ravagnan et al. 2001). Thus, HSP70
expression may somehow be an indicator of mitochondrial
activity in the syncytium during stress. This may explain
the observation of HSP70 as being important in preventing
caspase-dependent and independent apoptosis (Saleh et al.
2000; Ravagnan et al. 2001) through its involvement in
mitochondrial function. Altered HSP70 expression also
affects root development (Sung and Guy 2003). Overex-
pression of HSP70 in A. thaliana results in much shorter
and branched roots while transgenic antisense hsp70 plants
were lethal (Sung and Guy 2003). Root development cer-
tainly is altered during H. glycines infection. The identifica-
tion of increased HSP70 transcript levels in syncytial cell
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samples undergoing an incompatible reaction is consistent
with their role during recovery after cellular damage. It is
unclear how HSP70 relates to syncytial cell development
during an incompatible reaction, because syncytial cells
eventually degrade and are overcome by the cells that sur-
round them. HSP70 may be involved in maintaining an
environment whereby other defense responses can properly
function, ultimately leading to the collapse of the syncy-
tium during an incompatible reaction.

Gene expression during syncytium establishment during
a compatible reaction

The microarray analysis identified many genes that are spe-
cifically induced within the compatible syncytial cell sam-
ples. The microarray analysis identified a putative
senescence protein probe set measuring substantial abun-
dance in three and eight dpi compatible syncytial cell sam-
ples. Further analysis showed that this gene encoded a
prohibitin. Prohibitins are involved in the cell cycle, apop-
tosis, senescence and maintenance of mitochondrial func-
tion (Ahn et al. 2006). In Nicotiana benthamiana, virus-
induced gene silencing of prohibitins (NbPHB1 and
NbPHB?) affected the development of mitochondria (Ahn
et al. 2006). Mitochondria number was reduced and they
appeared aberrant (Ahn et al. 2006). These plants experi-
enced much higher production of ROS and underwent pre-
mature senescence (Ahn etal. 2006). Thus, prohibitin
performed roles in the biogenesis of mitochondria, stress
protection and the prevention of senescence (Ahn et al.
2006). These roles of prohibitin are consistent with the
maintenance of syncytial cells in compatible roots as H.
glycines completes its lifecycle.

The microarray analysis identified elevated calmodulin
transcript levels in the eight dpi compatible syncytial cell
samples. Calmodulin is a calcium-binding protein. Thus,
the presence of induced levels of calmodulin indicates that
calcium may be playing important roles in syncytium biol-
ogy as those cells develop during a compatible reaction.
Ca+? performs many interesting cellular roles. Ca*, as a
second messenger, encodes information through Ca** gra-
dients, amplitude and oscillation frequency (Bouche et al.
2005). Thus, proteins relying on Ca*? gradients and cal-
modulin may be important during the establishment of syn-
cytia in compatible roots. Proteins reliant on calcium for
their proper function are calmodulin dependent protein kin-
ases (CDPKs). Calmodulin kinase II (CaMKII), one such
CDPK, is a protein that is dependent on calmodulin. CaM-
KII functions by decoding Ca*? oscillation frequencies
(De Koninck and Schulman 1998). At the cellular level,
calmodulin is implicated in successful plant—pathogen
interactions by its interaction with CDPKs. For example,
the arbuscular mycorrhizal interaction in M. truncatula

@ Springer

requires the CDPK, DMI3 (Levy et al. 2004). Other symbi-
oses, as well are dependent on CDPKs (Levy et al. 2004;
Mitra and Johri 2000). While the G. max-H. glycines inter-
action is not a symbiosis, it appears that calmodulin may be
performing some function analogous to those observed for
the arbuscular mycorrhizal interaction in M. truncatula. It
is interesting to note that calmodulin was found to be
suppressed in the three dpi incompatible syncytial cell
samples.

Changes in gene expression during incompatible and
compatible syncytium development are not limited to those
involved in signaling and metabolism. For example, struc-
tural changes in the cytoskeleton have also been observed
during the formation of syncytial cells in A. thaliana (de
Almeida Engler et al. 2004). The microarray analysis iden-
tified that profilin was induced in compatible syncytial cell
samples at three dpi. Profilin is a highly conserved, low
molecular weight, abundant protein that is involved in actin
dynamics. Profilin is involved in many cellular processes,
including cell division, morphogenesis, and cytoplasmic
streaming (Volkmann and Baluska 1999; Mathur and
Hiilskamp 2002). Profilin and RopGTPases localize to
P. infestans infection sites in parsley (Schutz et al. 2000).
This suggests that infection by pathogens affects profilin
expression in specific ways. Other experiments also demon-
strate how profilin may be important to the development
and maintenance of syncytial cells during a compatible
interaction. This may occur through the interaction of profi-
lin with actin. Profilin binds monomeric actin in a 1:1 stoi-
chiometry (Carlsson et al. 1977; Sun et al. 1995) and the
actin cytoskeleton is important to syncytium structure (de
Almeida Engler et al. 2004). In A. thaliana, the actin cyto-
skeleton has been shown to be grossly disorganized in
syncytial cells (de Almeida Engler et al. 2004). The identi-
fication of suppressed actin levels in three dpi compatible
syncytial cell samples might be providing clues as to how
the cells composing the syncytium cope with the repeated
cell fusion events that occur during its formation.

Conclusion

Transcript levels of numerous genes of known and
unknown function are induced or suppressed during com-
patible and incompatible interactions between G. max and
H. glycines. Proteins encoded by these genes could play
important functions in the ultimate demise of the syncyntial
cell during the establishment of incompatibility or its for-
mation and maintenance during the compatible reaction.
Currently, we have only a limited snapshot of the events
occurring during these reactions. The onus now is on
understanding the roles of these genes during incompatible
and compatible reactions of G. max roots during H. glycines
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infection. This will likely be done by functional genomic
tests of the candidate genes identified by our microarray
investigation.

Acknowledgments The authors greatly appreciate the continued
support provided by the United Soybean Board under grant 5214. The
authors thank Dr. David Munroe and Nicole Lum at the Laboratory of
Molecular Technology, SAIC-Frederick, National Cancer Institute at
Frederick, Frederick, Maryland 21701, USA for the Affymetrix® array
hybridizations and data acquisition. All data, raw and normalized, are
stored in the Soybean Genomics and Microarray Database (Alkharouf
and Matthews 2004), available through the web site [http://www.tow-
son.edu/nalkharo/SGMD/SupplementalSites/AfflyGmLCM]. The au-
thors are indebted to Dr. Leslie Wanner, United States Department of
Agriculture for the careful reading and critical comments of the manu-
script. The authors thank Veronica Martins for careful editing of the
manuscript. Mention of trade names or commercial products in this
article is solely for the purpose of providing specific information and
does not imply recommendation or endorsement by the United States
Department of Agriculture.

References

Ahn CS, Lee JH, Reum Hwang A, Kim WT, Pai HS (2006) Prohibitin
is involved in mitochondrial biogenesis in plants. Plant J 46:658—
67

Alkharouf N, Matthews BF (2004) SGMD: The soybean genomics and
microarray database. Nucleic Acids Res 32:D398-D400

Alkharouf NW, Klink VP, Chouikha IB, Beard HS, MacDonald MH,
Meyer S, Knap HT, Khan R, Matthews BF (2006) Timecourse
microarray analyses reveals global changes in gene expression of
susceptible Glycine max (soybean) roots during infection by Het-
erodera glycines (soybean cyst nematode). Planta 224:838-52

de Almeida Engler J, Van Poucke K, Karimi M, De Groodt R, Gheysen
G, Engler G, Gheysen G (2004) Dynamic cytoskeleton rearrange-
ments in giant cells and syncytia of nematode-infected roots.
Plant J 38:12-26

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W,
Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new gen-
eration of protein database search programs. Nucleic Acids Res
25:3389-3402

Asano T, Masumura T, Kusano H, Kikuchi S, Kurita A, Shimada H,
Kadowaki K (2002) Construction of a specialized cDNA library
from plant cells isolated by laser capture microdissection: toward
comprehensive analysis of the genes expressed in the rice phloem.
Plant J 32:401-408

Bird D McK, Wilson MA (1994) DNA sequence and expression anal-
ysis of root-knot nematode-elicited giant cell transcripts. MPMI
7:419-424

Bouche N, Yellin A, Snedden WA, Fromm H (2005) Plant-specific cal-
modulin-binding proteins. Annu Rev Plant Biol 56:435-66

Byrd DW Jr, Kirkpatrick T, Barker KR (1983) An improved technique
for clearing and staining plant tissue for detection of nematodes.
J Nematol 15:142-143

Cai D, Kleine M, Kifle S, Harloff HJ, Sandal NN, Marcker KA, Klein-
Lankhorst RM, Salentijn EM, Lange W, Stickema WJ, Wyss U,
Grundler FM, Jung C (1997) Positional cloning of a gene for nem-
atode resistance in sugar beet. Science 275:832—4

Carlsson L, Nystrom LE, Sundkvist I, Markey F, Lindberg U (1977)
Actin polymerizability is influenced by profilin, a low molecular
weight protein in non-muscle cells. ] Mol Biol 115:465-483

Dangl JL, Jones JD (2001) Plant pathogens and integrated defence re-
sponses to infection. Nature 411:826-33

De Koninck P, Schulman H (1998) Sensitivity of CaM kinase II to the
frequency of Ca2+ oscillations. Science 279:227-30

Dutilleul C, Garmier M, Noctor G, Mathieu C, Chetrit P, Foyer CH, de
Paepe R (2003) Leaf mitochondria modulate whole cell redox
homeostasis, set antioxidant capacity, and determine stress resis-
tance through altered signaling and diurnal regulation. Plant Cell
15:1212-26

Emmert-Buck MR, Bonner RF, Smith PD, Chuaqui RF, Zhuang Z,
Goldstein SR, Weiss RA, Liotta LA (1996) Laser capture micro-
dissection. Science 274:998-1001

Endo BY (1964) Penetration and development of Heterodera glycines
in soybean roots and related and related anatomical changes. Phy-
topathology 54:79-88

Endo BY (1965) Histological responses of resistant and susceptible
soybean varieties, and backcross progeny to entry development of
Heterodera glycines. Phytopathology 55:375-381

Endo BY (1971) Synthesis of nucleic acids at infection sites of soybean
roots parasitized by Heterodera glycines. Phytopathology
61:395-399

Endo BY (1991) Ultrastructure of initial responses of resistant and sus-
ceptible soybean roots to infection by Heterodera glycines. Rev
Nematol 14:73-94

Endo BY (1998) Atlas on Ultrastructure of Infective Juveniles of the
Soybean Cyst Nematode Heterodera glycines. Agricultural
Handbook Number 711, 224 pp

Endo BY, Veech JA (1970) Morphology and histochemistry of soy-
bean roots infected with Heterodera glycines. Phytopathology
60:1493-1498

Ernst K, Kumar A, Kriseleit D, Kloos DU, Phillips MS, Ganal MW
(2002) The broad-spectrum potato cyst nematode resistance gene
(Hero) from tomato is the only member of a large gene family of
NBS-LRR genes with an unusual amino acid repeat in the LRR
region. Plant J 31:127-36

Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S,
Ellis B, Gautier L, Ge Y, Gentry J, Hornik K, Hothorn T, Huber
W, Iacus S, Irizarry R, Li FLC, Maeschler M, Rossini AJ, Saw-
itzki G, Smith C, Smyth G, Tierney L, Yang JYH, Zhang J (2004)
Bioconductor: Open software development for computational
biology and bioinformatics. Genome Biol 5:R80

Gheysen G, Fenoll C (2002) Gene expression in nematode feeding
sites. Annu Rev Phytopathol 40:191-219

Gipson I, Kim KS, Riggs RD (1971) An ultrastructural study of syncy-
tium development in soybean roots infected with Heterodera gly-
cines. Phytopathol 61:347-353

Gutierres S, Sabar M, Lelandais C, Chetrit P, Diolez P, Degand H,
Boutry M, Vedel F, de Kouchkovsky Y, De Paepe R (1997) Lack
of mitochondrial and nuclear-encoded subunits of complex I and
alteration of the respiratory chain in Nicotiana sylvestris mito-
chondrial deletion mutants. Proc Natl Acad Sci USA 4:3436-41

Hammond-Kosack KE, Jones JD (1997) PLANT DISEASE RESIS-
TANCE GENES. Annu Rev Plant Physiol Plant Mol Biol
48:575-607

Hwang CF, Williamson VM (2003) Leucine-rich repeat-mediated
intramolecular interactions in nematode recognition and cell death
signaling by the tomato resistance protein Mi. Plant J 34:585-93

Hwang CF, Bhakta AV, Truesdell GM, Pudlo WM, Williamson VM
(2000) Evidence for a role of the N terminus and leucine-rich re-
peat region of the Mi gene product in regulation of localized cell
death. Plant Cell 12:1319-29

Irizarry R, Bolstad BM, Collin F, Cope LM, Hobbs B, Speed TP
(2003a) Summaries of Affymetrix GeneChip probe level data.
Nucleic Acids Res 31:e15

Irizarry R, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ,
Scherf U, Speed TP (2003b) Exploration, normalization, and
summaries of high density oligonucleotide array probe level data.
Biostatistics 4:249-64

@ Springer


http://www.towson.edu/nalkharo/SGMD/SupplementalSites/AffyGmLCM
http://www.towson.edu/nalkharo/SGMD/SupplementalSites/AffyGmLCM

1408

Planta (2007) 226:1389-1409

Isenberg G, Bielser W, Meier-Ruge W, Remy E (1976) Cell surgery by
laser micro-dissection: a preparative method. J Microsc 107:19-24

Ithal N, Recknor J, Nettleston D, Hearne L, Maier T, Baum TJ, Mit-
chum MG (2007) Parallel genome-wide expression profiling of
host and pathogen during soybean cyst nematode infection of soy-
bean. Mol Plant-Microbe Interact 20:293-305

Jammes F, Lecomte P, de Almeida-Engler J, Bitton F, Martin-Magni-
ette ML, Renou JP, Abad P, Favery B (2005) Genome-wide
expression profiling of the host response to root-knot nematode
infection in Arabidopsis. Plant J 44:447-58

Jones A (2000) Does the plant mitochondrion integrate cellular stress
and regulate programmed cell death?. Trends Plant Sci 5:225-30

Jones MGK, Northcote DH (1972) Nematode-induced syncytium-a
multinucleate transfer cell. J Cell Sci 10:789-809

Jones DA, Thomas CM, Hammond-Kosack KE, Balint-Kurti PJ, Jones
JD (1994) Isolation of the tomato Cf-9 gene for resistance to Cla-
dosporium fulvum by transposon tagging. Science 266:789-93

Karpova OV, Kuzmin EV, Elthon TE, Newton KJ (2002) Differential
expression of alternative oxidase genes in maize mitochondrial
mutants. Plant Cell. 14:3271-84

Khan R, Alkharouf N, Beard HS, MacDonald M, Chouikha I, Meyer
S, Grefenstette J, Knap H, Matthews BF (2004) Resistance mech-
anisms in soybean: Gene expression profile at an early stage of
soybean cyst nematode invasion. J Nematol 36:241-248

Kim YH, Riggs RD, Kim KS (1987) Structural changes associated
with resistance of soybean to Heterodera glycines. J Nematol
19:177-187

Kliebenstein DJ, Monde RA, Last RL (1998) Superoxide dismutase in
Arabidopsis: an eclectic enzyme family with disparate regulation
and protein localization. Plant Physiol 118:637-50

Klink VP, MacDonald M, Alkharouf N, Matthews BF (2005) Laser
capture microdissection (LCM) and expression analyses of Gly-
cine max (soybean) syncytium containing root regions formed by
the plant pathogen Heterodera glycines (soybean cyst nematode).
Plant Mol Biol 59:969-983

Klink VP, Overall CC, Alkharouf NW, MacDonald MH, Matthew BF
(2007) A time-course comparative microarray analysis of an
incompatible and compatible response by Glycine max (soybean)
to soybean cyst nematode (Heterodera glycines) infection (sub-
mitted)

Levy J, Bres C, Geurts R, Chalhoub B, Kulikova O, Duc G, Journet EP,
Ane JM, Lauber E, Bisseling T, Denarie J, Rosenberg C, Debelle
FA (2004) Putative Ca2+ and calmodulin dependent protein ki-
nase required for bacterial and fungal symbioses. Science.
303:1361-4

Lipshutz RJ, Fodor SP, Gingeras TR, Lockhart DJ (1999) High density
synthetic oligonucleotide arrays. Nat Genet (1 Suppl):20-24

Liu X, Bai X, Wang X, Chu C (2006) OsWRKY71, a rice transcription
factor, is involved in rice defense response. J Plant Physiol (in press)

Mathur J, Hiilskamp M (2002) Microtubules and microfilaments in cell
morphogenesis in higher plants. Curr Biol 12: R696-R676

Matthews B, MacDonald MH, Thai VK Tucker ML (2003) Molecular
characterization of argenine kinase in the soybean cyst nematode
(Heterodera glycines). ] Nematol 35:252-258

Milligan SB, Bodeau J, Yaghoobi J, Kaloshian I, Zabel P, Williamson
VM (1998) The root knot nematode resistance gene Mi from to-
mato is a member of the leucine zipper, nucleotide binding, leu-
cine-rich repeat family of plant genes. Plant Cell 10:1307-19

Mitra D, Johri MM (2000) Enhanced expression of a calcium-depen-
dent protein kinase from the moss Funaria hygrometrica under
nutritional starvation. J Biosci 25:331-8

Mujer CV, Andrews DL, Manhart JR, Pierce SK, Rumpho ME (1996)
Chloroplast genes are expressed during intracellular symbiotic
association of Vaucheria litorea plastids with the sea slug Elysia
chlorotica. Proc Natl Acad Sci USA 93:12333-12338

@ Springer

Niblack TL, Arelli PR, Noel GR, Opperman CH, Orf JH, Schmitt DP,
Shannon JG, Tylka GL (2002) A revised classification scheme for
genetically diverse populations of Heterodera glycines. ] Nema-
tol 34:279-288

Pla M, Mathieu C, De Paepe R, Chetrit P, Vedel F (1995) Deletion of
the last two exons of the mitochondrial nad7 gene results in lack
of the NAD7 polypeptide in a Nicotiana sylvestris CMS mutant.
Mol Gen Genet. 248:79-88

Puthoff DP, Nettleton D, Rodermel SR, Baum TJ (2003) Arabidopsis
gene expression changes during cyst nematode parasitism re-
vealed by statistical analyses of microarray expression profiles.
The Plant Journal 33:911-921

Ravagnan L, Gurbuxani S, Susin SA, Maisse C, Daugas E, Zamzami
N, Mak T, Jaattela M, Penninger JM, Garrido C, Kroemer G
(2001) Heat-shock protein 70 antagonizes apoptosis-inducing
factor. Nat Cell Biol 3:839-43

Riggs RD, Kim KS, Gipson I (1973) Ultrastructural changes in Peking
soybeans infected with Heterodera glycines. Phytopathology
63:76-84

Riggs RD, Schmitt DP (1991) Optimization of the Heterodera glycines
race test procedure. J Nematol 23:149-154

Rubio MC, James EK, Clemente MR, Bucciarelli B, Fedorova M,
Vance CP, Becana M (2004) Localization of superoxide dismuta-
ses and hydrogen peroxide in legume root nodules. Mol Plant Mi-
crobe Interact 17:1294-305

Ryu HS, Han M, Lee SK, Cho JI, Ryoo N, Heu S, Lee YH, Bhoo SH,
Wang GL, Hahn TR, Jeon JS (2006) A comprehensive expression
analysis of the WRKY gene superfamily in rice plants during de-
fense response. Plant Cell Rep 25:836—47

Saleh A, Srinivasula SM, Balkir L, Robbins PD, Alnemri ES (2000)
Negative regulation of the Apaf-1 apoptosome by Hsp70. Nat
Cell Biol 2:476-83

Sardanelli S, Kenworthy WJ (1997) Soil Moisture Control and Direct
Seeding for Bioassay of Heterodera glycines on Soybean. J Ne-
matol (Suppl) 29:625-634

Sass JE (1958) Botanical Microtechnique. Iowa State College Press,
Ames

Scandalios JG (1993) Oxygen Stress and Superoxide Dismutases.
Plant Physiol 101:7-12

Schutz I, Gus-Mayer S, Schmelzer E (2006) Profilin and Rop GTPases
are localized at infection sites of plant cells. Protoplasma
227:229-35

Shen QH, Saijo Y, Mauch S, Biskup C, Bieri S, Keller B, Seki H, Ulker
B, Somssich IE, Schulze-Lefert P (2007) Nuclear activity of
MLA immune receptors links isolate-specific and basal disease-
resistance responses. Science 315:1098-103

Smyth GK (2004) Linear models and empirical Bayes methods for
assessing differential expression in microarray experiments. Stat
Appl Genet Mol Biol. 3:Article3

Sugimoto K, Williamson RE, Wasteneys GO (2000) New techniques
enable comparative analysis of microtubule orientation, wall tex-
ture, and growth rate in intact roots of Arabidopsis. Plant Physiol
124:1493-1506

Sun H-Q, Kwiatkowska K, Yin H (1995) Actin monomer binding pro-
teins. Curr Opin Cell Biol 7:102-110

Sung DY, Guy CL (2003) Physiological and molecular assessment of
altered expression of Hsc70-1 in Arabidopsis. Evidence for pleio-
tropic consequences. Plant Physiol 132:979-87

Tao Y, Xie Z, Chen W, Glazebrook J, Chang HS, Han B, Zhu T, Zou
G, Katagiri F (2003) Quantitative nature of Arabidopsis responses
during compatible and incompatible interactions with the bacte-
rial pathogen Pseudomonas syringae. Plant Cell 15:317-30

The gene ontology consortium (2004) The Gene Ontology (GO)
database and informatics resource. Nucleic Acids Res 32:D258—
D261



Planta (2007) 226:1389-1409

1409

Ulker B, Shahid Mukhtar M, Somssich IE (2007) The WRKY 70 tran-
scription factor of Arabidopsis influences both the plant senes-
cence and defense signaling pathways. Planta 226:125-37

van der Vossen EA, van der Voort JN, Kanyuka K, Bendahmane A,
Sandbrink H, Baulcombe DC, Bakker J, Stickema WIJ, Klein-
Lankhorst RM (2000) Homologues of a single resistance-gene
cluster in potato confer resistance to distinct pathogens: a virus
and a nematode. Plant J 23:567-76

Volkmann D, Baluska F (1999) Actin cytoskeleton in plants: from
transport networks to signaling networks. Microsc Res Tech
47:135-154

Wang D, Amornsiripanitch N, Dong X (2006) A genomic approach to
identify regulatory nodes in the transcriptional network of sys-
temic acquired resistance in plants. PLoS Pathog 2:e123

Williamson VM, Kumar A (2006) Nematode resistance in plants: the
battle underground. Trends Genet 22:396-403

Wilson MA, Bird D McK van der Knaap E (1994) A comprehensive
subtractive ¢cDNA cloning approach to identify nematode-in-
duced transcripts in tomato. Phytopathology 84:299-303

Wrather JA, Koenning SR (2006) Estimates of disease effects on soy-
bean yields in the United States 2003—-2005. J Nematol 38:173—
180

Yamamoto E, Knap HT (2001) Soybean receptor-like protein kinase
genes: paralogous divergence of a gene family. Mol Biol Evol
18:1522-31

Zheng Z, Qamar SA, Chen Z, Mengiste T (2006) Arabidopsis
WRKY33 transcription factor is required for resistance to necro-
trophic fungal pathogens. Plant J 48:592-605

@ Springer



	Laser capture microdissection (LCM) and comparative microarray expression analysis of syncytial cells isolated from incompatible and compatible soybean (Glycine max) roots infected by the soybean cyst nematode (Heterodera glycines)
	Abstract
	Introduction
	Materials and methods
	Plant and nematode procurement
	Histology
	LCM
	Microarray analyses and G. max probe set annotations

	Results
	Histological analysis of incompatible and compatible responses in the whole root
	Comparison of gene expression in whole roots and syncytia at three dpi in an incompatible interaction
	Gene expression in whole roots and syncytia at three dpi in a compatible interaction
	Comparison of gene expression in whole roots and syncytia at eight dpi in a compatible interaction
	Comparison of gene expression in incompatible and compatible syncytia at three dpi
	Comparative gene expression analysis of three dpi and eight dpi compatible syncytial cells

	Discussion
	Identification of genes differentially expressed in the syncytium
	Gene expression during syncytium establishment during a compatible reaction

	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


