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We hypothesized that soybean cyst nematode (SCN; Heterodera glycines) co-opts part or all of one or more innate developmental
process in soybean (Glycine max) to establish its feeding structure, syncytium, in soybean roots. The syncytium is formed within
the vascular bundle by partial degradation of cell walls and membranes between adjacent parenchyma cells. A mature syncytium
incorporates as many as 200 cells into one large multinucleated cell. Gene expression patterns for several cell wall-modifying
proteins were compared in multiple tissues undergoing major shifts in cell wall integrity. These included SCN-colonized roots,
root tips where vascular differentiation occurs, flooded roots (aerenchyma), adventitious rooting in hypocotyls, and leaf
abscission zones. A search in the 5’ upstream promoters of these genes identified a motif (SCNbox1: WGCATGTG) common to
several genes that were up-regulated in several different tissues. The polygalacturonase 11 promoters (GmPG11a/b) include the
SCNbox1 motif. The expression pattern for GmPG11a was examined further in transgenic soybean containing a PG11a promoter
fused to a B-glucuronidase (GUS) reporter gene. GUS expression was highest in cells undergoing radial expansion in the stele
and/or cell wall dissolution. GUS staining was not observed in cortical cells where a lateral root tip or a growing nematode

emerged through the root cortex.

Soybean cyst nematode (SCN; Heterodera glycines)
forms a large multinucleated feeding cell (syncytium)
within the vascular cylinder of the soybean (Glycine
max) root by inducing the degradation of cell walls and
membranes between adjoining cells (Goverse et al.,
2000). As many as 200 plant cells may be incorporated
into a single syncytium (Jung and Wyss, 1999). Evi-
dence indicates that the nematode secretes proteins that
can alter plant cellular processes (Davis et al., 2008). The
signals and plant processes involved in forming the
feeding structure are of academic and practical impor-
tance. We hypothesized that SCN-secreted proteins
must co-opt one or more innate developmental pro-
cesses in soybean to complete the necessary structural
changes required for formation of the feeding structure.
Since formation of the syncytium requires cell wall
degradation between cells, one of the processes evoked
by the nematode must include a coordinated expres-
sion of proteins that disassemble the cell wall.

The primary cell wall is comprised of many different
polysaccharides (80%) and structural proteins (20%;
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Carpita and Gibeaut, 1993). Nevertheless, the primary
constituents of the wall are cellulose microfibrils and
xyloglucan polymers, which cross-link and interlock
the microfibrils into a semirigid framework (approx-
imately 50% of the wall mass). This framework is in
turn embedded in a matrix of pectins (approximately
30%) made up primarily of polygalacturonic acid. The
pectin matrix determines the porosity of the cell wall
and may limit access of some enzymes to specific
regions of the cellulo-xyloglucan framework. The mid-
dle lamella, which cements together the primary cell
walls of adjacent cells, is mostly polygalacturonic acid
(Carpita and Gibeaut, 1993). Thus, the complex nature
of the cell wall requires coordinated expression of
multiple enzymes to separate the cells and disassem-
ble the wall matrix. The specific targets for the cell wall
enzymes are generally unknown but are broadly clas-
sified by the type of substrate they degrade, e.g.
carboxymethyl cellulose for cellulases and polygalact-
uronic acid for polygalacturonases, and their mecha-
nism of bond cleavage, e.g. hydrolase, lyase, etc.
Expansins are a particularly interesting class of cell
wall protein that have no known enzymatic activity
but generally aid in the loosening of cell walls in both
cell expansion and cell wall degradation events (Li
et al., 2003).

As a first step to understand the mechanism of
regulation for the organized restructuring of cells to
form the feeding structure, we cloned 30 transcripts
for cell wall associated proteins (nine cellulases, three
expansins, 14 polygalacturonases, two pectate lyases,
and two xyloglucan endotransglucosylases/hydrolases)

Plant Physiology®, May 2011, Vol. 156, pp. 319-329, www.plantphysiol.org © 2011 American Society of Plant Biologists 319



Tucker et al.

from SCN-infected roots and several were shown to be
up-regulated during SCN infection (Tucker et al., 2007).
Several of the same genes were also expressed in root
tips where vascular development occurs and in leaf
abscission where extensive cell wall degradation leads
to separation of the petiole from the stem (Tucker et al.,
2007).

In addition to gene expression in root tips and
abscission that was examined previously (Tucker
et al., 2007), it was hypothesized that the gene expres-
sion profile for cell wall proteins in SCN-colonized
roots might be similar to that for formation of aeren-
chyma—increased intercellular porosity and air chan-
nels that provide gas diffusion during flooded
conditions. In addition to examining gene expression
in flooded roots, gene expression in hypocotyls in-
duced with auxin and ethylene to form adventitious
roots was also examined. The induction of adventi-
tious rooting in hypocotyls elicits multiple cell wall
degradation events, which includes the formation of
aerenchyma, but also cell wall loosening where the
roots emerge through the cortex of the hypocotyl. We
hypothesized that a similar process of loosening of
cells in the cortex where roots emerge may also be
evoked by the nematode when it expands through the
root cortex. Tucker et al. (2007) reported that a poly-
galacturonase (PG11) was up-regulated in SCN-infected
roots but was not strongly expressed in root tips
where cell division, cell elongation, and vascular dif-
ferentiation occur. Thus, PGI11 might be a candidate
gene for up-regulation during aerenchyma develop-
ment and /or expression in the splitting of the cortex to
facilitate emergence of a lateral root initial or the
emergence of a growing nematode. To examine these
possibilities we’ve fused a PG11 promoter to a GUS
reporter gene and stably transformed the construct
into soybean.

The purpose for identifying innate developmental
processes that might be co-opted by SCN during
formation of its feeding structure is to identify shared
molecular signaling mechanisms that might be used in
the above plant restructuring processes. Thus, the
gene promoters for cell wall-modifying proteins
whose transcripts were strongly up-regulated in
SCN-infected roots were searched to identify motifs
common to these genes.

In addition to information that relates to formation
of the feeding structure for SCN, observations of gene
expression and morphological changes in the taproot
and hypocotyls during flooding are also of general
interest. Bailey-Serres and Voesenek (2008) describe
three forms of aerenchyma: (1) lysigenous aerenchyma
formed by cell death, (2) schizogenous aerenchyma in
which gas spaces develop through the separation of
previously connected cells, and (3) expansigenous
aerenchyma, which is characterized by intercellular
gas spaces that develop through cell division and cell
enlargement, without cell separation or collapse/
death. Lysigenous and schizogenous aerenchyma
forming within the cortex have been termed primary
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aerenchyma (Thomas et al.,, 2005). Expansigenous
aerenchyma may be similar to what has been termed
secondary aerenchyma in adventitious rooting soy-
bean (Thomas et al., 2005). Secondary aerenchyma
arises from new cell divisions in the pericycle that give
rise to a more spongy parenchymous tissue that dis-
places the cortex causing it to break away from the
body of the plant (Thomas et al., 2005). In this project
there was evidence of primary aerenchyma, both
lysigenous and schizogenous, in the flooded hypo-
cotyls and possibly the beginning of the formation of
secondary aerenchyma at the inner layer of the cortex.

RESULTS
Quantitative PCR and Morphology

Cell separation associated with aerenchyma devel-
opment in soybean roots might have gene expression
patterns similar to those associated with formation of
the SCN syncytium, and the two processes may share
regulatory signals. To test this hypothesis, the root
systems of 14-d-old plants were submerged in water
and whole root systems collected at 0, 1, 3, and 7 d and
the RNA extracted. The hypoxic environment caused
by the flooding elicits the formation of aerenchyma
(Fukao and Bailey-Serres, 2004). Very few of the tran-
scripts examined were up-regulated in these flooded
roots (Fig. 1). Up-regulation of ADH (alcohol dehy-
drogenase) gene expression was used in this study
to confirm hypoxic conditions. The expression of
three different ADH genes was examined, ADHI
(AF079058), ADH2 (AF079499), and ADH4 (putative
ADH gene identified in genomic sequence; Supple-
mental File S1). Only one, ADH2, markedly increased
during flooding (Fig. 1). No lysigenous aerenchyma
(air channels or well-defined holes in the cortex) were
seen in sections of the secondary roots (data not
shown); however, after 7 d the primary taproot dis-
played a generalized separation of cortical cells (Fig. 2)
that had the appearance of schizogenous aerenchyma
(separated loosely packed cells) as described by
Thomas et al. (2005).

Another tissue that undergoes considerable cell sep-
aration is the hypocotyl tissue when induced with
auxin and ethylene to form adventitious roots. A pri-
mary objective for the hypocotyl experiments was to
examine the gene expression for cell wall proteins in the
splitting of the cortex where the roots emerged. The
loosening and splitting of the cortex is exaggerated in
the rooting hypocotyls because so many roots emerge
along a longitudinal split in the hypocotyl (Fig. 3, E and
J). In addition to splitting and root initiation, hypo-
cotyls submerged in water for more than 4 d displayed
a typical pattern of cell separation expected for primary
lysigenous aerenchyma, appearing as holes in the
transverse sections (Fig. 3, F and G). After 8 d, cells of
the cortical layer outside the ring of phloem were
loosely connected and easily shed with any mechanical
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Figure 1. Heat map displaying the change in gene expression (log base
2 ratios) for multiple cell wall-modifying proteins in different plant
tissues and treatments. Abbreviations: WR, whole root system; Hypo,
hypocotyl; AZ, leaf abscission zone. A dark box indicates strong up-
regulation of gene expression, whereas a white box indicates strong
down-regulation. No change in expression is indicated by a neutral
gray box and in-between expression levels as shades of gray. The QPCR
results were all normalized to the elongation factor 1 beta (EF1b;
accession no. AK243885). Also included for comparison are gene
expression for an actin (accession no. AK285258) and ubiquitin
(accession no. AK285252). SCN root pieces are IogZ ratios for SCN-
infected tissue relative to noninfected root pieces aged and collected at
the same time as the SCN-inoculated tissues. The log2 ratios for all the
other tissues and treatments are the expression levels relative to the
expression of the control displayed in the left-most column (neutral gray
boxes) in each cluster of columns. The control root pieces used for
comparison to root tips were root pieces taken further up into the root
system not colonized with SCN and the branch roots trimmed off. ADH
gene expression is included as an indicator of anaerobiosis in the
flooded roots and hypocotyls. Gene name abbreviations: Cel, cellu-
lose; EXP, expansin; PL, pectate lyase; PG, polygalacturonase; XET,
xyloglucan endotransglucosylase/hydrolase. An a or b after the gene
name indicates a paralogous gene. Where the paralogous gene is not
included (Supplemental File S1), one or more mismatches occurred in
one or both PCR primers that would likely prevent PCR amplification of
the paralogous gene. Gene names underlined and in bold include at
least one WGCATGTG motif in their 5’ upstream promoter sequence.
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contact to the extent that it made sectioning of this
tissue difficult (Fig. 3K). The loose packing of the cells in
the cortex looked similar to that in the taproots after 7 d
of flooding and is presumed to be schizogenous aeren-
chyma formed by separation and enlargement of ma-
ture cortical cells (Thomas et al., 2005; Bailey-Serres and
Voesenek, 2008). The pattern of gene expression in the
rooting hypocotyls shares similarity with that for the
flooded roots, which suggested that a large part of
the change in gene expression for cell wall-modifying
proteins was more closely associated with formation of
aerenchyma than initiation of adventitious roots
(Fig. 1).

To further support that the observed changes in
gene expression in the rooting hypocotyls were more
closely associated with the stem rather than the ad-
ventitious roots, the root tips were trimmed off the 8 d
hypocotyls and RNA extracted from both the root tips
and trimmed hypocotyls. Although gene expression in
these separated tissues was not markedly different,
there were a few differences of interest (Fig. 1). PG1,
PG5, PG11a, and PG12a/b transcripts were more abun-
dant in the trimmed hypocotyls than the adventitious
roots. This same group of genes was also of lesser
abundance in the first 12 mm of the root tips (Fig. 1),
which suggests that their primary role is not in vas-
cular development in the root tip but some other
function. Other transcripts, e.g. Cel7a and PG16a, were
higher in the root tips than the trimmed hypocotyls
and they were also strongly expressed in the root tips
collected from the root system (Fig. 1). Moreover, Cel7a
and PG16a were not up-regulated during flooding.

PG11a::GUS Expression

The PGIla gene was selected for more detailed
study because it was observed to be strongly up-
regulated in SCN-infected root pieces and abscission
zones but not as strongly expressed in root tips or
leaves. It was hypothesized that PGI1la might be
expressed during syncytium development, aeren-
chyma formation, and/or the splitting of the cortex
where the lateral root and nematode emerge. To fur-
ther examine the tissue- and cell-specific expression of
the PGl1la gene (Supplemental File S1) the PGlla
promoter was fused to a GUS reporter gene and stably
transformed into soybean. Histochemical GUS stain-
ing indicated that expression increased first in the stele
of the root at the site of SCN infection (Fig. 4A). A
transverse section of a lateral root with a young female
nematode attached stained darkly for GUS activity in
the stele (Fig. 4A). Cross sections of lateral roots that
were not infected with SCN also showed GUS staining
in the stele but staining was less intense than where a
nematode was attached (result not shown). The stele
immediately below a young adult nematode and ei-
ther side of the nematode is generally darker blue and
enlarged in comparison to a root piece without an
attached nematode (Fig. 4A). At this stage of nematode
development the syncytium immediately below the
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Flooded

Figure 2. Thin sections prepared from the taproot of an explant after 7 d
in well aerated conditions (Air) or 7 d of flooded conditions (Flooded).
Magpnified insets shown to the right are marked with a dashed line.
Abbreviations: Co, cortex; Ph, phloem; Pi, pith; Sc, sclerenchyma; Xy,
xylem.

nematode is clearly evident and the cell walls that
separated cells incorporated into the syncytium are
mostly degraded (Fig. 4, B and C). As the nematode
and syncytium mature, the GUS stain disappears near
the nematode but continues to be prevalent at short
distances from the nematode (Fig. 4E). A thin section

pE—
AR e %

prepared from a root piece with a more mature adult
female nematode attached shows the greatest amount
of GUS stain at the ends of the expanding syncytium
(Fig. 4G). In some sections of lateral roots with more
mature nematodes attached GUS staining could also
be seen in cortical cells near the ends of the growing
syncytium (result not shown). GUS staining, however
was not observed in the split in the cortex where the
nematode emerged through the cortex.

PG11a::GUS expression also increased in hypocotyls
induced to form adventitious roots (Fig. 3). The root-
ing hypocotyls provide several different developmen-
tal processes and cell types that could be examined for
cell-specific expression of the PG11a promoter, i.e. root
initiation and attending vascular development, forma-
tion of aerenchyma, and cortical cell separation
immediately above the growing root initial. In hypo-
cotyls stained for GUS activity prior to treatment with
auxin and ethylene (0 d) the stain was distributed
fairly evenly across the entire hypocotyl (Fig. 3D). At
4 d post treatment, GUS staining increased and was
more evident around the sclerenchyma, thick-walled
dead cells at the border of the phloem and cortex (Fig.
3, H and I). The cortex and pith were also stained at4 d
(Fig. 3I), although less than around the sclerenchyma.
After 8 d, GUS staining was mostly concentrated
around the sclerenchyma cells (Fig. 3, M and N).
GUS staining was great enough at 8 d to be visible in
thinner 15-um sections (Fig. 3L). In 15-um sections

Figure 3. Explants were submerged in aqueous solution of 107 m IBA and exposed to 1.0 uL L™' ethylene in the gas phase to
induce a proliferation of adventitious roots on the hypocotyls. Hypocotyls were collected at 1, 4, and 8 d (A, E, and ) and 1-um
sections prepared (B, F, and K) and insets magnified (C and G). Hypocotyls from similarly treated explants were collected at 0, 4,
and 8 d from transgenic plants and the hypocotyls sliced longitudinally through the middle and stained for GUS activity (D, H,
and M). A 15-um section was prepared from a darkly stained 8 d hypocotyl (L), and thicker hand sections (approximately 100
um) were prepared from 4 and 8 d hypocotyls (I and N). Abbreviations: Adv R, adventitious root; L-Aer, lysigenous aerenchyma;

Co, cortex; Ph, phloem; Pi, pith; Sc, sclerenchyma; Xy, xylem.

322

Plant Physiol. Vol. 156, 2011



Root Piece
(toluidine blue)

Young Adult Female
(GUS)

Enlarged Inset
(toluidine blue)

transverse
section - L8

More Mature Adult
Female (GUS)

Root Piece
(GUS)

Root Piece
(toluidine blue)

Abscission 2d

GUS stain was greatest in cells immediately inside and
between the sclerenchyma bundles.

GUS expression was also detected in abscission
zones, petioles, and leaves (Fig. 4). Quantitative PCR
(QPCR) indicated that PG11a expression was strongly
up-regulated during abscission and that this increase
was primarily restricted to the abscission zone (Fig. 4).
Although histochemical staining for GUS activity in-
dicated enhanced staining at the separation layer 2 d
after induction of abscission (Fig. 4D), there was also
staining throughout the petiole (results not shown).
Moreover, where QPCR indicated a low level of PG11a
expression in leaves, GUS activity was relatively high
in leaf tissue (Fig. 4H). The reason for these discrep-
ancies in PGIlla transcript accumulation and GUS
activity might be due to missing regulatory elements
in the 1,951-bp PG11la promoter used for the PG11:
GUS construct, or elements in the nearby 35S cauli-
flower mosaic virus promoter, which controls the
expression of the selectable herbicide resistance
marker, may have influenced the expression of the
GUS transcript (Yoo et al., 2005).

Conserved Sequence Motif

Many of the transcripts that increased in abundance
in the SCN-infected roots also increased in root tips,
rooting hypocotyls, and abscission zones. As a first step
in identification of common regulatory mechanisms,
the promoters of these up-regulated genes (Supple-
mental File S1) were searched with MEME (Bailey
and Elkan, 1994) to identify shared sequence motifs
that might act as regulatory cis-acting elements. A
MEME search identified a 7-nucleotide (nt) sequence
(GCATGTG) conserved in many of these gene pro-
moters (Table I). Subsequent searches with AlignACE
(Roth et al., 1998) and Weeder (Pavesi et al., 2004)
identified the same motif in the SCN up-regulated
genes. The 7-nt sequence was subsequently extended to
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Figure 4. Histochemical staining for GUS ac-
tivity in root pieces, abscission zone, and leaf
piece. The 1-um sections B, C, and F were
stained with toluidine blue to enhance cell
outlines. The root piece section labeled GUS
(G) is 5-um thick. Longitudinal sections F and
G are several microns apart from the same
SCN-infected root piece. Abbreviations: Nem,
nematode; Syn, syncytium; Co, cortex; AZ,
abscission zone; Pet, petiole; Xy, xylem.

(GUS)

Leaf Piece
(GUS)

8 nt to include a conserved A/T (W) at the 5’ end. The
WGCATGTG motif was named SCNbox1. Many of the
genes that included the SCNbox1 motif were also
expressed in root tips, rooting hypocotyls, and abscis-
sion zones (Table I). Figure 5 displays a more detailed
expression profile for one of each class of cell wall-
modifying proteins that also included at least one copy
of the SCNbox1 motif in their gene promoter. Although
not identical, the gene expression profile is similar
for each of the genes that include the SCNbox1 motif
(Fig. 5).

DISCUSSION

The experiments described herein had two broad
objectives, (1) identify changes in gene expression
common to SCN infection and other plant processes
that involve cell wall loosening and (2) search their
gene promoters for shared sequence motifs. Together,
this information could then be used to link already
identified mechanisms of gene regulation to other less-
well-characterized developmental processes and iden-
tify potentially new regulatory mechanisms.

Formation of the SCN-induced syncytium is a com-
plex process requiring a delimited degradation of
existing cell walls and membranes between adjoining
cells, and also the restructuring and synthesis of new
cell wall material that strengthen the syncytium
boundary as well as strengthen the many membra-
nous protrusions into the syncytium that function to
increase the surface area of the syncytium for nutrient
uptake (Goverse et al., 2000). In regards to synthesis of
new cell wall material, Cel12a/b are in a family of
KORRIGAN-type membrane cellulases that are most
closely associated with cellulose synthesis in elongat-
ing cells (Mglhgj et al., 2002). QPCR results indicate
that transcripts for Cel12a/b were in all the tissues
examined but were at their highest concentration 2 to 7
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Table I. Summary of expression and position of the WGCATGTG motif in the sequence 5' to the start of translation of all the genes for
cell wall-modifying proteins included in Figure 1

Gene® PCR SCN-Colonized Root Tips Rooting Abscission Forward® Reverse
Amplified” Roots (0-12 mm) Hypocotyls (WGCATGTC) (GACATGCW)

EF1b Yes None None None None

PG11a Yes High None High High —892

PG11b No N/Ad N/A N/A N/A —888 —1,081

PL2 Yes High High Med High —1,490

Cel8a Yes High High Low Med —1,686 -1,690

Cel8b No N/A N/A N/A N/A

EXP1a Yes High High Low None —520

EXP1b No N/A N/A N/A N/A —503

EXP3a Yes High High None Low —506 —493

EXP3b No N/A N/A N/A N/A —395

EXP8a Yes High High Med High ~265 ~269

EXP8b Yes High High Med High —336 and —281

PG3a Yes High High High Med —3,247¢ —3,280

PG3b Yes High High High Med -2,933

PG6a Yes High High High Low —380

PG6b No N/A N/A N/A N/A —342

Cel4a Yes Med Med None Med

Cel4b Yes Med Med None Med

Celba Yes Med High Low High

Cel6b Yes Med High Low High

Cel7a Yes Med High Low Low

Cel7b No N/A N/A N/A N/A

Cel7c No N/A N/A N/A N/A —624

PL1 Yes Med Med None Med

PG1 Yes Med None High Low

Cel2 Yes Med High None None -370

Cel9 Yes Med Med High High

PG7a Yes Med High High None

PG7b Yes Med High High None —1,385

PG5 Yes Med None None None

Cellla Yes Low Med None None

Cel11b Yes Low Med None None

PG4a Yes Low Med None None

PG4b Yes Low Med None None

Cel12a Yes Low Med None None

Cel12b Yes Low Med None None

PG15a Yes Low Med Med Low

PG15b No N/A N/A N/A N/A

PG10a Yes Low Med None None

PG10b Yes Low Med None None

PG12a Yes Low None None Med

PG12b Yes Low None None Med —1,204

PG16a Yes Low High None None =1,155

PG16b No N/A N/A N/A N/A

Cell17a Yes None High Med Med —-1,812

Cel17b Yes None High Med Med

PG2 Yes None None None None

PG9a’ Yes None Low Low None

PG9b Yes None Low Low None

PG17a Yes None Med None None

PG17b No N/A N/A N/A N/A

XET2a Yes None Low Low None

XET2b Yes None Low Low None

XET1a Yes None Low None None

XET1b Yes None Low None None

“a, b, or c after the gene name indicates a paralogous gene. bPCR amplification predicted using MacVector's test PCR primer pairs. If a primer

mismatch occurred at the 3’ end or there were multiple mismatches in a primer, amplification was predicted to not be likely. “Number of
nucleotides upstream from the start of translation (ATG). IN/A, Not applicable because the gene fragment was predicted to not be amplified with

the primers used. fLarge intron 2,385 and 2,211 bp in 5’ untranslated region of PG03a and PGO3b, respectively. fPredicted start of
translation (ATG) based on largest open reading frame 5’ to a predicted intron.
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mm behind the apex of the root tip where cell elonga-
tion is greatest (Tucker et al., 2007). Cel12a/b were not
up-regulated in flooded roots, rooting hypocotyls, or
abscission, but slightly up-regulated in SCN-infected
root pieces where cell wall synthesis might be ex-
pected. The expression and localization of KORRI-
GAN:-type cellulases in the syncytium has also been
demonstrated by others (Goellner et al., 2001, Wang
et al., 2007). Interestingly, the expression pattern for
PG10a/b is very similar to Cel12a/b (Fig. 1). PG10a/b
may also play a role in synthesis of new wall material
rather than degradation of the cell walls.

Of all the developmental and environmental re-
sponses examined, the gene expression profile in root
tips was most like that in SCN-infected root pieces
(Fig. 1). However, there were a few notable exceptions.
Transcripts for PG1, PG5, PG11a, and PG12a/b were
up-regulated in SCN-infected root pieces but not par-
ticularly abundant in the root tips, suggesting that
these gene products are not involved in cell division,
cell elongation, or vascular development but some
other process. One process that might be expected to
involve the expression of cell wall-modifying proteins
and would not be prominent in root tips is the forma-
tion of aerenchyma (Bailey-Serres and Voesenek,
2008). Aerenchyma formation is induced in mature
parts of the soybean root system within 7 d of flooding
(Thomas et al., 2005). The loose packing of cells in the
taproot of flooded plants suggests that schizogenous
aerenchyma, cell separation without cell death,
formed within the 7 d of treatment; however, lysige-
nous aerenchyma, small air channels in the cortex
formed by cell death, were not observed in the tap-
roots (Fig. 2). However, hypocotyls submerged in
water with 107> M indole-butyric acid (IBA) and ex-
posed to 1 uL L' of ethylene produced what ap-
peared to be lysigenous aerenchyma after 4 d and
schizogenous aerenchyma after 8 d (Fig. 3). Ethylene
was proposed to be necessary for induction of cell
death in lysigenous aerenchyma (Drew et al., 2000)
and the addition of exogenous ethylene to the hypo-
cotyl treatment but not the flooded roots may have
enhanced formation of what appeared to be lysige-
nous aerenchyma in the hypocotyls but not the roots.

The loose association of cells in the cortex in the
taproots of flooded plants (Fig. 2) and the submerged
hypocotyls (Fig. 3) resembles schizogenous aeren-
chyma. The marked change in cell wall structure
suggests an increase in cell wall-modifying proteins.
However, in the flooded roots none of the genes
examined displayed a large increase in expression.
Nevertheless, Cel9, PG1, and PGéa displayed a slight
increase in expression during flooding of roots and in
the submerged rooting hypocotyls, and may, therefore,
be associated with formation of schizogenous aeren-
chyma. Expression of PG1 in SCN-infected roots and
hypocotyls was reported previously (Mahalingam
et al., 1999), but its association with flooding was not
examined. It is likely that additional genes for cell
wall-modifying proteins not included in this study
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increase during flooding; nevertheless, the fact that the
gene expression profile in the SCN-colonized root
pieces is not similar to the profile for flooded roots
indicates dissimilar mechanisms for regulating gene
expression in these two processes.

Transcript for PGlla did not increase in the flooded
roots but did increase in submerged hypocotyls treated
with auxin and ethylene (Figs. 1 and 5). Moreover, the
increase in transcript expression for PGlla was re-
stricted primarily to the stem rather than the adventi-
tious roots (Fig. 5). Histochemical GUS staining for the
polygalacturonase promoter (PG::GUS) construct was
observed fairly uniformly across the hypocotyl before
submergence and treatment with auxin and ethylene (0
d) and began to disappear from the cortex as lysigenous
aerenchyma became apparent at 4 d (Fig. 3). Blue stain
was almost completely absent from cortical tissues at
8 d when schizogenous aerenchyma (loose packing of
cells) was prominent. The most intense increase in stain
was associated with cells nearer the phloem. In the 8 d
of treatment the hypocotyls do not elongate but swell in
diameter (Kemmerer and Tucker, 1994). It is possible
that cell division occurred in this region near the
pericycle; however, it seems more likely that existing
cells were expanding radially. Thus, expression of PG::
GUS correlates with the swelling of the hypocotyl but
does not appear to be correlated with formation of
primary aerenchyma in the cortex. Of interest in this
regard is that PG11a gene expression was not strong in
the first centimeter of the root where cell elongation is
prominent but was greater farther away from the root
apex where radial expansion is greater (Fig. 1). We
propose that PG11a expression is best linked to radial
expansion of cells and/or dissolution of the cell wall as
would occur in abscission and syncytium development
and not formation of aerenchyma.

In addition to all the processes that would normally
occur in hypocotyls during induction of adventitious
roots (e.g. aerenchyma, cell division, vascular devel-
opment, etc.), the hypocotyls also display an exagger-
ated separation of cells (splitting) where the roots
emerge from the stem (Fig. 3). The loosening of cell
walls immediately above an emerging lateral root is
another process that would not occur in the root tip
but would be prominent in other parts of the root
system. Enzymatic cell wall separation has been re-
ported for the loosening of cells above an emerging
lateral root (Roberts et al., 2002), and more recently Lee
et al. (2011) demonstrated using a GUS reporter gene
that a polygalacturonase gene that is up-regulated at
the site of nematode (Heterodera schachtii) infection of
Arabidopsis roots is also expressed in noninfected
roots in a layer of cortical cells immediately above an
emerging lateral root. Thus, this Arabidopsis polyga-
lacturonase may be linked to the loosening of cortical
cells where the lateral root emerges. In regard to SCN
infection of soybean roots, splitting of the roots is
clearly evident where the female nematode begins to
protrude from the root and the split continues to
enlarge as the nematode expands through the split.
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Figure 5. Graphical display of the linear gene expression profiles for one of each class of cell wall protein, polygalacturonase
(PG), pectate lyase (PL), cellulase (Cel), and expansin (EXP), that were strongly up-regulated in SCN-infected roots and also

include at least one copy of the WGCATGTG motif. Note that

the scale changes for some graphs to better illustrate differences in

gene expression. The means and st bars for root pieces, abscission zones (AZ), petioles (Pet), and leaves are for two replicate
experiments. The hypocotyl experiments were replicated twice for 0 and 8 d time points and only once for 1 and 4 d samples and
the dissected 8 d hypocotyls. The root tip fraction from 12 to 50 mm behind the apex was also only collected once.

Enzymatic separation of cells in the root cortex where
the nematode emerges may be necessary for the nem-
atode to expand through the cortex. Expression of the
PG11a polygalacturonase was thought to be a possible
candidate for this process because it is not strongly
expressed in root tips (Figs. 1 and 4). However, no GUS
staining was observed in the splits where nematodes
emerged or in the splits in the rooting hypocotyls.
Although other polygalacturonases may be associated
with this splitting event, PG11a is not.

The expression of the PGIla promoter (GUS) in
parenchyma cells surrounding the vascular system in
the hypocotyl may suggest a regulatory mechanism in
common with SCN-induced syncytium since the syn-
cytium also forms from vascular parenchyma cells
(Golinowski et al., 1996; Holtmann et al., 2000). Histo-
chemical GUS staining was greatest in the stele of
SCN-infected roots (Fig. 4A). However, as the nema-
tode and syncytium matured GUS stain disappeared
at the immediate site of the nematode attachment (Fig.
4E) but remained high near the ends of the expanding
syncytium (Fig. 4G). PG11la may play a role in opening
up the pectin matrix to provide access for other
enzymes to the cellulo-xyloglucan framework and
therefore GUS expression is most evident in cells at
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the initial phase of incorporation into the syncytium
and not when the cell wall material is being digested
inside an established syncytium boundary.

A low level of GUS expression was also observed in
cortical cells near the syncytium, but cortical cells are
presumably not incorporated into the syncytium
(Goverse et al., 2000). It is possible that PG11a expres-
sion in the cortical cells may be part of a loosening
process that allows the syncytium to expand into the
cortex without breaking the cortex cells.

Regulation of gene expression is a complex process
that often includes multiple cis- and trans-acting fac-
tors. Identification of sequence motifs in gene pro-
moters for genes with similar expression patterns can
lead to the identification of shared regulatory mecha-
nisms (Romer et al., 2007). In this regard, an 8-nt motif,
SCNbox1 (WGCATGTG), was identified in many of
the promoters for genes highly up-regulated in SCN-
infected root pieces and also correlated to some extent
with up-regulation in other cell wall loosening pro-
cesses (Table I). Of interest here is that Cel12a/b and
PG10a/b, which were expressed in SCN-infected root
pieces but not abscission or aerenchyma, do not in-
clude the SCNbox1 motif. Expression of Cel12a/b
and PG10a/b may be more closely linked to cell wall
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synthesis than degradation and be regulated differ-
ently than genes linked to cell wall dissolution.

The SCNbox1 sequence includes the CATGTG motif
sometimes referred to as an E box, which has been
most extensively characterized in animal systems
(Aksan and Goding, 1998; Vallone et al., 2004). Nev-
ertheless, in plants, the CATGTG motif was reported
to function in the water-stressed induction of erdl in
Arabidopsis (Simpson et al., 2003). The same sequence
was also found in other drought-induced genes. In a
subsequent more precise examination of an Arabidop-
sis 63-nt erd1 fragment that was required for induction
by drought it was discovered that a NAC domain
transcription factor bound to this element and the
sequence requirements for NAC binding were best
represented by CACGCATGT, which includes all but
the last nucleotide of the original CATGTG motif (Tran
etal., 2004). NAC transcription factors are of interest as
possible candidate regulatory components in this
study because they’ve been demonstrated to be in-
volved in root tip development and in lateral root
initiation as well as defense and biotic and abiotic
stress responses (Olsen et al., 2005). Arabidopsis in-
cludes more than 100 NAC domain transcription
factors (Ooka et al., 2003), but only a few different
NAC DNA-binding sites have been characterized
(Tran et al., 2004) and none match perfectly with the
WGCATGTG motif found in the soybean genes de-
scribed here. The role, if any, for the SCNbox1 motif
remains to be determined; nevertheless, the occur-
rence of this motif in the promoters for genes up-
regulated by SCN infection does not appear to be
random and therefore of interest for further study.

Knowing which plant developmental processes and
what parts of the process are most similar to SCN
infection provides clues and helps set priorities for
testing and comparing signaling events in SCN-infected
roots. All the tissues examined include multiple devel-
opmental events. Nevertheless, ethylene is a plant
developmental signal common to all the processes
examined, i.e. adventitious rooting (Kemmerer and
Tucker, 1994), aerenchyma formation (Bailey-Serres
and Voesenek, 2008), and SCN feeding structure devel-
opment (Goverse et al., 2000; Tucker et al., 2010).
Ethylene may also play a role in root tip maturation
(Ivanchenko et al., 2008). Clearly no one signal or
molecular mechanism or transcription factor regulates
all the cell separation events examined but clustering
the processes by shared gene expression profiles iden-
tifies genes that bear further scrutiny as does the
identification of a shared sequence motif found in
many of the genes up-regulated in the same processes.

MATERIALS AND METHODS

SCN-Colonized Root Pieces, Root Tips, and
Abscission Zones

Plants were grown and tissues prepared as previously described (Tucker
et al., 2007). Briefly, soybean (Glycine max ‘Williams 82’) were germinated and
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grown in the greenhouse in Perlite for 2 weeks. For each time interval (8, 12,
and 16 dpi) six plants were transferred to a shallow plastic box and the roots
inoculated with 5,000 J2 SCN (Heterodera glycines, population NL1-RHg, HG-
type 7, race 3) or mock inoculated. Root pieces from SCN and mock-inoculated
roots (1-5 mm in length), and root tips from noninfected roots were dissected
from the roots under a stereomicroscope and then frozen in liquid nitrogen.
Stem-petiole explants for abscission zone and petiole collection were prepared
from 2-week-old plants that were exposed to 25 uL L ™! ethylene at 25°C for 0,
1, or 2 d. Abscission zones (approximately 2 mm) were harvested from the
upper abscission zone immediately below the leaf blade. The lower abscission
zone was not collected to avoid the possibility of inadvertently collecting part
or all of the lateral bud. The petiole material was taken between the two
abscission zones at either end. All tissues were frozen in liquid nitrogen and
pulverized with a mortar and pestle. Total RNA was extracted from pulver-
ized tissues using a Qiagen RNeasy plant mini kit (Qiagen).

Flooded Plantlets

Seeds were surface sterilized in 95% ethanol for 3 min followed with 10% bleach
for 10 min and then rinsed with distilled water. Seeds were planted in Perlite and
grown 3 weeks in a growth chamber at 23°C with 15 h light. Perlite was removed
from the roots and the roots submerged in water up to the base of the stem. At1, 3,
and 7 d post submergence the entire root systems of each plant was harvested at
the root stem juncture and frozen in liquid nitrogen. For microscopy, pieces of
lateral and taproots were fixed in an ethanol acetic acid mixture at a ratio of 3:1.

Adventitious Rooting

Intact auxin and ethylene response pathways are necessary to get a profuse
emergence of adventitious roots (Kemmerer and Tucker, 1994). To maximize
adventitious rooting, 16-d-old plants were cut approximately 1 cm above the
soil and the hypocotyls of the explants with the leaves still attached were
submerged approximately 4 cm into a beaker containing 107° M IBA in water.
The beakers were then placed in a 9-L glass chamber (desiccator) and ethylene
injected to achieve a concentration of 1 uL L™! ethylene. The desiccator was
placed in a growth chamber at 23°C with a 15-h-light and 9-h-dark cycle.
Every 24 h the jars were opened for a few minutes, closed, and the ethylene
replenished. Approximately 4 cm of hypocotyl tissue was collected from five
explants at the beginning of the experiment (0 d) and then again after 1, 4, and
8 d of treatment and frozen in liquid nitrogen. For histochemical GUS assay
and sectioning for microscopy the hypocotyls were treated and collected in a
similar fashion and stained for GUS activity and then fixed in ethanol and
acetic acid (3:1) or fixed immediately without GUS staining.

QPCR

Procedures for semiquantitative real-time PCR and the PCR primers used
to examine gene expression for cell wall-modifying proteins were described
previously (Tucker et al., 2007). A single bulk cDNA synthesis reaction (5 ug of
DNased RNA) was performed and the cDNA diluted to a larger volume to
accommodate a large number of PCR reactions and thereby reduce differences
that might occur between cDNA synthesis reactions. Real-time PCR reactions
were completed using a Brilliant II SYBR green QPCR master mix in an
Mx3000P instrument (Stratagene). The real-time PCR signal for the constitu-
tively expressed soybean elongation factor (GmEF1b, accession no. AK243885),
which encodes a protein that is part of the ribosomal protein translation
complex, was used to normalize all the RNA samples. Expression for an actin
(accession no. AK285258) and ubiquitin (accession no. AK285252) gene were
also included for comparison. The mean thresholds (Ct) and Ct sps for EFlb,
actin, and ubiquitin for the 65 cDNAs used in the experiments reported here
were, respectively, 24.63 = 1.39,24.97 + 1.27, and 21.31 *+ 1.00. In the heat map
display only, the expression value was set to 0.0005 if the relative expression of
a gene was equal to or less than 0.0005. A relative concentration of 0.0005
represents a PCR product detected at approximately 38 cycles. Setting a lower
limit of 0.0005 reduces potential artifacts associated with numerous PCR
cycles and eliminates ratios with a denominator of zero.

Generation of Transgenic Plants

A soybean phage genomic library was screened for clones with similarity
to a PG11 cDNA. A 17-kb genomic insert was sequenced and when the
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soybean genomic sequence became available the two sequences were com-
pared. Only a few differences were found between the two sequences. PCR
was used to fuse a 1,951-bp GmPG11a gene promoter to a GUS reporter gene
immediately downstream from the ATG in the GUS open reading frame. The
promoter included an 88-bp 5’ untranslated region in the PG11a mRNA and
approximately 1,860 bp upstream from a start of transcription predicted based
on the 5" end of the cDNA sequence and the presence of a TATA-box motif 27
bp upstream from the end of the cDNA sequence. The GUS open reading
frame included an intron from the castor bean (Ricinus communis) catalase
gene 18 bp down from the start of translation (Tanaka et al., 1990). The PG11a-
GUS-NOS3 construct was cloned into the Bam1H/EcoR1 site of pTF101.1 in
the opposite orientation to the hygromycin selectable marker gene. The
IA State University Transformation Facility transferred this construct into
Agrobacterium tumefaciens (EHA101) and then transformed and regenerated
transgenic soybean (Williams 82). Seven independent events displayed
hygromycin resistance and all seven tested positive for the GUS gene in a
PCR genomic DNA assay. Five events displayed strong GUS staining in an
abscission assay.

GUS Assays

Several methods of partial fixation and infiltration of 500 mg mL ™" of GUS
substrate (X-Gluc, 5-bromo-4-chloro-3-indolyl B-p-GlcA) in histochemical
staining buffer [10 mm disodium EDTA, 0.5 mm K,Fe(CN);, 0.5 mm K;Fe
(CN),, 0.1% Triton X-100, 100 mm NaH,PO,, pH 8.0] were tested. Vacuum
infiltration of the X-Gluc in histochemical staining buffer without any prior
treatment produced superficial staining patterns at the cut ends or regions
where the epidermal cells were damaged. Tissue fixation for 1 h in 90%
acetone at —20°C and then washing twice with a 5-min vacuum infiltration in
washing buffer [0.1 m phosphate, pH 7.0, 10 mm EDTA, 2 mm K;Fe(CN),]
followed with a third vacuum infiltration with 500 mg mL™" X-Gluc in
histochemical staining buffer worked well for roots and was used for staining
of root tissue (Weijers et al., 2001). In our hands, the procedure that worked
best for the aboveground plant parts was to collect the tissue in ice-cold
histochemical staining buffer without the X-Gluc and then heat the tissue
samples in buffer to 55°C for 30 min. After heating the sample, the tissue and
buffer were cooled on ice, X-Gluc added to 500 mg mL ™, and the solution
vacuum infiltrated for 2 min at approximately 29 inches of mercury (0.95 atm)
and the vacuum released and repeated again. To improve infiltration of
hypocotyls, which are relatively large, the hypocotyls were first sliced down
the middle before the heat treatment.

Microscopy

Small pieces (1 cm) were cut from the taproots approximately 1-cm below
the soil line and from the middle of 4-cm sections of hypocotyls. The taproot
pieces were fixed in ethanol acetic acid (3:1) for >2 h and then several
changes of 100% ethanol. The hypocotyl pieces were fixed in 2.5% glutar-
aldehyde (v/v) in 0.2 M sodium cacodylate buffer for 2 h and then trans-
ferred to 100% ethanol. All tissues were then placed into 50/50 (v/v) LR
White/ethanol overnight followed by 100% LR Whites for 24 h. The LR
Whites were replaced with fresh resin and cured in an oven at 60°C for 16 h.
Tissues were sectioned to a thickness of 1 to 15 um on a Reichert/AO
Ultracut microtome with a Diatome diamond knife and adhered onto glass
slides. Some sections were stained with 0.1% (w/v) toluidine blue to
enhance the outline of cells.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental File S1. Fasta file of genomic sequences for cell wall-
modifying proteins used in this study.
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