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The tropical legume Sesbania rostrata provides its microsymbiont Azorhizobium caulinodans with versatile invasion strategies to
allow nodule formation in temporarily flooded habitats. In aerated soils, the bacteria enter via the root hair curling mechanism.
Submergence prevents this epidermal invasion by accumulation of inhibiting concentrations of ethylene and, under these
conditions, the bacterial colonization occurs via intercellular cortical infection at lateral root bases. The transcriptome of
both invasion ways was compared by cDNA-amplified fragment length polymorphism analysis. Clusters of gene tags were
identified that were specific for either epidermal or cortical invasion or were shared by both. The data provide insight into
mechanisms that control infection and illustrate that entry via the epidermis adds a layer of complexity to rhizobial invasion.

Legume plants can thrive in nitrogen-poor habitats
because of their ability to establish a symbiotic inter-
action with soil bacteria, collectively called rhizobia.
Bacterial Nod factors (NFs) are key signaling mole-
cules for host specificity and they initiate the nodula-
tion process in the plant (D’Haeze and Holsters, 2002;
Geurts and Bisseling, 2002). Integration of plant de-
velopmental programs results in bacterial invasion
and de novo cortical cell division, eventually leading
to functional nodules with differentiated nitrogen-
fixing bacteria.

Two invasion strategies have been studied in detail.
The most common involves the curling of susceptible
root hair cells in the elongation zone I of the root.
Bacteria are entrapped in the curl and local plant cell
wall hydrolysis and membrane invagination precede
the formation of a tubular infection thread (IT) that
guides the rhizobia through epidermis and cortex to-
ward the incipient nodule. NF signaling is responsible
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for the induction of root hair curling (RHC) and IT
formation and for the initiation of cell division. NFs ac-
tivate an abundance of responses, including ion fluxes,
membrane depolarization, phosholipase activity, phos-
pholipid signaling, and calcium spiking (D'Haeze and
Holsters, 2002; Oldroyd and Downie, 2004, 2006). A
study of bacterial and plant mutants led to the hy-
pothesis that NF perception triggers a signaling path-
way, which prepares the plant for bacterial entry and
cortical cell division, and an entry pathway for IT
formation in the curled root hair (Ardourel et al., 1994).
The latter response requires stringent NF recognition
and has been proposed to be solely active within the
epidermis that is also the site for nodulation check-
points, such as inhibition by ethylene (Geurts et al.,
1997; Oldroyd et al., 2001).

Direct cortical colonization (crack entry) takes place
during lateral root base (LRB) nodulation on hydro-
ponically grown roots of the semiaquatic legume
Sesbania rostrata (Den Herder et al., 2006). In well-
aerated soils, S. rostrata is invaded via the RHC mode and
nodules appear in root zone I (Goormachtig et al.,
2004a, 2004b). While RHC nodulation is inhibited by
ethylene upon submergence, LRB nodulation makes
active use of ethylene signaling to allow nodule for-
mation under flooding conditions. No epidermal entry
stages are apparent during this invasion. The bacteria
gain direct access to the cortex via epidermal cracks at
the sites of lateral root emergence (Den Herder et al.,
2006). A few cortical cells are triggered by NFs to die,
thus forming cavities that are colonized by the bacte-
ria. These infection pockets serve as a launching point
for ITs that grow toward the nodule primordium
(Goormachtig et al., 2004a).

The occurrence of two different invasion strategies
on the same plant allows us to compare the molecular
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mechanisms governing both processes. Hydroponic
nodulation occurs without intervention of epidermal
responses, in contrast to nodulation under aerated
conditions where the epidermal root hairs are involved
in the initial stages (Goormachtig et al., 2004b). More-
over, the structural requirements of NFs are more strin-
gent for RHC than for crack-entry invasion (D’'Haeze
et al., 2000; Goormachtig et al., 2004b), supporting the
hypothesis of an additional checkpoint for epidermal
entry (Ardourel et al., 1994). These physiological and
morphological dissimilarities indicate that each inva-
sion pathway requires a specific set of genes and
functions.

The advent of high-throughput transcript analysis
tools has greatly improved our knowledge of the
molecular mechanisms that regulate nodule initiation
and development (Lievens et al., 2001; Fedorova et al.,
2002; Poulsen and Pedenphant, 2002; Colebatch et al.,
2004; El Yahyaoui et al., 2004; Kiister et al., 2004;
Manthey et al., 2004; Mitra and Long, 2004; Asamizu
et al., 2005; Lohar et al., 2006; Starker et al., 2006). So
far, all studies were focused on one invasion system.
Here, we compared transcript profiles of RHC and
LRB invasions in S. rostrata by using the PCR-based
method of cDNA-amplified fragment length polymor-
phism (AFLP) because of its high sensitivity and re-
producibility (Bachem et al., 1996; Breyne et al., 2003).
Approximately 7,000 genes were screened, resulting in
627 differentially expressed tags. Statistical analysis of
the data set revealed a core group of genes common to
both invasion types as well as a large number of genes
specific for one invasion mode.
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RESULTS
Specific Sampling of Responsive Tissues

S. rostrata seedlings were planted in Leonard jars or
in tubes with liquid medium to favor RHC invasion
and LRB nodulation, respectively (see “Materials and
Methods”; Goormachtig et al., 2004b). Approximately
900 plants in Leonard jars were inoculated with
Azorhizobium caulinodans ORS571 (pBBR5-hem-gfp5-
S65T) that constitutively expresses a GFP reporter
(D'Haeze et al., 2004). The hydroponically grown roots
were inoculated with wild-type ORS571 (pBBR-hem-
gfp-S65T) or with the NF-deficient mutant ORS571-
V44 (pBBR-hem-gfp-S65T) that contains a Tnb insertion
in the nodA gene (D'Haeze et al., 1998).

To enrich for responsive material, tissues in the
process of being invaded by GFP-labeled rhizobia
were harvested under fluorescent stereomicroscopy.
For the hydroponic roots, time-based harvesting was
possible because of the high synchronicity of LRB
nodulation. Uninoculated LRBs and LRBs at 6, 12, 24,
48, and 72 h postinoculation (hpi) with ORS571 (pBBR-
hem-gfp-S65T) were collected (Fig. 1, A-D). For the
time course with A. caulinodans ORS571-V44 (pBBR-
hem-gtp-S65T), uninoculated and LRBs at 24 and 48
hpi were taken.

Nodulation in Leonard jars via RHC invasion is not
synchronized; hence, a morphology-based harvesting
procedure was used (Fig. 1, E-I). From uninoculated
roots, the zone directly behind the root apical meri-
stem (designated rhc0) was collected (Fig. 1E). From
plants inoculated with ORS571 (pBBR-hem-gfp-S65T),

Figure 1. Tissue sampling and analysis of differ-
entially expressed cDNA-AFLP tags. For LRB nod-
ulation, plants were inoculated with either A.
caulinodans ORS571-V44, a strain deficient in
NF production, or A. caulinodans ORS571, both
containing a GFP-expressing plasmid for visuali-
zation with fluorescence microscopy. A, As a neg-
ative control, LRBs of uninoculated plants were
harvested. B to D, Representative stages of LRB
nodulation at 6 (B), 24 (C), and 72 h (D) after
inoculation with GFP-labeled A. caulinodans. E
to I, A morphology-based approach used to col-
lect tissue for RHC invasion. Representative stages
are shown. As a negative control, 1.5-cm-long
root segments without apical meristem were
harvested (E). From inoculated plants, small root
fragments with ITs were excised (F; rhc1, =24-36
hpi). Later time points were root fragments with
ITs and bumps indicative for cortical cell divisions
(G; rhc2, £48-60 hpi), primordia before the onset
of nitrogen fixation (H; rhc3, =72-100 hpi), and
young fixing nodules (I; rhc4, £140 hpi). ], Plot of
log,(CV) values for all tags ordered along the
abscissa. RHC samples contain more differen-
tially expressed tags than LRB samples, which, in
turn, have more samples than when inoculated
with ORS571-V44.
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we excised small root fragments with IT-containing
root hairs (rhcl, +=24-36 hpi; Fig. 1F), root fragments
with ITs and small bumps, indicating cortical cell
divisions (rhc2, £48-60 hpi; Fig. 1G), young primordia
before the onset of nitrogen fixation (rhc3, +72-100
hpi; Fig. 1H), and young fixing nodules (rhc4, =140
hpi; Fig. 1I).

cDNA-AFLP Transcript Profiling and Cluster Analysis

The samples were used for cONA-AFLP transcript
profiling to identify genes that were differentially
regulated during nodule initiation in S. rostrata under
hydroponic or aeroponic conditions (see “Materials
and Methods”). The 128 primer combinations ana-
lyzed allowed visualization of some 7,000 transcript-
derived tags. To determine what should be considered
differential, approximately 3,000 tags were plotted on
a graph, arranged by ascending log, coefficient of var-
iance (CV; see “Materials and Methods”). A distinct
change in the curve was visible around log,(CV) = 0.1
(Fig. 1]). Hence, a tag was considered differential
when its log,(CV) was 0.1 or higher. Of the 1,600 tags
with a differential expression pattern in either the
RHC or LRB nodulation systems or in both that were
sequenced, 627 gave a significant BLAST hit (E value <
107?) to sequences in public databases (Altschul et al.,
1997) and were retained for further analysis.

For a first insight into similarities between the tran-
script pools of each sample, the experiments were
clustered hierarchically with the Pearson correlation
as a statistical tool (see “Materials and Methods”; Fig.
2A). The base of the tree consisted of the V44 series; the
inoculations with wild-type A. caulinodans split in
three different clusters. The early LRB stages, crack 6,
12, and 24 h formed a subcluster (Fig. 2A), the rhcl
grouped separately, and the late time points of both
the RHC and LRB samples, i.e. from 48 h after inoc-
ulation onward, clustered together (Fig. 2A).

Hierarchical cluster analysis revealed distinct ex-
pression profiles (Fig. 2B). The tags were separated
into common and noncommon groups, the former
referring to genes similarly regulated in both LRB and
RHC nodulation and the latter to genes that were
specifically expressed during LRB or RHC nodulation.

By K means analysis, used as a rough clustering
method for the common and noncommon groups, six
groups of tags were distinguished. The annotations,
along with the data set are available online (Supple-
mental Table S1). Clusters 1 to 4 consisted of the 337
common gene tags. On average, cluster 1 contained
tags that were gradually up-regulated in both invasion
ways and reached a plateau at later stages; cluster 2
comprised mostly tags that were down-regulated in all
series; tags corresponding to genes that were tran-
siently up-regulated were grouped in cluster 3; and,
finally, the common tags, whose transcript level did
not reach a plateau at later time points, were found in
cluster 4, with a subset of this cluster already ex-
pressed at the earliest time points. Cluster 5 displayed
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a predominantly RHC-specific pattern, whereas clus-
ter 6 tags were specifically expressed during LRB nod-
ulation, accompanied by some very early transient
RHC tags.

The RHC-specific tags (cluster 5) were further sub-
clustered into six groups with distinct expression
patterns (Fig. 3; Supplemental Fig. S1). Tags of sub-
cluster 5A were down-regulated whereas those of
subclusters 5B and 5C were transiently induced dur-
ing RHC invasion. Subclusters 5D to 5F contained
genes whose expression level gradually increased,
starting at different time points. Subclustering of the
LRB-specific tags (cluster 6) provided five groups,
each represented by a specific expression pattern (Fig.
4; Supplemental Fig. S2). Subcluster 6A grouped tags
that were transiently up-regulated and from which the
expression level was highest at 24 hpi. Subcluster 6B
contained tags from which the expression level steadily
increased during the course of the experiment. Sub-
groups 6C and 6D also represented transiently ex-
pressed tags, but the expression did not reach the same
level as that of subgroup 6A. Subgroups 6C and 6D
differed with respect to time points at which the ex-
pression dropped again. Finally, tags that were tran-
siently repressed during LRB invasion were grouped
in subcluster 6E.

The large-scale profiling experiment was done only
once because of the considerable work load and te-
dious harvesting procedures. Nevertheless, material
from a biological repeat (see “Materials and Methods”)
was analyzed by quantitative reverse transcription
(qRT)-PCR for 10 tags, overall confirming the expres-
sion patterns obtained in the cDNA-AFLP (Supple-
mental Fig. S3).

Functional Classes in the Data Set

The differential tags were assigned to functional
classes according to the 16 categories used in the Med-
icago EST Navigation System database (El Yahyaoui
et al., 2004). Approximately 32% of all tags corre-
sponded to putative genes or genes with unknown
function; a putative function could be assigned to 68%.
The relative contribution of the different functional
classes in the RHC-specific, crack-entry-specific, and
common clusters was very similar (Supplemental Fig.
S4). However, different isoforms were often expressed
in one or the other invasion way. For instance, several
tags encoded peroxidase genes, of which some were
common, but one was specific for crack entry, imply-
ing different roles and substrates. Similarly, of three
NADPH oxidase-encoding tags, one was common, one
was specific for RHC, and one for crack entry.

By means of BLASTN, we compared all S. rostrata
tags with published expression profiling experiments
in Medicago truncatula (El Yahyaoui et al., 2004; Lohar
etal., 2006). Only tags with an E value under 10> were
withheld for further analysis, resulting in 136 and 84
common tags with the data sets of Lohar et al. (2006)
and El Yahyaoui et al. (2004), respectively (Fig. 5).
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Figure 2. Cluster analysis. A, Hierarchical clustering of sample expression profiles visualizing the similarities in expression
patterns at late time points. Differences between samples are more pronounced before 48 h. B, Hierarchical clustering of all 627
differentially expressed tags. Gene tags with a log,(CV) of at least 0.1 (corresponding to a 2-fold change in expression) were
sequenced and expression profiles of the corresponding genes were clustered. Blue and yellow indicate down- and up-
regulation, respectively. C, K means clustering of differentially expressed gene tags. Clusters 1 to 4 are considered common,
cluster 5 harbors the RHC-specific genes, and cluster 6 contains tags specific for LRB invasion. From left to right: v,
Hydroponically grown roots uninoculated (v0) or infected with A. caulinodans ORS571-V44 at 24 dpi (v1) and 48 dpi (v2); C,
hydroponically grown roots, uninoculated (c0) and infected with A. caulinodans ORS571 at 6 (c1), 12 (c2), 24 (c3), 48 (c4), and
72 h (c5) postinoculation; r, aerated roots, uninoculated (r0) and corresponding to rhc1 (r1), rhc2 (r2), rhe3 (r3), and rhc4 (r4). The
top sections depict expression patterns that are representative for most tags found in clusters 1 to 6.

Plant Physiol. Vol. 144, 2007 1881



Capoen et al.

Subsequently, expression patterns of these common
tags were found to be similar in 61.0% (83 from 136)
and 60.7% (51 from 84) of the cases, respectively. Nine
tags had a similar expression pattern in the three
different experiments.

SrLyr3, a LysM-Receptor-Like Kinase, Is Expressed
during RHC and LRB Nodulation

Many differential tags corresponded to putative
kinases, receptor-like kinases (RLKs), and protein
phosphatases, and might be important players in
nodulation. One tag from a common up-regulated
cluster was homologous to genes coding for the LysM
domain-containing RLKs, the family to which the
putative NF receptors belong (Limpens et al., 2003;
Madsen et al., 2003; Radutoiu et al., 2003; Arrighi et al.,
2006; Fig. 6A). The full-length cDNA clone was iso-
lated with RACE (see “Materials and Methods”) and
designated SrLyr3, because BLAST searches identi-
fied MtLyr3 of M. truncatula as the closest homolog
(Arrighi et al., 2006). The corresponding amino acid
sequence of SrLyr3 is 85% similar to that of MtLyr3 and
63% to the protein encoded by Arabidopsis (Arabidopsis
thaliana) At2¢23770. These LysM-RLKs belong to the
same clade II as the NF receptor NFP, but they are
located in a separate branch (Fig. 6B; Arrighi et al,
2006). The dissimilarity to NFP is demonstrated by
differences in the kinase domain, such as the presence
of an activation loop. However, the kinase domain
might not be active because some important sequences,
such as the P loop, the DFG motif, and the Ser/Thr of
the activation loop are absent or have been substituted
(Arrighi et al., 2006; Riely et al., 2006; Zhu et al., 2006).

Confirmation that the gene is up-regulated in both
invasion ways was obtained by qRT-PCR analysis on
RNA from a biological repeat experiment. During LRB
nodulation, SrLyr3 transcripts started to accumulate
between 12 and 24 hpi and increased further at later
time points (Fig. 6C). In the RHC series, the transcript
level was already up-regulated at the stage of curled
root hairs and remained more or less similar at later
stages (Fig. 6C).

DISCUSSION
Commonalities and Differences

Both LRB and RHC nodulation on S. rostrata depend
on perception of bacterial NFs and downstream events
(D’'Haeze et al., 2003; Goormachtig et al., 2004a, 2004b).
The overall outcome of the processes is the same: the
formation of functional nodules. The differences relate
to the invasion mode, with NF perception linked to
either cortical cell death or to inverted tip growth in a
root hair, and to the local physiology of the nodulation
zones. For RHC nodulation, as studied in M. truncatula
and Lotus japonicus, several essential components of
the NF perception, signal transduction, and response
cascade have been identified. Examples are the
M. trucatula genes coding for DOES NOT MAKE IN-
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FECTIONS1 (MtDMI1), MtDMI2, MtDMI3, the LysM-
RLKs NFP and Lyk3 and their orthologs, and the
transcription factors (TFs) NSP1 and NSP2 (Endre
et al., 2002; Stracke et al., 2002; Limpens et al., 2003;
Madsen et al., 2003; Radutoiu et al., 2003; Ané et al.,
2004; Lévy et al., 2004; Mitra and Long, 2004; Kalo
et al., 2005; Smit et al., 2005; Heckmann et al., 2006). As
no wide-scale genetic or genomic tools are available
for S. rostrata, we have to resort to reverse genetics
strategies to unravel the role of some of the key
components in LRB nodulation (Capoen et al., 2005).
Another approach to collect data on relevant functions
for alternative nodulation processes in a nonmodel
legume consists in a large-scale transcriptome analysis
to hunt for differentially expressed genes (Goormachtig
et al., 1995; Lievens et al., 2001; Schroeyers et al., 2004).

A comparative cDNA-AFLP transcriptome analysis
of the two nodulation modes of S. rostrata allowed
allocation of 627 tags in six clusters with differential
expression profiles. The onset of each invasion strat-
egy was characterized by specific gene expression. At
later stages corresponding to primordium formation
and nodule differentiation, many tags were common
between the RHC and LRB nodulation series. The
potential relevance of these differential tags will be
discussed in the versatile S. rostrata symbiosis context
and in the general context of legume nodulation.

Common Genes Related to Early Signaling Events

LRB and RHC nodulations depend both on NFs and
genes involved in NF perception are expected to be
up-regulated in both invasion modes from early stages
on. Several tags with such an expression pattern are
reminiscent of regulatory mechanisms, such as ubiquitin-
dependent protein degradation (M12-180.8), transcrip-
tional control (M12-288.3), chromosome reorganization
(M21-459.1 and M33-349.4), and hormone perception.
Tag M22-259.3 is related to MtRR4 (TC 103991), a
response regulator involved in cytokinin signaling
that is up-regulated during nodule development in
M. truncatula (Gonzalez-Rizzo et al., 2006).

One of the earliest root hair responses to NFs is a
rhythmic calcium oscillation that ensues within 10 min
of NF addition (Oldroyd and Downie, 2006). Several
tags related to calmodulin-like proteins as well as
a Ca®"-dependent protein kinase, were up-regulated
in the two invasion modes (Fig. 7A). Calcium spiking
might also occur in cortical cells (Miwa et al., 2006),
and inhibitors of Ca** spiking inhibit LRB nodulation
(W. Capoen, W. D'Haeze, and M. Holsters, unpub-
lished data). Hence, calcium signaling is presumably
important in LRB as well as in RHC nodulations.

One tag homologous to phosphatidyl inositol
3-kinase, three tags for putative inositol polyphos-
phate 5-phosphatases, and one tag similar to an ino-
sitol 4-methyltransferase were weakly and transiently
up-regulated at early stages, followed by a down-
regulation at later stages (Fig. 7B). Although phospho-
lipids presumably play a role during early NF signaling,
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Figure 3. RHC-specific gene tags. Average expres-
sion patterns of the six RHC-specific subclusters.
Hierarchical clusters corresponding to these groups
are available as Supplemental Figure S1. The same
time points were used as those mentioned in Figure 2.
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based on pharmacological evidence (den Hartog et al.,
2003; Charron et al., 2004), our expression analysis sug-
gests that transcripts for phospholipid signaling func-
tions are repressed at later time points.

A common early up-regulated tag corresponded to
SrLyr3, the S. rostrata ortholog of MtLyr3 (Arrighi etal.,
2006), a recently described member of the M. truncatula
LysM-RLK family. To this family belong MtLyk3 and
MtNFP, the LysM domain proteins that play a key role
in nodulation, presumably by binding NFs as ligands
(Madsen et al., 2003; Radutoiu et al., 2003; Limpens
etal., 2005; Mulder et al., 2006). SrLyr3 and MtLyr3 have
a close homolog in Arabidopsis, a plant that is unable
to establish symbioses (Fig. 6B). A preliminary expres-
sion analysis suggests that these LysM-RLKs are likely
candidates to perceive endogenous signals involved in
plant developmental programs or in pathogen defense
(W. Capoen and M. Holsters, unpublished data).

Common Genes Related to Nodule Development
Plant development is controlled by specific TFs.
Numerous TF tags were present in the data set, some
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up-regulated, some repressed (Fig. 7C). Among the
latter were the GRAS protein GAI (a negative regula-
tor of GA action), confirming the prediction for tight
regulation of GA during nodule initiation (Lievens
et al., 2005), two Mybl like, two AP2 domain, and
two WRKY TFs, related to the Arabidopsis orthologs
WRKY28 and WRKY69 that are differentially up-
regulated in biotic interactions (www.genevestigator.
ethz.ch).

Remarkably, several differential tags were homolo-
gous to genes involved in growth and differentiation
of shoots, flowers, and fruits (Fig. 7D), such as PETAL
LOSS, the MADS-box protein FRUITFULL, Nam-like
proteins 10 and 14, CONSTANS, the KNAT3 homeo-
box gene, GIGANTEA, CYCLOIDEA, LEUNIG, IRKI,
an interactor of the inflorescence and root apices RLK
(Hattan et al., 2004), and DEM, defective embryo and
meristem (Irish, 1999; Ferrandiz et al., 2000; Kieffer
and Davies, 2001; Komeda, 2004; Veit, 2004). Nodula-
tion might have features in common with shoot api-
cal meristem development, as suggested previously
(Szczyglowski and Amyot, 2003). However, differen-
tiation processes identified as shoot specific might also

------------------------

............
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Figure 4. LRB-specific gene tags. Average expression patterns of all five LRB-specific subclusters. Hierarchical clusters
corresponding to these groups are available as Supplemental Figure S2. For the used time points, see Figure 2.
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Capoen et al.
(189/644)

El Yahyaoui et al., 2004
(84/~6000)

VA

Lohar et al., 2006
(136/~6000)

Figure 5. Data set comparison with existing nodulation transcript
profiles. Graphical representation of similarities between this study and
two similar array-based expression profiling experiments in M. trunca-
tula (El-Yahyaoui et al., 2004; Lohar et al., 2006). The numbers of genes
with similar expression patterns between the different data sets are
shown in the overlaps within the Venn diagram.

underlie root formation or have parallel programs for
root development. Indeed, M. truncatula ESTs with
closest homology to the S. rostrata tags were found in
root tissues in the data set of The Institute for Genome
Research. Moreover, in Arabidopsis, a CONSTANS-like
3 gene controlled lateral root development, a process
that has much in common with nodule formation
(Datta et al., 2006). Also KNAT3 expression occurred in
young Arabidopsis root tissue and was specifically
excluded from lateral root primordia (Truernit et al.,
2006). Similarly, the KNAT3 gene was repressed during
nodule formation.

Common Genes Related to Invasion

As both invasion ways make use of cortical ITs for
bacterial penetration, tags that code for functions for
IT growth might be shared. IT progression involves
cell wall modifications and expression of specific
matrix proteins (Brewin, 2004). Tags putatively coding
for (hydroxy) Pro-rich proteins, a lignin biosynthesis
enzyme (caffeic acid O-methyltransferase), and a cel-
lulase are continuously up-regulated throughout nod-
ulation. Six tags display homology to functions involved
in reactive oxygen species (ROS) production and me-
tabolism, such as two peroxidases, two distinct amine
oxidases, a respiratory burst oxidase (NADPH oxi-
dase), and an ascorbate oxidase (Fig. 7E; Supplemental
Table S1). ROS components have been localized in ITs
and hydrogen peroxide (H,O,)-driven cross-linking of
root nodule extensins has been put forward as a
driving force for IT progression (Brewin, 2004; Den
Herder et al., 2007). Amine oxidases might provide a
source of peroxide used by peroxidases to perform
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such cross-linking of glycoproteins (Brewin, 2004). The
expression profiles of the two amine oxidases have
been confirmed by RT-PCR and analysis of their func-
tion in nodulation is ongoing (J. Den Herder and M.
Holsters, unpublished data).

ROS production and metabolism are also compo-
nents of defense responses. Several tags corresponding
to defense-related genes were up- or down-regulated
during nodulation (Fig. 7E). Previous transcript pro-
filing experiments in M. truncatula have revealed a
similar behavior of defense-related genes (El Yahyaoui
et al.,, 2004; Manthey et al., 2004). Rhizobial infection
probably requires active repression of certain defenses
(Mithofer, 2002). Among the down-regulated genes were
a TIR domain-containing protein TSDC, an Hslprol
homolog (nematode resistance), and a polygalacturo-
nase inhibitor. To the up-regulated clusters belonged
tags homologous to genes coding for a putative avr9
elicitor response protein, a protein with homology to a
XA21-like receptor kinase, and several cytochrome
P450 (Fig. 7E). Defense functions might restrict bacte-
rial invasion because approximately 90% of all infec-
tion events abort prematurely in M. truncatula (Pauly
et al., 2006), or they might protect the nodule that is
rich in nutrients and an attractive target for pathogens.

Several tags correspond to functions involved in
vesicle transport and vesicle targeting: two kinesins, a
microtubule-associated protein MAP65-1c, a-soluble
NSF attachment protein, and the small G protein ROP9
(Fig. 7F). ROPs have been implicated in tip growth and
H,0O, production and might be involved in IT pro-
gression (Yang et al., 1994; Maunoury et al., 2007). In
M. truncatula, a specific syntaxin MtSyP132 was local-
ized to the plasma membrane surrounding ITs and
infection droplets, illustrating the need for targeted
exocytosis of IT development and growth (Catalano
et al., 2007). The specific down-regulation of a SNAP
protein in our data set (M34-231.6) might reflect a
change in the nature of vesicles targeted to the site of
infection (Fig. 7F).

RHC Nodulation-Specific Genes

Of the RHC-specific tags, 68 were strongly down-
regulated and 122 up-regulated. Among the latter
were tags corresponding to the nodulin genes MtN6
and MtN21 of M. truncatula. MtN6 expression pre-
cedes infection and has been proposed to play a role in
the preparation of cells for IT passage (Mathis et al.,
1999). Also LRB nodulation comes with IT formation,
but differences in physiological conditions and hor-
mone landscapes between LRBs and zone I might ac-
count for the specific involvement of this tag in RHC
invasion.

A tag homologous to the auxin efflux carrier PIN2 is
specific for RHC invasion. In M. truncatula, an orthol-
ogous tag is up-regulated during nodulation (Schnabel
and Frugoli, 2004). A tag encoding an ADP-ribosylation
factor has a similar expression pattern. ADP-ribosylation
factors have been implicated in the correct targeting of
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Figure 6. SrLyr3 sequence, expression profile, and phylogenetic analysis. A, Alignment of LYR3 orthologs in S. rostrata (SrLYR3),
M. truncatula (MtLYR3), and L. japonicus (LjLYR3). B, Phylogenetic analysis of known M. truncatula, L. japonicus, S. rostrata, and
Arabidopsis LysM domain-containing RLKs. The complete sequence was taken for comparison. C, qRT-PCR analysis of SrLyr3

during hydroponic (crack) and aeroponic (rhc) nodulation.

both PIN2 and a ROP GTPase in growing root hair
cells (Xu and Scheres, 2005), implying that these three
proteins might polarize inverted tip growth in the root
hair.

The number of RHC-specific tags is approximately
3-fold higher than that of crack-entry-specific tags,
suggesting that the passage of the epidermis adds a
layer of complexity and specificity to nodule initiation,
as already illustrated by the more stringent NF struc-
tural requirements (D’'Haeze et al., 2000; Goormachtig
et al., 2004a). However, crossing the epidermis alone
does not account for all the RHC nodulation-specific
gene expression because the expression of more than
50% of the tags is modulated at time points when the
ITs reach the primordium cells. Also, many RHC
nodulation-specific tags are similar to genes coding
for general metabolic functions, such as amino acid
biosynthesis (Fig. 3; Supplemental Fig. S1). Thus,
differences in tissue physiology between hydroponic
LRBs and root zone I might contribute to the high
number of RHC-specific genes. LRBs might, to a
certain extent, be predisposed for nodule formation,
for instance by the prevailing hormone concentrations.
Indeed, in the root zone I of clover (Trifolium repens),
NFs induced auxin landscapes that were similar to
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those preexisting at LRBs, suggesting a role for PIN2 in
this process (Mathesius et al., 2000; van Noorden et al.,
2006). Therefore, the RHC nodulation-specific expres-
sion pattern of an S. rostrata PIN2 tag surely needs
further investigation.

LRB Nodulation-Specific Genes

LRB nodulation involves intercellular invasion and
induction of local cell death for infection pocket for-
mation. Ethylene, GA, and H,O, are important players
in the process (D’'Haeze et al., 2003; Lievens et al.,
2005). Tags in subclusters 6A, 6C, and 6D (Fig. 4;
Supplemental Fig. S2) are good candidates to be in-
volved in cell death execution because they are tran-
siently induced and specific to crack entry. One tag
(M34-318.5) was similar to superoxide dismutases in-
volved in H,O, generation. Moreover, tag M21-618.0
was homologous to a gene coding for a hexose trans-
porter (Supplemental Fig. S2). A hexose transporter of
Arabidopsis has been implicated in induction of pro-
grammed cell death (Nerholm et al., 2006). A papain-
like Cys protease had a similar transient expression
pattern (M33-163.9; Supplemental Fig. 52). Papain-like
proteases are involved in cell death-related processes
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Figure 7. Hierarchical cluster anal-
ysis of a selected group of tags ac-
cording to the process in which they
might be involved. A to F, Clustered
tags involved in calcium signaling
(A), phosphoinositol signaling (B),
transcriptional regulation (C), meri-
stem signaling (D), defense re-
sponses (E), and targeted vesicle
trafficking (F).

>

c3 °
c4
cs
RO
R1
R2
R3 o

6
o
5

=

vi
vz
co
c1
cz

(Beers et al., 2000). Additionally, a GPI anchor trans-
amidase, a type 2A protein phosphatase, a 7-trans-
membrane protein, and a His kinase were present in
subcluster 6D (Supplemental Fig. S2). Tag M43-408.5
was similar to an Arabidopsis hydrolase (At2g14110)
that was slightly differentially expressed upon osmotic
stress and senescence-induced programmed cell death.
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WC024BT24M42-267.0=Putative calmodulin-related protein
WC026BT22M43-250.2=Putative calcium-dependent protein kinase
WC038BT41M21-110.5=Calmodulin-like protein

WC003BT11M33-223.4=21 kDa extracellular calmodulin-binding protein

WC008BT13M33-192,.2=Inositol 4-methyltransferase
WC021BT23M43-221.5=phosphatidylinositol 3-kinase
WC022BT24M13-378.9=inositol-1 4 5-trisphosphate 5-phosphatase
WC027BT31M14-552.4=Putative inositol polyphosphate-5-phosphatase

WC035BT34M14-410.0=Putative inositol polyphosphate 5-phosphatase At5P2

WCO005BT12M33-303.8=Probable WRKY transcription factor 28
WC009BT14M12-112.8=bZIP transcription factor ATB2
WC019BT23M12-556.0=WRKY transcription factor 69
WC037BT34M44-595.7=AP2/EREBP transcription factor.
WC031BT32M42-386.3=GAI-like protein
WC020BT23M14-143.3=bZIP transcription factor ATB2
WC037BT34M42-224.8=Myb-related transcription factor
WC015BT21M31-415.9=Putative AP2 domain containing protein
WC013BT13M21-335.4=Transcription factor Mybl
WC025BT21M31-415.0=Putative AP2 domain containing protein
WC025BT21M31-415.0=Putative AP2 domain containing protein

WC005BT12M31-140.0=Gigantea homologue
WC020BT23M31-168.2=Trihelix transcription factor PETAL LOSS
WC023BT24M32-391.5=FRUITFULL-like MADS-box
WC042BT42M33-368.6=GIGANTEA protein
WC037BT44M11-209.2=KNAT3 homeodomain protein
WC048BT44M44-395.4=Nam-like protein 10
WC005BT12M34-275.3=CYCLOIDEA
WC024BT23M41-272.6=CONSTANS-like protein 1
WC036BT34M23-238.4=LEUNIG-like protein
WC041BT42M23-203.8=Dem protein
WC022BT24M14-642.9=Putative nam-like protein
WC019BT23M11-362.9=CONSTANS-like protein 1
WC048BT44M44~-290.8=NAC-domain protein 14
WC041BT42M22-613.1=IRK-interacting protein

WC011BT14M34-368.1=Putative cellulase CEL2
WC024BT24M44-340.8=putative protein kinase Xa2l
WC037BT34M42-300.3=hydroxyproline-rich glycoprotein DZ-HRGP
WC040BT41M43-378.9=Caffeic acid O-methyltransferase
WC046BT44M22-200.2=Cytochrome P450-dependent fatty acid hydroxylase
WC042BT42M33-206.1=L-ascorbate oxidase precursor
WC038BT41M13-133.7=extensin HRGP2
WC001BT11M11-453.8=Putative proline-rich protein
WC025BT21M33-211.5=Putative avr9 protein
WC029BT31M44-432.4=Hslpro-1 homolog
WC024BT23M41-383.2=Wound-inducible P450 hydroxylase
WC042BT42M33-487.5=Cytochrome P450
WC038BT41M23-381.7=Caffeic acid O-methyltransferase
WC004BT12M21-217.7=copper amine oxidase putative
WC018BT22M41-268.1=Peroxidase precursor
WC024BT24M44-328.9=probable cytochrome P450
WC036BT34M24-243,.9=Copper amino oxidase
WC022BT24M12-610.7=Respiratory burst oxidase protein
WC044BT43M32-363.8=TIR-similar-domain-containing protein TSDC
WC037BT34M42-468,2=Polygalacturonase inhibitor-like protein
WC020BT23M31-166.2=Peroxidase precursor

WC003BT11M34-231.6=Alpha-soluble NSF attachment protein
WC003BT11M44-149.9=small G-protein ROP9
WC029BT31M41-450.6=Kinesin 1
WC039BT41M32-170.7=Microtubule-associated protein MAP65-1c
WC046BT44M22-222.2=Kinesin-like protein

Finally, tag M34-622.0 corresponded to a basic helix-
loop-helix Arabidopsis TF (At4g37850) that was up-
regulated upon Pseudomonas syringae infection, salt
stress, and jasmonate treatment (www.genevestigator.
ethz.ch). In comparison to the RHC clusters, very few
of the LRB-specific tags were highly up-regulated or
down-regulated nor did their expression level increase
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or decrease during the full course of nodulation (com-
pare number of tags in subclusters 5A, 5D, 5E, and 5F
[Supplemental Fig. S1] and in subcluster 6B [Supple-
mental Fig. 52]). The establishment of a nodule in the
physiological context of the hydroponic LRBs seems
simpler than that in the zone-I cortex of developing
root hairs.

CONCLUSION

In summary, LRB nodulation shows less stringent
NF structure requirements and fewer transcriptional
changes than RHC nodulation in the same host. A
number of plant functions have been identified that
are potentially involved in preparing the root cortex
for bacterial colonization. These tags will be helpful
tools to further investigate the molecular characteris-
tics of intercellular invasion in Sesbania and, by com-
parison, in other legume species that allow crack-entry
invasion of symbiotic rhizobia.

MATERIALS AND METHODS
Plant Material and Bacterial Strains

Sesbania rostrata Brem seedlings were germinated and grown in tubes
containing liquid medium or in Leonard jars as described (Goormachtig et al.,
1995; Fernandez-Lopez et al., 1998). Plants were inoculated with Azorhizobium
caulinodans ORS571 (pBBR5-hem-gfp5-S65T) or ORS571-V44 (pBBR5-hem-gfp5-
S65T; Van den Eede et al., 1987; D’'Haeze et al., 2004).

RNA Extraction and cDNA-AFLP Experiments

Samples were frozen in liquid nitrogen until RNA purification. RNA was
extracted as described (Kiefer et al., 2000). The protocol for cDNA-AFLP was
applied according to Breyne et al. (2002, 2003) with the most selective
oligonucleotides (+2/+2), resulting in 128 primer combinations that maxi-
mally reduced template complexity, thus simplifying later analysis and band
isolation. Gels were scored with the AFLP-QuantarTM-Pro (Keygene), analyzed
with a Microsoft Access-based software application (ArrayAN; Vandenabeele
et al., 2003), and normalized on the intensity levels of constitutive bands in
each primer combination. A correction factor was introduced to account for
differences in lane intensity because of loading differences and was calculated
by dividing the sum of all individual band intensities within one lane by the
average of all sums within the respective primer combination. Each band
intensity value was divided by this correction factor. A CV was calculated as
the sp on all values of the time course divided by the average expression over
the time course.

Within each primer combination, 5% of the genes with the lowest CV value
were marked as constitutively expressed. Per lane (time point), the intensities
of these bands were summed and divided by the average of the sum,
generating a second correction factor used to normalize the raw expression
data generated by AFLP-QuantarTM-Pro. The CV was again calculated on
these normalized data for each gene and used as a selection criterion for
differential expression (Vandenabeele et al., 2003) with a cutoff value of
log,(CV) = 0.1. Hierarchical clustering of the data was obtained with the
Multiple Experiment Viewer (The Institute for Genome Research) software
(Saeed et al., 2003). The K means clustering was done with the Euclidian
distance. K means were calculated with a maximum of 50 iterations and the
number of clusters mentioned; the resulting hierarchical clusters were made
with the Euclidean distance and average linkage clustering.

Fragment Isolation, Sequencing, and Identification

Fragments were excised by superimposing the dried gel with an autora-
diograph and eluted by incubation in 100 uL distilled water for 1 h. Of the
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eluate, 5 uL. was used as a template for subsequent reamplification. After PCR
reactions with the corresponding +2/+2 primer combinations, the resulting
amplicons were sequenced directly. Low quality sequences were removed
from the data set.

All sequences were compared to the nonredundant protein database at the
European Molecular Biology Laboratory and to the M. truncatula Gene Index
at The Institute for Genome Research with BLASTX and BLASTN algorithms,
respectively (Altschul et al., 1997). Tags homologous (E value < 107%) to
accessions in either database were withheld in the final database.

qRT-PCR Analysis

Tissues obtained from a biological repeat were analyzed by qRT-PCR as
described (Vlieghe et al., 2005). First-strand cDNA was synthesized with the
Superscript RT II cDNA synthesis kit (Invitrogen). qRT-PCRs were run on a
iCycler iQ (Bio-Rad) with a kit containing SYBR Green (Eurogentec). A
ubiquitin gene was used as a constitutive control (for primer sequences, see
Supplemental Table S2; Corich et al., 1998). All reactions were done in
triplicate, averaged, and normalized with the 2784CT method (Livak and
Schmittgen, 2001).

In Silico Analysis

With the S. rostrata LYR3 tag as a query, both the genomic sequence
(www.ncbi.nlm.nih.gov) and the Medicago EST (www.tigr.org) databases were
searched with BLASTX and tBLASTN (Altschul et al., 1997). Of the sequences
retrieved, redundant ones were removed by one-on-one alignments with
ClustalW and the resulting nonredundant set was subjected to phylogenetic
analysis. Sequences were aligned with the free workbench software (http://
www.clcbio.com). Neighbor-joining trees were constructed and 1,000 itera-
tions were done to test node significance for bootstrap analysis.

Gene expression of this experiment was compared with that of the
microarray data from Lohar et al. (2006) and El Yahyaoui et al. (2004). To
link the tags to the ESTs spotted on both arrays, we downloaded the EST
sequences from the Gene Expression Omnibus (GEO GSE3441) of the National
Center for Bioinformatics Information and received the corresponding se-
quences directly from El Yahyaoui et al. (2004). Through BLASTN, tags could
be linked to ESTs from both experiments and general expression trends could
be compared. No specific E-value threshold was used because the length of
the tags varied a lot. Therefore, for correct assignment of the tags to ESTs, they
were curated manually. The whole data sheet resuming the results for
individual tags are also available for querying at http://www.psb.ugent.be/
supplementary-data by clicking on the corresponding article.

Isolation of Full-Length Sequences

The full-length cDNA sequence of SrLyr3 was obtained by 5" and 3' RACE
by means of the Smart RACE cDNA amplification kit (CLONTECH). The
fragments were cloned in the pCRII-TOPO vector (Invitrogen). The full-
length cDNA sequence of SrLyr3 could be amplified from S. rostrata cDNA
with primers STLYR3FULLS (5'-CCTTCCTGTGCATCTGCAAAAAC-3') and
SrLYR3FULLAS (5'-GGCTGGTATCTCATTCACAACCC-3").

Sequence data for SrLyr3 from this article can be found in the GenBank/
EMBL data libraries under accession number EF408056.

Supplemental Data

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

Supplemental Figure S1. Hierarchical clustering of the six RHC-specific
subgroups.

Supplemental Figure S2. Hierarchical clustering of the five crack-entry-
specific subgroups.

Supplemental Figure S3. qRT-PCR verification of a subset of differential
tags.

Supplemental Figure S4. Representation of all tags in functional classes.
Supplemental Table S1. Complete data set of identified tags.

Supplemental Table S2. List of qRT-PCR primers used.
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