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A novel two-component
hybrid molecule regulates
vascular morphogenesis
of the Arabidopsis root
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The developmental ontogeny of the vascular system
(consisting of xylem, phloem and [pro]Jcambium) is
poorly understood despite its central role in plant physi-
ology. We show that in the Arabidopsis root meristem,
xylem cell lineages are specified early, whereas phloem
and procambium are established through a set of asym-
metric cell divisions. These divisions require the
WOODEN LEG (WOL) gene. The WOL gene encodes a
novel two-component signal transducer with an unusual
tandem arrangement of two receiver domains. It is ex-
pressed specifically in the vasculature from the early
stages of embryogenesis on, consistent with a role as a
sensor for vascular morphogenesis.
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The plant vascular system is responsible for transporting
water, nutrients, and photosynthates between plant or-
gans. It also undergoes developmental adaptations, such
as wood formation, which involve specific proliferation
of the vascular tissue. Therefore, the pattern of cell di-
visions is an important determinant of the cellular orga-
nization of this tissue (Esau 1977). Vascular tissue is first
established during embryogenesis as an undifferentiated
procambial tissue in the innermost domain of the plant
embryo enclosed by the epidermal and ground tissue lay-
ers (Esau 1977; Steeves and Sussex 1989). After differen-
tiation of the phloem and xylem strands within this do-
main, cell proliferation originates primarily from the ini-
tial cells of the procambial tissue immediately proximal
to the mitotically quiescent regions of the terminal me-
ristems (Esau 1977; Steeves and Sussex 1989; Scheres et
al. 1994). Later in development, a lateral meristem (the
cambium) is formed as the undifferentiated cells begin to
divide in the procambial tissue between the phloem and
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xylem strands. There is a high degree of diversity of the
cell-division patterns within the vascular tissue in
plants, especially with regard to the formation and ac-
tivity of the cambium. As these patterns are species spe-
cific, it is conceivable that the control of cell prolifera-
tion within the vascular tissue is largely under genetic
regulation.

Several factors have been implicated in the regulation
of cell proliferation of the vascular tissue. On the basis of
mutation analyses, signal transduction pathways related
to auxin (Carland and McHale 1996; Oyama 1997;
Hardtke and Berleth 1998; Steinmann et al. 1999; Hobbie
et al. 2000; Koizumi et al. 2000) and brassinosteroid (Jang
et al. 2000; Schrick et al. 2000) phytohormones are in-
volved. Physiological and genetic experiments have also
indicated a role for other phytohormones (such as gib-
berellins, cytokinins, and ethylene; Aloni 1987; Eriksson
et al. 2000), for sucrose (Warren Wilson 1978), and for
physical pressure (Brown 1964). Furthermore, a few ge-
netic loci have been identified that are essential for nor-
mal cell proliferation but function in an as yet unchar-
acterized molecular context (Scheres et al. 1995; Carland
et al. 1999).

We report here the genetic and molecular character-
ization of the WOL locus of Arabidopsis. We show that
the morphogenesis of vascular tissue in the root and hy-
pocotyl region is established through a set of asymmetric
cell divisions requiring WOL, a putative two-component
histidine kinase with a receptor domain similar to that
of the DhkA of Dictyostelium discoideum. The deduced
domain structure of WOL suggests it represents a novel
class among the two hybrid molecules characterized to
date from plants, some other eukaryotes and bacteria.
Further analysis of the WOL locus should permit the
eventual characterization of the upstream and down-
stream components of a signal transduction pathway
likely to regulate vascular cell proliferation and differen-
tiation.

Results

WOL is essential for vascular asymmetric cell divisions

The WOL locus was defined by a recessive mutation that
results in reduced cell number and exclusive xylem dif-
ferentiation within the vascular tissue (Scheres et al.
1995). This reduced cell number is first observed during
embryogenesis, when a cell division process fails to take
place in the root and lower hypocotyl region soon after
the torpedo stage. Subsequently, this pattern is elabo-
rated by the procambial initials during primary root de-
velopment (Scheres et al. 1995). To identify the WOL-
dependent divisions that result in the patterning of xy-
lem and phloem of the root, we determined the vascular
cell lineage relationships in the primary root of wild type
and wol (Fig.1; Table 1). In serial sections of the primary
root meristem (Fig. 1), we observed that xylem cell lin-
eages form an axis composed of four to five cell files very
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Figure 1. Cell lineages in the vascular bundle of primary root in Arabi-
dopsis. (A-I) A cross-section series of the wild-type primary root (3-pm-
thick sections). (A) At the level of the quiescent center (QC). (B) 3 um, (C)
6 um, (D)9 um, (E) 12 um, (F) 15 um, (G) 27 pm, (H) 69 pm, and (I) ~120 pm
above the QC. (],K) Longitudinal sections of the wild-type and wol primary
root, respectively. Cells of the QC are labeled with asterisks. Newly formed
cell walls after the cell divisions in the procambium in C-G are indicated
with small black arrows. The specific set of newly formed cell walls asso-
ciated with phloem development (G) is indicated in red. Prospective pro-
toxylem cells are indicated with thick arrows. (p) Pericycle; (pp) sieve ele-
ments of the protophloem. Scale bar, 30 um. Schematic: cell lineages of the
vascular bundle. The colors refer to the cell lineages only; the differentia-
tion status of the cells is not known. The first and second maturing sieve
elements are indicated as protophloem and metaphloem, respectively.
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close to the underlying quiescent center (Fig. 1C, sche-
matic). Two domains of initials (two to five cells each;
Fig. 1B,C) that give rise to the phloem cell lineages and to
the undifferentiated procambial cell lineages through
asymmetric cell divisions (Fig. 1C-G; schematic) flank

Sensor for root vascular morphogenesis

this axis. The number and exact pattern of these
procambial divisions show some variability be-
tween individual seedlings, which is in contrast
to the invariant pattern of cell lineages in the
endodermis and outer layers (Scheres et al. 1994).
These divisions are asymmetric in the sense that
they give rise to multiple cell lineages with dif-
ferent fates (Horvitz and Herskowitz 1992). The
histologically early phloem differentiation as
compared to xylem differentiation (Fig. 1H,I) is
consistent with previous descriptions in other
species (Esau 1977).

In wol, the periclinal cell divisions described
above are absent (Fig. 1J-K, schematic; Fig. 3C,
below) with the exception of a few divisions that
slightly increase cell number in the vascular cyl-
inder (Table 1). Furthermore, the number of vas-
cular initials in wol is slightly lower than in wild
type, indicating that some of the embryonic divi-
sions required to form the initials do not occur.
Taken together, WOL activity is associated with
a set of formative divisions that first take place
during the late stages of embryogenesis (Scheres
et al. 1995) and that continue to propagate the
pattern in the root meristem.

WOL is required for vascular morphogenesis

The role of WOL in phloem specification was
analyzed previously in the context of a double
mutant of wol and fass, a mutation resulting
in supernumerary cell layers. In the wol x fass
double mutant, there was an increase in the
number of vascular cell layers with phloem
markers observed in the vascular cylinder, indi-
cating that WOL is not essential for phloem
development. A model was proposed in which
xylem specification temporally precedes phloem
development. Because the wol mutant has a re-
duced number of vascular precursor cells, all
the available cells are specified as xylem (Scheres
et al. 1995). More recently, it was shown that
xylem organization is also altered in wol (Cano-
Delgado et al. 2000). The xylem axis in wild
type consists of two types of cells: protoxylem,
the two outermost cells with predominantly
annular (ring-like) cell wall thickenings, which
differentiates early, and metaxylem, the central
cells with reticulate (more continuous) wall
thickenings, which differentiates later (Fig. 2A).
In contrast, the vascular cylinder of the wol
primary root consists solely of protoxylem (Fig.
2B; Cano-Delgado et al. 2000). Therefore, we in-
vestigated the status of xylem in the wol x fass

background and found both protoxylem and metaxylem
to be present (Fig. 2C). Thus, WOL does not appear to be
necessary for metaxylem differentiation but has a more
indirect influence on xylem differentiation by control-
ling the number of cells in the vascular cylinder.
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Table 1. Cell numbers in the primary root of Arabidopsis

Initial cells Differentiated cells

wt 11 +1.49
wol 8+2.23

31 +1.71
9 +2.07

Number of initial cells were counted in sections made directly
above the quiescent center, numbers of differentiated cells were
made ~200 pm above the quiescent center. Mean cell numbers
and + SD are indicated. (wt n = 8; wol n = 6).

WOL is a member of a novel family of two component
hybrid molecules

To determine the molecular nature of the WOL gene
product, we identified the WOL gene through positional
cloning (Fig. 3A). The wol locus was mapped to an 11-kb
region between two CAPS markers (cleaved amplified
polymorphic sequences) in the BAC (bacterial artificial
chromosome) clone T23K3 (Fig. 3A). The annotation (Lin
et al. 1999) predicts only one gene (T23K3.2, a putative
two component histidine kinase) in this region. The re-
gion between the CAPS markers was completely se-
quenced in wol, and only one point mutation was found,
converting T,,4 to I,,¢ in the deduced amino acid se-
quence. To confirm the identity of the two component
hybrid molecule as WOL, we complemented the muta-
tion with a 13.8-kb fragment of genomic DNA
(pCOM32; Fig. 3A). Homozygous wol plants containing
the transgene had indeterminate root growth (not
shown), normal cell number, and a wild-type pattern of
xylem, phloem, and procambial cells (Fig. 3C).

To identify the WOL coding region, we sequenced the
longest (T20648) of several ESTs homologous to the
WOL locus. Subsequently, the cDNA was extended us-
ing RT-PCR and 5'RACE-PCR techniques. By cloning
the major amplification products resulting from the
5'RACE, three different cDNA species corresponding to
three different transcription start sites and alternative
splicing schemes could be detected (Fig. 3B). All result in
an identical longest ORF of 1057 amino acid residues,
indicating that the alternative splicing does not have an
impact on the amino acid sequence of the gene product.

The predicted WOL protein (Schultz et al. 1998) shows
extensive similarity to two-component hybrid mol-
ecules, suggesting that it functions as a signal transducer
(Fig. 3D). It has a short N-terminal cytoplasmic domain
(residues 1-105) followed by an extracellular receptor (R)
domain (residues 127-400) flanked by two transmem-
brane regions and the C-terminal phosphorelay domain
system with a histidine kinase domain (H; residues 449-
737) and two receiver domains (Da and Db; residues 762—
893 and 922-1044, respectively). In the Arabidopsis da-
tabase, there are two other WOL-like genes (MXH1.16
and F17L21.11) with a similar deduced protein domain
structure (Fig. 3E), indicating that WOL belongs to a
small protein family. The deduced sequence of the WOL
protein is 54% identical to MXH1.16 and 57% identical
to F17L21.11. Furthermore, a WOL-like sequence has
been reported in the genome of Hordeum vulgare.
Among the characterized two-component receptor mol-
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ecules, WOL-like proteins are unique in having two pu-
tative D domains. The closest homolog of WOL-like
genes is DhkA (Wang et al. 1996, 1999 of the slime mold
Dictyostelium discoideum (Fig. 3E). WOL and DhkA are
24% identical in the R, 44% in the H, and 39% in the Db
domains, respectively. However, the Da domain (with
the absolutely conserved residues D45, Dg,s, and Kgg,
characteristic to the receiver domains) is absent in
DhkA. The functional role of the phosphorelay domains
remains to be determined. The mutation in wol results
in a nonconservative change of an amino acid residue of
the putative receptor domain that is conserved within
the WOL protein family (Fig. 3E). This indicates that the
fully recessive wol mutation may reduce the ability of the
molecule to bind a ligand or transmit the information of
ligand binding to the C-terminal part of the molecule.

WOL expression is specific for the vascular cylinder

Organ specificity of WOL expression was determined us-
ing a gene specific probe (Fig. 3B). Southern blot analysis
indicated that hybridization was specific for the WOL
gene under the conditions used. In the RNA blot analy-
sis, we detected a single major band of ~3.7 kb that was
more abundant in root than shoot (Fig. 3F). To determine
the specificity of WOL expression at the cellular level,
we performed in situ localization of WOL mRNA on
embryonic and root sections (Fig. 4). In the wild-type
primary root, WOL is expressed in the vascular cylinder
and pericycle (Fig. 4A,B). The expression pattern of WOL
is established during the early stages of embryogenesis.
At the globular stage of embryogenesis, WOL mRNA is
detected in the four innermost cells, which are the pre-
cursors of the vascular tissue (procambium; Fig. 4D).
During the heart, torpedo, and nearly mature stages of
embryogenesis (Fig. 4E-G), expression is apparent in the
procambium of the cotyledon shoulders, prospective hy-
pocotyl, and embryonic root. WOL expression in the wol
mutant primary root can be detected in the vascular
cells, indicating that WOL is not necessary for its own
expression (Fig. 4C).

Discussion

WOL expression both spatially and temporally coincides
with the divisions of the procambial cells of the embry-

Figure 2. WOL is not necessary for metaxylem development.
(A) wt: Metaxylem is gradually differentiating in an axis flanked
by two files of protoxylem cells. (B) wol: The entire vascular
bundle is differentiated as protoxylem. (C) wol x fass: Protoxy-
lem and metaxylem organization analogous to that in wt. The
confocal images were taken from whole mounts of seedlings
stained with fuchsin. Scale bar, 30 pm.
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Figure 3. Molecular cloning of the WOL locus. (A) Fine mapping. RNS1
and rga are preexisting CAPS markers in top of chromosome 2. T23K3/3
and Kin2/4 are the closest markers (designed in this study) for the wol
mutation in the BAC T23K3. The number of recombination events be-
tween markers and the wol locus is indicated below the markers. Hatched
bar represents the 13.8-kb Mscl fragment of the T23K3 BAC clone fragment
(cloned in pCOM32), which complemented the wol mutation. (B) Structure
of the WOL gene. Exons are indicated as solid bars. Three combinations of
dotted lines show the alternative splicing variations of the WOL gene (de-
posited in GenBank). All result in the identical longest open reading frame
with an ATG in position 13572-13574 of the BAC T23K3. The wol muta-
tion is located in the third exon (asterisk), where it is converting T,,¢ (ACT)
to I3 (ATT). The small hatched bar represents the 256-bp probe used in
hybridization analyses. (C) Complementation of the wol mutation. Left to
right: Cross sections of wol, wol transformed with the pCOM32 construct,
and wild-type primary roots. (Arrows) Protoxylem in wild-type and rescued
root; (p) pericycle; (pp) sieve elements of protophloem. Scale bar, 30 pm. (D)
Predicted domain structure of WOL. Extracellular receptor domain
(hatched bar) is located near the N terminus between the two transmem-
brane regions (vertical solid bars). C-terminal domain consists of a histidine
kinase domain (H) and two receiver domains (D, and Dg). (E) Amino acid
sequence alignment representing a region surrounding the wol mutation
site in the putative receptor domain of three WOL-like proteins (WOL,
F17L21.11, MXH1.16) and Dictyostelium discoideun DHKA. Identical
amino acids are indicated by black boxes. The altered amino acid residue in
wol (I,,5) is shown above the alignment. (F) Northern blot of total RNA
from wild-type roots and shoots. Ethidium bromide-stained ribosomal
RNA is shown as a loading control.

Sensor for root vascular morphogenesis

onic and primary root that are defective in the
wol mutant. Therefore, we postulate that the
WOL gene product is a receptor molecule that
controls the asymmetric cell divisions of the vas-
cular initials through a specific signal transduc-
tion pathway involving a phosphotransfer reac-
tion characteristic of the two component recep-
tors. In the root tip, WOL expression can be
detected both in the region of asymmetric cell
divisions and in the zone of differentiation just
above it (Fig. 4B). The persistent WOL expression
after the asymmetric cell divisions is reminiscent
of the expression pattern of the SCARECROW
gene, which controls periclinal cell divisions dur-
ing ground tissue development (Di Laurenzio et
al. 1996). The persistent expression may be a safe-
guard mechanism or play an as yet undiscovered
role in differentiation. WOL expression during
pericycle development may also be related to its
role in regulating asymmetric cell divisions, as
the pericycle is ontogenetically part of the vascu-
lar cylinder (Scheres et al. 1994, 1995) and WOL
expression can be detected before the separation
of the pericycle cell lineages (Fig. 4D). Otherwise,
the pericycle appears anatomically normal in
wol. Furthermore, molecular markers diagnostic
for pericycle (JO121, JO272; see Materials and
Methods) are present in the wol pericycle (M.
Bonke, unpubl.). It is possible that redundancy
exists in the regulation of the pericycle-forming
cell divisions or that the missense mutation stud-
ied here does not affect this particular division.
Whether WOL or its homologs have a more gen-
eral role in regulating cell divisions during vascu-
lar development will have to wait for the identi-
fication of null alleles for these loci.

The exclusive differentiation of protoxylem in
wol precludes the possibility of determining if
WOL is required for divisions of the cambium
found between xylem and phloem. The pattern of
the WOL-dependent procambial cell divisions
around the developing xylem provides an intrigu-
ing parallel to the pattern of the cambial cell di-
visions between phloem and xylem, which are
very prominent in wood and storage root devel-
opment (Esau 1977). It is therefore possible that
at least some aspects of developmental regulation
are common to the procambial and cambial cell
divisions and that WOL-like genes contribute to
the diversity of vascular patterns found in plants.
Support for this hypothesis comes from our re-
cent identification of WOL-like genes active in
the cambial zone of the trunk of the silver birch
(Betula pendula) tree (L. Kauppinen, M. Rii-
konen, unpubl.).

Further analysis of the WOL-related signal
transduction pathway should lead to the eventual
characterization of the upstream and down-
stream components required for vascular cell pro-
liferation and differentiation. The wol phenotype
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A

Figure 4. Localization of WOL mRNA during embryonic and primary root
development by in situ hybridization. (A-G) antisense probe. (A) Longitudinal
and (B) cross sections of the wild-type primary root. (C) Cross section of wol
primary root; (D) globular stage; (E) late heart stage; (F) torpedo stage; (G)
bent-cotyledon stage of the wild-type embryo. (H) Torpedo-stage embryo hy-
bridized with a sense WOL probe. Hybridizations of other sections with sense
RNA probes did not reveal signals. Scale bar, 50 pym. The endodermal (e) and
the innermost ground tissue (g) layer next to the WOL expression domain are

indicated.

appears to be distinct from the known mutants related to
phytohormone responses. Moreover, the WOL expres-
sion pattern does not favor any of the currently charac-
terized pathways involved in the proliferation of the vas-
cular system, as many hormonal and nutritional sub-
stances are transported in the root vascular cylinder.
Because the wol mutation does not affect WOL expres-
sion, it is probable that the WOL gene itself is not under
the control of the WOL-related signal transduction path-
way. The role of phytohormones and other factors regu-
lating the WOL gene or the signal transduction pathway
remains to be studied.

The WOL domain organization and receptor domain
structure place it in a distinct subclass among previously
identified plant two-component receptors. The other re-
ceptors have been shown to function in ethylene or cy-
tokinin signal transduction or in osmosensing (Chang et
al. 1993; Kakimoto 1996; Urao et al. 1999, 2000). The
tandem arrangement of two putative receiver domains
has been previously reported for an uncharacterized gene
sIr0322 of Synechochystis (Mizuno et al. 1996). How-
ever, this gene is not very homologous to the WOL-like
genes and may not be very closely related functionally.
Among the two component molecules of bacteria,
plants, and some other eukaryotes characterized to date,
the putative receptor domain, the histidine kinase do-
main, and the latter one of the two receiver domains (Db)
of WOL are most similar to DhkA of Dictyostelium dis-
coideum. DhKA is essential for cellular organization dur-
ing fruiting body development (Mizuno et al. 1996), and
its ligand may be a peptide (Wang et al. 1999). It is there-
fore possible that a homologous receptor-ligand interac-
tion is specifying development both in slime molds and
plants.
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Materials and methods

Materials

GenBank accession numbers for the genetic material re-
ported here are: AC007069 (T23K3 BAC), AA586219,
A1992824, T20648 (ESTs representing the WOL gene);
AJ278528, AJ278529, AJ278530 (three different splice vari-
ants representing WOL); U42597 (DhkA); AC004557 (BAC
containing F17L21.11); AB011485 (BAC containing
MXH1.16); and AJ234550 (WOL-like genomic fragment in H.
vulgare). Enhancer trap lines JO121 and J0272 are described at
http://www.plantsci.cam.ac.uk/Haseloff CATALOGUES/
JLines/index.html and were obtained through the Notting-
ham Arabidopsis Stock Centre (NASC).

Histological techniques

For serial sectioning seedlings were fixed according to Scher-
es et al. (1994) and embedded using Leica Historesin. Sec-
tions (2-3 um) were made on a Leica RM2165 rotary micro-
tome, using a Leica microtome knife. Sections were stained
in a 0.05% toluidine blue solution in water and photo-
graphed on an Olympus Provis microscope using a Sensicam
12-bit cooled camera (PCO, ccd imaging). Images were pro-
cessed with Adobe Photoshop 4.0.1.

To single out the double mutants from the cross described
in Scheres et al. (1995), we analyzed the fass-looking plants
of the F3 segregating in the wol background. Wol x fass
double mutant seedlings were cleared with acidified metha-
nol (10 mL of methanol, 2 mL of concentrated HCI (37 %), 38
mL of H,0) and incubated at 55°-57°C for 15 min. Then the
acidified methanol was replaced with basic solution (7%
NaOH in 60% ethanol) and incubated for 15 min at room
temperature. Rehydrating the seedlings took place in several steps, each
time replacing the incubation solution. First in 40%, then 20%, and
finally in 10% ethanol. The seedlings were stained for 5 min in 0.01%
basic fuchsin solution, destained in 70% ethanol, and rehydrated to 10%
ethanol solution. An equal amount of 50% glycerol was added and then
incubated another 30 min. Seedlings were mounted in 50% glycerol.
CLSM images were taken on an Axiovert 135M confocal microscope
with an argon ion laser (568 + 488-nm emission). Image processing con-
sisted of Kalman filtering during image acquisition (Bio-Rad software).
Optical sections were projected together to form a composite image of
the vascular bundle.

Molecular techniques

WOL locus was cloned using chromosome walking techniques. CAPS
(Konieczny and Ausubel 1993) markers T23K3/3 and Kin2/4 (and six
other markers, data not shown) between preexisting markers RNS1 and
rga were created by detecting polymorphism between Landsberg and Co-
lumbia ecotypes. Complementation vector pCOM32 was created by
cloning a 13.8-kb Mscl fragment into pBIN19 derivative pRD400 (Datla
et al. 1992). The construct was transformed into Agrobacterium tume-
faciens strain C58C1 (pGV2260; essentially as in Bevan 1984). wol plants
were transformed with pCOM32 (Clough and Bent 1998). Transgenic
seedlings (T1) with long roots were selected by resistance to kanamycin.
Presence of the transgene in these plants was confirmed by PCR. Segre-
gation of the transgene in T2 generation was confirmed.

cDNA cloning was performed with gene-specific primers by using the
RobusT RT-PCR Kit (Finnzymes Oy) according to the manufacturer’s
instructions. To determine the 5'-UTR of the WOL mRNA, the 5’ RACE
system for rapid amplifications of cDNA ends version 2.0 (Life Technolo-
gies) was used and also executed according to the manufacturer’s instruc-
tions.

Total RNA was isolated from 17-d-old Arabidopsis thaliana ecotype
Columbia root and shoot (Carpenter and Simon 1998). Northern blot
analysis was carried out with 15 pg of total RNA. The membrane was
hybridized with a 32P-labeled gene-specific WOL probe (a 256-bp PCR
fragment [Fig. 3B] representing nucleotides 10143-10398 of the BAC
clone T23K3). Genomic DNA preparation (Doyle and Doyle 1990) was
performed from 17-d-old seedlings. Southern blot analysis was performed
with 15 pg of DNA and the 32P-labeled 256-bp PCR fragment (described
above) of WOL or a 1067 bp ¢cDNA fragment corresponding to nucleo-
tides 10055-11204 of WOL genomic sequence as a probe (Maniatis et al.
1982). Both probes were specific for the WOL gene.



In situ hybridization analysis was performed essentially as described
by Di Laurenzio et al. (1996) except that tissue samples were cleared in
xylene and embedded in Histoplast (Shandon). Proteinase K was used at
10 pg/mL. Seedlings that were 5 d old were used. WOL gene-specific
sense and antisense probes (a 256-bp PCR fragment or a 1067-bp cDNA
fragment as in Northern blot analysis) were labeled using DIG RNA
Labeling Kit (Boehringer) according to manufacturer’s protocol. A probe
concentration of 50 ng/mL/kb was used in the hybridization. Sections (7
pm thick) were mounted in 50% glycerol or Immu-Mount (Shandon).
Images were taken using differential interference contrast (DIC) settings.
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