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The characterization of in vitro xylogenic cultures of zinnia (Zinnia elegans) has led to major discoveries in the understanding of
xylem formation in plants. We have constructed and characterized a subtractive library from zinnia cultures enriched in genes
that are specifically expressed at the onset of secondary wall deposition and tracheary element (TE) programmed cell death.
This Late Xylogenesis Library (LXL) consisted of 236 nonredundant cDNAs, 77% of which encoded novel sequences in
comparison with the 17,622 expressed sequence tag sequences publicly available. cDNA arrays were constructed to examine
dynamic global gene expression during the course of TE formation. As a first step in dissecting auxin and cytokinin signaling
during TE differentiation, macroarrays were probed with cDNAs from cells cultured in different hormonal conditions. Fifty-
one percent of the LXL genes were induced by either auxin or cytokinin individually, the large majority by auxin. To determine
the potential involvement of these categories of genes in TE differentiation, multiplex in situ-reverse transcription-PCR was
performed on cells for two genes encoding putative cell wall proteins: Gibberellin stimulated transcript-1, induced by auxin
alone, and expansin 5, induced by cytokinin alone. All transcriptionally active TEs expressed both genes, indicating that,
although these genes may not be considered as specific markers for TE differentiation per se, they are nevertheless an integral
part of TE differentiation program. Among the non-TE population, four different gene expression-based cell types could be
distinguished. Together, these results demonstrate the underlying complexity of hormonal perception and the existence of
several different cell types in in vitro TE cell cultures.

The formation of xylem, or xylogenesis, constitutes
one of the most spectacular forms of cell differentia-
tion in plants. Xylem, initiating from meristematic
procambial or cambial cells, is a heterogeneous tissue
composed of nonconducting cells including paren-
chyma and fibers, and conducting cells or tracheary
elements (TEs; for recent review, see Ye, 2002). In
angiosperms, TEs are essential for the transport and
storage of water and nutrients in land plants. Al-
though it is clear that TE function is of prime impor-
tance in plant development, our knowledge of the
cascade of cellular and molecular events from pro-
cambium and cambium formation to the initiation of
xylem differentiation, cell elongation, secondary wall
deposition, and programmed cell death (PCD), is at

best fragmentary. Our lack of knowledge is due to
the high degree of organizational complexity of vas-
cular tissues throughout the plant and the limited
number of cells actually undergoing differentiation at
a given time. As a result, the accessibility of vascular
cells is limited and makes experimentation difficult
in planta.

To gain a more in-depth knowledge of xylem for-
mation, two approaches have been largely exploited.
The genetic dissection of Arabidopsis (Arabidopsis
thaliana) mutants with altered xylem differentiation
and/or organization has provided insight as to the
regulatory mechanisms underlying various aspects of
vascular development from the formation of proper,
continuous networks of veins in leaves (polaris [Casson
et al., 2002], scarface [Deyholos et al., 2000], cvp1 and 2
[Carland et al., 1999], and van [Koizumi et al., 2000]),
overall vascular bundle organization in leaves and
stems (avb1 [Zhong et al., 1999]), to secondary cell wall
(SCW) formation (irx1-5 [for review, see Turner and
Sieburth, 2002]). More recently, a myb transcription
factor controlling phloem-xylem patterning has been
identified (Bonke et al., 2003). In the apl mutant, asym-
metric cell divisions and subsequent phloem differen-
tiation were impaired. Moreover, ectopic expression
of APL inhibited xylem development. These studies
suggest a dual role of APL in the promotion of
phloem and the repression of xylem differentiation.
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As expected from earlier physiological studies point-
ing to the role of hormones in vascular differentiation,
many vascular mutants are also affected in their
sensitivity and/or response to hormones, and more
particularly auxin (axr6 [Hobbie et al., 2000], mp
[Hardtke and Berleth, 1998], and pin1 [Vernoux et al.,
2000]). To date, mutants that are completely blocked in
xylem differentiation have not been isolated, presum-
ably because this defect would be lethal. This implies
that a strictly genetic approach may not be sufficient to
completely unravel xylogenesis.

Another powerful approach relies on large-scale
cDNA sequencing of expressed sequence tags (ESTs)
of developing xylem from poplar (Populus spp.; Sterky
et al., 1998) and pine (Pinus taeda; Allona et al., 1998).
Recently, microarray analysis was performed along
a precisely defined developmental gradient of second-
ary xylem in poplar, revealing strict stage-specific
transcriptional regulation of many genes, several of
which encode gene products of unknown function
(Hertzberg et al., 2001). Although these studies pro-
vide an impressive amount of information as to genes
involved in xylem formation, the existence of numer-
ous cell types that comprise secondary xylem does not
allow us to establish a direct link between a given
genetic program and a specific cell type such as TEs.

To learn more about TE formation, complementary
genomic approaches have been applied to the in vitro
xylogenesis system in zinnia (Zinnia elegans). In this
model system, single isolated mesophyll cells trans-
differentiate into TEs within 3 d when cultured in
the presence of auxin and cytokinin (Fukuda and
Komamine, 1980). Early studies based on differential
screening methods resulted in the isolation and char-
acterization of several stage-specific marker genes of
TE formation including the TE differentiation (TED)
genes (Demura and Fukuda, 1993, 1994), Cys pro-
teases (Ye and Varner, 1996), and a pectate lyase
(Domingo et al., 1998). More recently, high-throughput
strategies have been applied to zinnia TEs. These
include systematic EST sequencing coupled to micro-
array analysis (Demura et al., 2002) and a cDNA-
amplified fragment length polymorphism approach
(Milioni et al., 2002).

As each strategy of gene discovery possesses its
unique technical basis, we predicted that a comple-
mentary approach would generate a novel set of ge-
nomic data to significantly contribute to our growing
knowledge of TE formation. In this paper, by using the
suppression subtractive hybridization (SSH) technique
(Diatchenko et al., 1996) applied to zinnia TEs, we were
able to identify hundreds of novel putative xylogen-
esis markers in comparison with the 17,622 ESTs
isolated from two previous functional genomic studies
in zinnia (Demura et al., 2002; Milioni et al., 2002).
Moreover, as a complementary approach to a study
performed on deciphering early signaling events of TE
formation (Milioni et al., 2002), we focused our effort
on genes induced at the onset of secondary wall for-
mation and PCD. Comprehensive macroarray analysis

of these genes was performed to determine global
temporal expression during TE differentiation. As
both auxin and cytokinin are strict requirements for
TE differentiation, genes were also classified as a func-
tion of their regulation by auxin and/or cytokinin
alone, constituting a first step in dissecting putative
auxin and cytokinin cross talk pathways during
TE differentiation. The results presented herein con-
firm the assertion that using complementary time
points and methodologies will generate complemen-
tary genomic results, demonstrate that the use of
SSH libraries coupled to cDNA arrays is a viable
approach to dissecting TE development in zinnia,
and integrate gene expression data, via multiplex
in situ-reverse transcription-PCR (IS-RT-PCR), at the
single cell level in xylem development in vitro and in
planta.

RESULTS

Characterization of an SSH Library Enriched in Genes
Involved in Secondary Wall Deposition and Cell Death
during TE Formation in Zinnia

To isolate genes specifically involved in secondary
wall deposition and autolysis during TE formation,
cells were harvested at three selected time points
during the course of TE differentiation: secondary
wall-associated cellulose deposition, lignification, and
autolysis. Throughout this study, the time points in-
dicate the number of hours after culture initiation
(T0). Since judicious sampling is one of the major keys
to constructing a high quality library, we developed a
double-staining procedure to histochemically charac-
terize the SCW from zinnia TE cultures. By using a
combination of calcofluor and auramine-O, we were
able to simultaneously visualize cellulose and lignin,
respectively, in zinnia TE cultures (Fig. 1). At 48 h, TEs
were not yet visible (Fig. 1, A–C). All cells, regardless if
they were to become TEs or not, were characterized by
calcofluor staining of the primary cell wall (Fig. 1B). As
expected, no lignin was apparent as indicated by the
absence of yellow-green auramine-O staining under
blue light (Fig. 1C). This stage was considered as the
presecondary cellulose deposition stage. At 60 h, the
TE SCWs were readily visible using both bright-field
microscopy (Fig. 1D) and calcofluor (Fig. 1E). At this
stage, only 5% of the TEs were lignified as indicated by
the number of TEs exhibiting positive auramine-O
staining (Fig. 2). This stage corresponded to the onset
of lignification. At 72 h, 52% of the TEs were lignified
as determined by positive calcofluor and auramine-O
staining of SCWs (Figs. 1, G–I, and 3). Interestingly,
this double-staining procedure enabled us to detect
cellulose associated with secondary wall thickenings,
even in highly lignified cells. Concomitantly, another
double-staining procedure combining calcofluor and
fluorescein diacetate (FDA) was also employed to as-
sess TE viability (Groover and Jones, 1999; Kuriyama,
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1999). At 72 h, 30% of the TEs were still viable as indi-
cated by positive FDA staining (Figs. 2, A–C, and 3). At
78 h, all TEs were dead (Figs. 2, D–F, and 3). Therefore,
72 h was considered as the most representative time
point for the autolytic stage. RNA from three time
points (48, 60, and 72 h) were pooled, and the resulting
cDNAs (tester population) were subjected to a subtrac-
tion procedure against a pool of cDNAs extracted from
cells cultured in the absence of hormone and in the
presence of either auxin or cytokinin alone (driver pop-
ulation) at the same time points. All three driver pop-
ulations exhibited a similar morphology and were not
significantly different (intact chloroplasts and turgid
vacuoles) as compared to freshly isolated mesophyll
cells. The resulting subtractive library was named the
Late Xylogenesis Library (LXL).

The LXL was comprised of approximately 800 clones
ranging in size from 250 to 1,300 bp with an average
size of around 500 bp. The clones were systematically
characterized by reverse northern analysis by hybrid-
izing duplicate filters containing LXL PCR-amplified
inserts, one with the tester cDNAs originally used to
construct the library and the other with the driver
cDNAs. All of the clones were classified according to
their relative expression in TE (tester) versus control
(driver) cell cultures. A representative hybridization

experiment is shown in Figure 4. Thirty-seven percent
of the clones hybridized uniquely with tester cDNA
and hence were classified as TE specific (black arrows,
Fig. 4), 42% were more highly expressed in TE cultures
than in control cultures (gray arrows, Fig. 4), and 12%
showed undetectable hybridization signals in both
populations, with presumably low expression levels
even in TE cultures (striped arrow, Fig. 4). Only 9%
had similar-to-identical hybridization signals in TEs as
compared to control cultures. These clones were con-
sidered as false positives (white arrows, Fig. 4).

Prior to large-scale sequencing, a pilot experiment
consisting of the random sequencing of a handful of
genes from the TE-specific and TE up-regulated cate-
gories allowed us to identify several known markers
of TE differentiation: a Cys protease (ZcP4), a ribo-
nuclease (Rbn I), an endonuclease (Zen1), an unspe-
cific lipid transfer protein (TED4), and a caffeoyl-CoA
O-methyl transferase (CCoA-OMT). The identification
of previously characterized markers of different stages
of xylogenesis confirmed the quality of the LXL and
our overall approach for identifying novel genes asso-
ciated with TE formation.

In-Depth Bioinformatic Analysis of LXL

Five hundred forty-four single-pass sequences were
generated from all of the above-mentioned expression
categories with the exception of those considered as
false positives. The average sequence size was 410 6
180 bp, ranging from 120 to 600 bp. Sequence clus-
terization was performed using a blastclust program
(ftp://ftp.ncbi.nih.gov/) and revealed 238 unique clus-
ters, indicating that the overall redundancy factor of

Figure 1. SCWs of differentiating zinnia TE cell cultures stained with
calcofluor and auramine-O to simultaneously detect cellulose and lignin,
respectively. Cells were visualized at 48 (A–C), 60 (D–F), and 72 h (G–I)
under bright-field conditions (A, D, and G), UV light (B, E, and H), and
blue light (C, F, and I). Under UV light, cellulosic primary walls are dark
blue (B, E, and H), whereas secondary wall thickenings of TEs appear as
light blue (E and H). Under blue light, lignified wall thickenings are
yellow (I). These three time points subsequently defined the three stages
used to construct the LXL library. Magnification bars 5 8 mm.

Figure 2. Quantification of lignified (dark-gray bars) and living TEs
(light-gray bars) during TE differentiation as described by the double-
staining procedures in Figures 1 and 3. Results are expressed as
a percentage of calcofluor-stained TEs. The time points for the LXL are
indicated with arrows. 1, Onset of secondary wall cellulose deposition;
2, onset of lignification; and 3, mid-PCD.
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the LXL was 2.4. A comprehensive gene list describing
all aspects of the bioinformatic analysis presented in
this section is provided in Supplemental Data 1. One
hundred eighty-four of the clusters were composed of
singletons, whereas the most redundant cluster was
comprised of 16 sequences. Functional annotation was
performed using a BLASTX program against the inte-
gral Arabidopsis protein database (25,545 sequences).
All homologies with an expectation value (E value)
of,1e25 were considered significant. A total of 83.8% of
the fragments contained a portion of predicted coding
region, which enabled homology-based gene identifi-
cation. The remaining 16.2% of the sequences without a
significant hit were presumably composed exclusively
of 5# or 3# untranslated regions, or were too short to
give a significant match. All of the sequences of the
LXL were then assigned to functional categories ac-
cording to the Munich Information Center for Protein
Sequences (MIPS; http://mips.gsf.de; Fig. 5). The ma-
jor functional groups are involved in DNA synthesis
cell growth and cell division (15.0%), protein synthesis
(14.5%), and cell organization/rescue/defense/cell
death/aging (11.1%), suggesting the importance of
these cellular processes during TE differentiation. In-
terestingly, 18.8% of the sequences share significant
similarity to unknown or hypothetical proteins with
no function yet assigned. The positioning of zinnia EST
sequences with respect to their corresponding Arabi-
dopsis orthologs also allowed us to determine that
56% of the sequences also contained a 5# and/or 3#
untranslated region. These gene-specific tags provide
invaluable tools for the further characterization of
individual members of gene families.

Comparison of LXL with Other Xylem-Related

Functional Genomic Studies

A wealth of genomic information is currently avail-
able for secondary wall formation (zinnia TEs, poplar
and pine xylem, and Arabidopsis secondary growth)
and developmental PCD. We took advantage of this

opportunity to determine the extent of similitude/
divergence of gene expression in related physiological
processes in different species and physiological con-
texts (see Supplemental Data 1). As a first step, we
compared sequences from the LXL with those gener-
ated by other functional genomic approaches of zinnia
TEs. Towards this end, a BLASTN analysis was per-
formed with each LXL sequence against all publicly
available zinnia sequences registered in GenBank
databases (to date, a total of 17,622 sequences). Since
this comparison was made between ESTs and not be-
tween full-length sequences, an overestimation of ‘‘no
hits’’ would be likely. A more in-depth comparison was
therefore carried out to determine if LXL sequences
and publicly available zinnia sequences shared a com-
mon Arabidopsis homolog. Based on these compar-
isons, we conclude that approximately 77.6% of our
sequences are, indeed, novel. One of the major de-
liverables of this type of genomic comparison is the
cross identification of genes of unknown function via
different approaches. Interestingly, several of the iden-
tical sequences encoded genes of unknown function

Figure 4. A representative example of reverse northern-blot analysis of
LXL cDNA clones. cDNA clones of the LXL were PCR amplified,
electrophoresed on agarose gels, and transferred to nylon membranes.
Duplicate membranes were hybridized with equivalent amounts of
cDNA probe from tester (TE) and driver (control) cultures. Arrows
indicate four different expression categories: black, specific expression
in tester only; gray, more highly expressed in tester than driver; striped,
undetectable expression in both tester and driver; and white, similar-to-
identical expression in both tester and driver.

Figure 3. TE viability visualized by simultaneous
calcofluor and FDA staining. Cells were cultured for
72 (A–C) and 78 h (D–F) and visualized under bright-
field conditions (A and D), UV light (B and E), and
blue light (C and F). TEs are characterized by calco-
fluor-positive blue SCW under UV light (B and E) and
viable cells are stained green (FDA) under blue light
(C and F). Magnification bars 5 8 mm.
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(i.e. unknown gene [UG]-08/DV017539 with AU287424/
AU287419, UG-37/DV017393 with AU289520, UG-39/
DV017208 with AU293453, and UG-68/DV017575
with AU285513 and AU305636). This finding rein-
forces the hypothesis that these genes may play a criti-
cal role in xylem formation. In addition, one relatively
long sequence (UG 36/DV017317, 460 bp) with no
significant homology to any other sequence from any
other species in the public databases was also identi-
fied by Demura et al. (2002), suggesting that it may be
a zinnia-specific gene important for xylem formation.
Finally, we have identified new members of several
multigene families for which only one family mem-
ber has been described in zinnia up until now. For
example, whereas only one CCoA-OMT has been pre-
viously characterized in zinnia (Ye et al., 1994),
the LXL contains three distinct genes (CCoA-OMT1,
DV017314; CCoA-OMT2, DV017250; and CCoA-OMT3,
DV017196). Likewise, until now only one TED4 gene
has been previously described. The LXL contains at
least two different TED4 genes (TED4-1, DV017248
and TED4-2, DV017432). Cysteine proteases were by
far the most redundant function with 12 clusters
representing at least three different genes. Two differ-
ent isoforms of Cys protease exhibiting 87% identity
had been previously isolated (Ye and Varner, 1996;
Demura et al., 2002) from two different zinnia cultivars
(cv Peter Pan and cv Canary Bird). Both Cys proteases
were present in LXL library and an additional third
isoform, CP7 (DV017543; exhibiting 50% identity with
previously identified Cys proteases), was also isolated.
Two new isoforms of expansins (exp), designated exp4
(DV017234) and exp5 (DV017460), were also identified
in the LXL library in addition to the three previously
described isoforms (Im et al., 2000). The biological sig-
nificance of multigene families in the context of xylem
formation remains to be elucidated. Together, these
results nicely illustrate the importance of carrying out

complementary genomic approaches on the same model
system in order to provide the most comprehensive
view possible of a given physiological process. Zinnia
ESTs from the LXL were then compared with ESTs
from xylem of pine and poplar using a tBLASTX pro-
gram. In the case of pine, 209,733 ESTs were publicly
available at the time of writing (Allona et al., 1998, and
all new GenBank releases since then). A total of 79.4%
of zinnia sequences matched with a Pinus sequence
with an E value of ,1e25. Again, among the genes of
unknown function in zinnia, some exhibited very high
homologies with pine sequences. For example, UG-24
(DV017163) matched with CD017099 from a xylem
compression wood library, UG-25 (DV017176) with
BQ106797 from a xylem late wood library, and UG-42
(DV017236) with AW758726 from a normal xylem wood
library. A similar comparison was made with the
272,213 publicly available ESTs from poplar (Sterky
et al., 1998, and all sequences released in GenBank
since then). A total of 80.9% of zinnia LXL sequences
exhibited a match with an E value of ,1e25 (Supple-
mental Data 1).

Comparison of LXL with Arabidopsis SCW and PCD

Microarray Expression Data

A functional comparison of LXL genes was also un-
dertaken by extrapolating microarray data for the clos-
est Arabidopsis sequence of each gene of the zinnia
LXL during physiologically related developmental
processes in Arabidopsis. Microarray data have been
reported for stems undergoing secondary growth (Oh
et al., 2003), and various forms of developmental PCD
in Arabidopsis cell cultures (Swidzinski et al., 2002).
As for secondary growth, which includes substantial
secondary xylem formation, only eight cDNAs were
up-regulated: two Cys proteases, two lignification

Figure 5. Functional classification of nonredundant LXL cDNA sequences. Functions and categories were established according
to MIPs (http://mips.gsf.de).
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genes (trans-cinnamate-4-monooxygenase hydroxy-
lase [C4H] and CCoAOMT1), a polygalacturonase
(pg), preprophytosulfokine-1, and two UGs (orthologs
of zinnia UG-09 and UG-57 genes; see Supplemental
Data 1).

As for PCD, out of the 978 specifically induced
cDNA clones identified during heat-induced PCD,
five cDNAs were identified: cucumisin (a Ser pro-
tease), a bifunctional endonuclease, histone 2A, a per-
oxidase (prx), preprophytosulfokine-1, and a gene of
unknown function (UG-57). Out of the 590 cDNA
clones induced during both heat-induced PCD and
senescence, only one gene, a stress-induced protein
like (sti1), was found in common with zinnia LXL.
No common homologs could be identified between
zinnia LXL and senescence-specific up-related genes,
suggesting very divergent mechanisms involved in
different forms of developmental PCD. That said, it
is interesting to note that among the zinnia LXL
genes, orthologs of both preprophytosulfokine-1 and
UG-57 were up-regulated in both secondary xylem
and heat-induced PCD in Arabidopsis. Finally, we
compared our data with those generated from primary
cell walls of Arabidopsis cell cultures using a proteo-
mic approach (Chivasa et al., 2002). No genes were
found in common, suggesting that different mecha-
nisms are most likely involved in primary and SCW
synthesis.

Dynamic Global Gene Expression during TE Formation
Using Macroarray Technology

All of the clones were originally classified according
to their relative expression in inductive versus non-
inductive conditions by reverse northern-blot analysis
(Fig. 4). However, these experiments did not provide
any information as to their temporal gene expression
during TE formation since the probe used in hybrid-
izing experiments consisted of pooled cDNAs from the
three stages. To determine dynamic gene expression
during TE formation, cDNA inserts from the LXL were
PCR amplified and spotted onto nylon membranes.
Each membrane contained 576 clones, each of which
was spotted in duplicate. Various hybridization and
background level controls were also spotted (see
‘‘Material and Methods’’). Preliminary analyses were
first performed to assess the innermembrane variation
of duplicate spots for each gene on the same mem-
brane and the reproducibility of spot intensity ratios
(expressed as a log-10 expression ratio [LR]) resulting
from hybridizations of independent membranes using
independent probes derived from independent bio-
logical samples. The data obtained were highly re-
producible within a given membrane and, even more
importantly, between two independent membranes
(Fig. 6A). In the experiment illustrated in Figure 6A,
89% of the values fell within 60.176 LR of the mean
(equivalent to a 1.5-fold difference) and 97% within
60.3 LR (equivalent to a 2-fold difference). This var-
iation is similar to those previously observed on mi-

croarray experiments (Wang et al., 2000; Kawasaki
et al., 2001). In all subsequent experiments, in order for
a gene to be considered as differentially expressed be-
tween two time points or culture conditions, the differ-
ence in spot intensities had to be greater than a 2-fold
significance threshold. Macroarray reproducibility was
further analyzed by comparing spot intensity values
from two independent hybridizations performed
on two independent membranes with probes from
two independent cultures for each time point (Fig.
6B). Linear coefficients of determination between the
two experiments were calculated, thereby defining
a high reproducibility between independent hybrid-
izations with 99% of the values confined within a
2-fold limit.

Hybridizations were performed with cDNA probes
prepared from cells cultured in TE inductive medium
for 0, 24, 48, 60, 72, and 96 h in order to define temporal
gene expression dynamics during TE formation. Two
hundred thirty-eight average expression profiles, cor-
responding to the 238 nonredundant cDNA clones of
LXL, were calculated. The raw data is presented in
Supplemental Data 2. Preliminary pairwise compar-
isons between time points revealed that most of LXL
cDNAs were up-regulated at 60 h. Indeed, 99% of LXL
cDNAs were up-regulated at least 2-fold at 60 h as
compared to 0 h. Seventy-nine percent and 65% of the
cDNAs exhibited 5- and 10-fold difference in expres-
sion levels, respectively, for these same time points. In
order to visualize gene expression patterns during TE
differentiation, complete hierarchical clustering anal-
ysis was performed using HCE II software. Four clusters
(A–D) of gene expression were identified (Fig. 7). For
each cluster, the superposition of 20 representative
cDNA expression patterns and the number (n) of genes
per cluster are indicated. Cluster A is characterized by
a peak of expression at 60 h, with expression levels
remaining high even beyond TE PCD when all TEs are
dead (at 96 h). Clusters B and C exhibit a peak only at
60 h, the difference being that the overall window of
expression of genes belonging to cluster C is slightly
narrower over time than cluster B. Genes belonging to
clusters B and C are therefore characterized by little-
to-no expression beyond TE PCD at 96 h. Many known
TE markers fall into clusters B (Zen1, TED4, and ZcP4)
and C (Rbn I, CCoAOMT1 and 3, C4H, exp1, and exp3),
with very similar expression profiles to those pre-
viously reported (Demura et al., 2002). Cluster D was
characterized by two peaks of expression, a small peak
at 24 h and a major peak at 60 h. One of the most
striking observations is that, regardless of the cluster,
a large majority of LXL genes are maximally expressed
at 60 h.

Hormonal Regulation of Gene Expression of the LXL

TE differentiation of zinnia mesophyll cells can be
triggered only if both auxin and cytokinin are included
in the culture medium. How auxin and cytokinin each
participate in TE differentiation, to our knowledge, has
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never been addressed in detail. As a first step in dis-
secting hormonal signaling pathways involved in dif-
ferentiation, we determined the action of auxin and
cytokinin individually on global gene expression of
the LXL. As the majority of LXL genes are the most
highly expressed at 60 h, hybridization experiments
were carried out with cDNA probes derived from cells
cultured for 60 h in the presence of either both hor-
mones (Culture A 1 C or CA 1 C), auxin (CA), or

cytokinin (CC) alone, or in basal medium without
hormones (C0). To classify all of the LXL genes into cat-
egories in terms of hormonal regulation, pairwise com-
parisons were made between the hormonal condition
in which the gene was maximally expressed and each
of the other individual hormonal conditions. Again, a
greater than 2-fold difference in expression was used
as the significance threshold. We have annotated as
CA 1 C, genes highly expressed only in CA 1 C medium;

Figure 6. A, Scatter plot of the LRs of
duplicate spots from two independent hy-
bridization experiments. The x axis 5 LRs of
duplicate spots on the membrane used in
experiment 1. The y axis 5 LRs of duplicate
spots on the membrane used in experiment 2.
Each membrane was hybridized with cDNA
probes from an independent, 60-h TE culture.
Analyses performed on 16 independent filters
hybridized with different probes from differ-
ent time points showed the same variation
(data not shown). B, Scatter plot of spot in-
tensity raw values of two independent experi-
ments probed with cDNAs from 60-h TE
cultures. Ninety-nine percent of the cDNA
fall within 62-fold of the mean. Again, data
for all other filters fall within the same limits
(data not shown).
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CA 1 C . CA, genes highly expressed in both CA 1 C and
CA medium with a stronger expression in CA 1 C
medium; CA . CA 1 C, genes highly expressed in
both CA 1C and CA medium with a stronger expression
in CA medium, and so on (Table I). Four major
conclusions may be drawn from this analysis. (1) A
large proportion of genes (49%) exhibit a strict re-
quirement for both auxin and cytokinin. (2) Very few
genes are expressed in cells cultured in C0 medium.
Indeed, 95% and 92% of the cDNAs exhibit a greater

than 5- and 10-fold difference, respectively, in expres-
sion levels in CA 1 C versus C0 medium (data not
shown). (3) Many genes are induced by either auxin
alone or cytokinin alone, with the large majority being
up-regulated by auxin (38% are CA as compared to 4%
for CC). That said, it is interesting to note that, as
a general rule, these genes are even more highly
expressed when both hormones are present in the
culture medium. (4) In some cases (4%), gene ex-
pression levels are higher in the presence of one

Figure 7. Hierarchical clustering of
the LXL during TE differentiation. On
the basis of the constructed tree, the
238 LXL nonredundant cDNAs were
clustered into four expression groups
for each expression cluster; a represen-
tative sample of 20 independent
cDNA expression profiles is illus-
trated. The number (n) of nonredun-
dant cDNAs for each cluster is
indicated. The x axis 5 time of culture
(h), and the y axis 5 relative expres-
sion intensity (%).
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hormone than in the presence of both hormones (CA .
CA 1 C and CC . CA 1 C), suggesting that the repression
of certain genes may be necessary to promote TE
differentiation. This appears to be the case with many
of the histone genes.

To determine whether a correlation exists between
hormone regulation and temporal gene expression, a
complete hierarchical clustering of the hormone ex-
pression data was incorporated into the previously de-
termined temporal expression clusters (Supplemental
Data 3 and Fig. 8 as an example of cluster A). Each tem-
poral expression cluster, from A to D, was divided into
four to five subclusters based on hormone-induced
gene expression. For example, subclusters annotated 1
are composed of CA 1 C-specific genes; 2, of CA 1 C .
CC genes; 3, of CA1C . CA . CC genes; 4, of CA1C . CA
genes; and 5, of CA . CA 1 C genes (the difference with
4 is that expression is higher in CA than CA 1 C). It is
interesting to note that the four temporal clusters, A to
D, all contain genes with different hormonal profiles,
thereby reflecting the complexity of hormone percep-
tion and signaling during TE differentiation.

Fine Tuning of Expression Profiles via RT-PCR

To complete our knowledge of the temporal and
hormonal regulation of LXL gene expression during
TE differentiation, RT-PCR was carried out for several
members of each temporal expression cluster selected
both at random and, in some cases based on gene
function (Fig. 9). As expected, members of expression
cluster A, oligopeptide transporter (opt) and UG-10,
are expressed beyond TE death (Fig. 9A). Although
these genes were considered to have a strict require-

ment for both auxin and cytokinin from array data,
RT-PCR indicated that both were also transiently ex-
pressed in auxin-only and cytokinin-only cultures,
however, not at the 60-h time point used for arrays.
Interestingly, temporal expression is altered when ei-
ther one or both hormones are present in the medium.
For example, opt is induced by auxin or cytokinin
alone within 48 h, whereas in inductive TE cultures,
opt is turned on later, starting at 60 h, and remains on
after that. On the contrary, UG-10 is expressed at 30 h
when both hormones are present in the culture me-
dium, whereas it is induced much later in the presence
of each hormone individually (84 and 72 h for auxin
and cytokinin, respectively). The expression of mem-
bers of cluster B (pg, endonuclease [Zen1], and Cys
protease [ZcP4]) was restricted to the lifespan of TEs
(72 h; Fig. 9B). RT-PCR indicated that these genes were
indeed specific to inductive medium, as predicted by
array data, and were not expressed in cells cultured in
the presence of either auxin or cytokinin throughout
the entire time course. Members of expression cluster
C (Rbn I, prx, Ser protease [sp], GA acid-stimulated
transcript [gast1, gast2], exp4, exp5, UG-25, and UG-7)
were also more or less restricted to the TE lifespan (Fig.
9C). It is interesting to note that the timing of gene
expression may, in some cases, be extremely precise
(i.e. UG-25 is detectable only at 66 h, and prx from
54–66 h). The majority of the genes are expressed only
if both auxin and cytokinin are present in the medium.
However, there were some exceptions: gast1 is ex-
pressed in auxin-only cultures, whereas exp5 is
present in cytokinin cultures. In agreement with
macroarray data, members of expression cluster D
(calreticulin [calrec], thymidylate kinase [tk], and
CCoAOMT2) clearly exhibited two peaks of expres-
sion (Fig. 9D). RT-PCR was also performed for all of
the above-mentioned genes in roots, hypocotyls, epi-
cotyls, cotyledons, and leaves of 3-week-old plantlets
(data not shown). Interestingly, many genes were
undetectable at the organ level, suggesting a high
degree of gene specificity presumably in xylem tissue/
cell types.

Multiplex IS-RT-PCR of gast1 and exp5 Reveals Multiple
Cell Types

As demonstrated above, in addition to identifying
genes with a strict auxin/cytokinin requirement for
expression, the LXL also contained many genes that
were induced by either auxin or cytokinin alone. To
address the biological significance of this finding with
regards to TE differentiation, i.e. to determine if genes
falling into these categories could also be an integral
part of the TE genetic program, multiplex in situ RT-
PCR was performed on cells cultivated for 65 h in TE-
inductive medium to simultaneously localize two genes
with different hormone expression profiles. Two genes
encoding putative cell wall proteins from cluster C
were selected for this purpose: gast1, induced by auxin

Table I. The distribution (%) of the LXL library as a function of
expression levels under different hormonal conditions

Data were obtained by performing macroarray experiments with
cells cultured for 65 h in the presence of both auxin and cytokinin
(CA 1 C), auxin alone (CA), cytokinin alone (CC), or in the absence of
hormones (C0). For each gene, pairwise comparisons of expression
signal intensity were carried out between the hormonal condition of
maximal expression and each of the other conditions individually. For
each pairwise comparison, if the maximal intensity was equal to or
greater than 2-fold, the other condition examined was considered as
not expressed. If the expression intensity value was less than 2-fold, the
gene was considered as expressed for the given condition. CA 1 C,
Genes up-regulated only in CA 1 C medium; CA 1 C . CA, genes up-
regulated in both CA 1 C and CA medium with a stronger expression in
CA 1 C medium; CA . CA 1 C, genes up-regulated in both CA 1 C and CA

medium with a stronger expression in CA medium, and so on.

Hormonal Expression % of LXL Genes

CA 1 C 49
CA 1 C . CA 38
CA 1 C . CC 4
CA 1 C . CA . CC 3
CA 1 C . CA . CC . C0 2
CA . CA 1 C 3
CC . CA 1 C 1
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