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Abstract Auxin is essential for the formation of the vas-
cular system. We previously reported that a polar auxin
transport inhibitor, 1-N-naphthylphthalamic acid (NPA)
decreased intracellular auxin levels and prevented tracheary
element (TE) differentiation from isolated Zinnia mesophyll
cells, but that additional auxin, 1-naphthaleneacetic acid
(NAA) overcame this inhibition. To understand the role of
auxin in gene regulation during TE differentiation, we per-
formed microarray analysis of genes expressed in NPA-
treated cells and NPA-NAA-treated cells. The systematic
gene expression analysis revealed that NAA promoted the
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expression of genes related to auxin signaling and tran-
scription factors that are known to be key regulators of
differentiation of procambial and xylem precursor cells.
NAA also promoted the expression of genes related to bio-
synthesis and metabolism of other plant hormones, such as
cytokinin, gibberellin and brassinosteroid. Interestingly,
detailed analysis showed that NAA rapidly induces the
expression of auxin carrier gene homologues. It suggested a
positive feedback loop for auxin-regulating vascular differ-
entiation. Based on these results, we discuss the auxin
function in early processes of transdifferentiation into TEs.
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Abbreviations

ABA Abscisic acid

BL Brassinolide

BR Brassinosteroid

CT Cathasterone

CS Castasterone

6-DeoxoCT  6-Deoxocathasterone

DMSO Dimethyl sulfoxide

DRS5 Synthetic auxin-inducible promoter
IAA Indole-3-acetic acid

JA Jasmonic acid

NAA 1-Naphthaleneacetic acid
NPA 1-N-Naphthylphthalamic acid
TE Tracheary element
Introduction

The plant hormone auxin is an essential regulator of plant
growth and development. The principal auxin, indole-3-
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acetic acid (IAA), is synthesized in the shoot apex and
transported to the root tip. At a cellular level, auxin is
incorporated by both diffusion and influx carriers such as
AUXI1 protein, and directional auxin transport is primarily
controlled by an efflux carrier complex that is characterized
by the PIN family proteins (Teale et al. 2006). Polarized
auxin transport provides essential directional and positional
information for developmental processes, such as apical
dominance, organ development, tropic growth, and vas-
cular development (Benkova et al. 2003; Blancaflor and
Masson 2003; Blilou et al. 2005; Klee and Estelle 1991).

Polar auxin transport is believed to function in the for-
mation of a continuous vascular strand. It is known that
local application of IAA induces vascular strand formation
(Sachs 1981). IAA application can define the site of vas-
cular differentiation, and a new functional vascular strand
will extend basally from locally applied IAA. On the other
hand, disruption of directional auxin movement by gene
mutations (pin-formed 1 etc.) or by treatment with auxin
transport inhibitors, such as 1-N-naphthylphthalamic acid
(NPA), results in severe developmental defects. NPA
causes ectopic vascular differentiation at leaf margins, and
also produces parallel vascular strands at the central
regions in a similar fashion to the phenotypes of the pinl/
mutant (Mattsson et al. 1999, 2003; Sieburth 1999; Berleth
and Mattsson 2000; Berleth et al. 2000; Wenzel et al.
2008). These results suggest that polar auxin transport
inhibitors disrupt auxin flow and accumulate auxin at the
leaf margin, resulting in ectopic vascular differentiation
(Mattsson et al. 1999).

Most of these data are consistent with the auxin flow
canalization hypothesis proposed by Sachs (1991): auxin
flow, starting initially with diffusion, induces the formation
of the polar auxin transport cell system, which in turn
promotes auxin transport and leads to canalization of auxin
flow along a narrow file of cells. This file of cells differ-
entiates into a strand of procambial cells, and eventually
into strands of various vascular cells. However, the
molecular mechanism by which auxin flow promotes vas-
cular differentiation still remains elusive.

Auxin is transported not only within the vasculature, but
also within the other tissues. In the shoot apical meristem,
AUXI protein is localized in the external L1 layer of the
meristem and in the abaxial epidermis of the developing
primordia. PIN1 protein is also localized primarily in the
cells of the L1 layer, but it is restricted intracellularly to the
membrane facing the leaf primordia. Auxin can be
expected to flow in these cells and may induce the for-
mation of primordia (Reinhardt et al. 2003). In the root tip,
AUX1 protein and PIN family proteins also control growth
and gravitropism (Blilou et al. 2005; Leyser 2005; Friml
2003). AUX1 is localized in the epidermis and collumella
cells in the root apex. PIN family proteins localize not only
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in the vascular cells but also in various kinds of other cells:
epidermis, cortex, stele, cortical cells, columella cells, the
lateral side of pericycle, and the quiescent center (Blilou
et al. 2005). These auxin carriers may promote auxin
accumulation in the columella, following a gravity stimu-
lus. Auxin is released asymmetrically from columella cells
and transported from the apex via the lateral root cap and
epidermal cells and then redirected to the apex via the stele.
Despite the auxin flow in these cells, they never differen-
tiate into vascular cells. These results suggest that auxin
flow is not enough to promote vascular differentiation and
that other factor(s) induced by auxin flow in vasculature
forming tissues plays a role in vascular differentiation.
These considerations raise the following questions: what
happens in cells potent to differentiate to vascular tissue
after changes in auxin flow? How does auxin induce the
differentiation of vascular cells such as procambial cells?

Fukuda and Komamine (1980) reported that single
mesophyll cells isolated from Zinnia leaves in the presence
of auxin and cytokinin, transdifferentiate into tracheary
elements (TEs). A detailed analysis of the transdifferenti-
ation process revealed three distinctive stages (Fukuda
1997, 2004). Stage 1 corresponds to a functional dedif-
ferentiation process from isolated mesophyll cells. At stage
2, dedifferentiated cells may differentiate into procambial
cells, and then into xylem cell precursors. At stage 3, the
differentiation of TEs occurs from xylem precursor cells
(Yamamoto et al. 1997, 2001).

This Zinnia system facilitates the analysis at of the
mechanisms of xylogenesis at the cellular levels. Using this
system, various factors such as plant hormones, peptides and
genes involved in TE differentiation were studied. During
stage 2, a unique arabinogalactan protein, xylogen, mediates
inductive cell-cell interaction in vascular development
(Motose et al. 2004). Brassinosteroids, which are also syn-
thesized actively during stage 2, initiate the entry into stage 3
(Yamamoto et al. 1997, 2001). In contrast, a dodecapeptide
of the CLV3/ESR-related (CLE) family, TDIF suppressed
the entry into stage 3 (Ito et al. 2006). Demura et al. (2002)
performed a comprehensive microarray analysis of gene
expression during xylogenesis. It describes the unique gene
expression patterns during xylogenesis and a number of
developmental stage-specific genes. The accumulated
information has made Zinnia culture an excellent system for
the analysis of auxin function at the cellular level, and it
allows identifying the auxin-regulated master genes that
control transdifferentiation into vascular cells.

In the Zinnia culture system, we have previously
investigated the effects of auxin transport inhibitors on
vascular cell differentiation and auxin metabolism (Yos-
hida et al. 2005). Our data clearly indicated that the
inhibitors caused the decrease in intracellular free auxin
level, through the promotion of auxin conjugates, and in
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turn the inhibition of TE differentiation. We also indicated
that free NAA depletion may suppress the early process of
transdifferentiation into TEs. The inhibitory effect of NPA
was reversibly overcome by high concentration of auxin,
which indicates that auxin promotes the initiation of
xylogenesis. The use of both NPA and NAA allows the
control of cultured cells synchronous entry into the dif-
ferentiation process and therefore the analysis of the early
process of transdifferentiation at the molecular levels.

Based on these results, we performed microarray anal-
ysis of genes expressed in NPA and/or NAA-treated cells,
to get an insight into the effect of NPA and/or NAA on
differentiation stage progression and NAA-dependent reg-
ulation of transdifferentiation process at molecular levels.
Our results confirmed that NPA represses TE differentia-
tion at the transition from stage 1 to 2. Additional auxin
overcomes NPA-dependent inhibition of TE formation by
promoting termination of stage 1 and progression of stage
2. We also found that NAA promoted the expression of
specific genes related to auxin signaling hormone biosyn-
thesis, hormone metabolism, transcription and transport at
the early stage of transdifferentiation. In particular, NAA
rapidly induced the expression of auxin influx and efflux
carrier genes. Finally, based on these results, we discuss the
regulatory roles of auxin in the early process of transdif-
ferentiation into TEs. We describe a model in which the
molecular mechanisms of TE differentiation are controlled
with the auxin canalization hypothesis.

Materials and methods
Reagents

NPA (Tokyo Kasei Kogyo Ltd Tokyo, Japan), NAA (Kanto
Chemical, Tokyo, Japan), and IAA (Wako Pure Chemical
Industry) were dissolved in dimethyl sulfoxide (DMSO,
Wako Pure Chemical Industry) as stock solutions, stored at
—20°C, and added to cultures at appropriate concentrations.
Unless otherwise specified, they were added to the medium
at the initiation of the culture. In the medium, final concen-
trations of DMSO were less than 0.5% (v/v) in all samples,
and this concentration does not affect TE differentiation or
cell division (Fukuda and Komamine 1981).

Cell culture

The first leaves of 14-day-old seedlings of Zinnia elegans
L. cv. Canary Bird (Takii Shubyo, Kyoto, Japan) were used
as source material for the isolation of mesophyll cells in
suspension culture according to the method of Fukuda and
Komamine (1980). Cell culture was carried out according
to Fukuda and Komamine (1982) and suspended at a cell

density of approximately 8 x 10* cells/ml. The culture
medium for the induction of TE differentiation (D medium)
contained 0.54 tM NAA and 0.89 pM 6-benzyladenine
(BA). For control cultures, in which no TEs were differ-
entiated, Cg medium that contained only BA as a
phytohormone was used. Cells were cultured in the dark at
27°C, rotating at 10 rpm on a revolving drum. The fre-
quencies of TE formation (%) were determined as the
number of TEs per number of living cells plus TEs. The
frequencies of cell division (%) were determined as the
number of divided cells per number of living cells plus
TEs. The number of cells was counted in three samples
under a microscope, and at least 500 cells were examined
in each sample.

cDNA microarray analysis

A total of 9,120 cDNA clones including marker genes for
each stage of transdifferentiation and some known Zinnia
genes were amplified by PCR and spotted on glass slides,
as described in Demura et al. (2002). The Cy5-labeled
cDNA population was generated using the mRNA fraction
prepared from NPA or NPA plus DMSO/NAA-treated
Zinnia cultured cells which had been collected at indicated
times (see Fig. 1b, c). Poly(A)" RNA was extracted with a
FastTrack 2.0 Kit (Invitrogen). A Cy3-labeled oligonu-
cleotide was prepared for quantitation of each spotted
cDNA. The sequence of this oligonucleotide was comple-
mentary to the amplified vector part common to all PCR
products, which enabled the oligonucleotide to hybridize
all spots in a cDNA quantity-dependent manner.

Fluorescent probe preparation and hybridization were
performed as described in Yazaki et al. (2000). Hybrid-
ization was carried out after mixing the Cy5-labeled
cDNAs and Cy3-labeled oligonucleotides. Signals of both
Cy3 and Cy5 fluorescence were recorded and quantified.

Normalization was performed as described in Demura
et al. (2002). After the normalization, only genes showing a
signal value >100 through Cy3 channels were selected.
These selected genes were analyzed for hierarchical clus-
tering using the “Clustering Gene Tree” function with the
“Measure Similarity by Standard Correlation” in Gene-
Spring. In the microarray experiment to examine the NAA-
dependent recovery of TE formation from NPA-mediated
inhibition, genes that can meet all of the following criteria
were selected as NAA-up-regulated genes: (1) genes show-
ing a Cy3 signal value >50, (2) genes showing a Cy5 signal
value >50, (3) genes showing within threefold difference in
Cy5 values for replicates, (4) genes showing an average at
least twofold increase in expression as compared to the
negative control (cultures with 20 uM NPA only), and (5)
genes showing an average of at least twofold up-regulation in
the time course of NAA-dependent recovery.
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In Zinnia microarray system, all cDNA was spotted in
duplicate. Microarray analyses of NPA-treated cells (0, 24,
36, 48, 60 and 72 h) and NPA plus DMSO/NAA-treated
cells (0, 0.7, 4 and 12 h) were performed twice. For the
confirmation of reproducibility, Pearson’s correlation
coefficient values were calculated by using data normalized
by median. These values were >(0.7820 in microarray of
NPA-treated cells and >0.9118 in microarray of NPA plus
DMSO/NAA-treated cells, which indicated that the result
is reliable. The raw microarray data can be found in the
Supplemental Tables 6 and 7.

Database search and isolation of Zinnia cytokinin
oxidase, PIN and AUXI homologues

Partial sequences of one cytokinin oxidase (CKX), five PIN,
and two AUX1 homologues were obtained from Zinnia EST
databases by BLAST analyses. Full-length cDNA sequences
of CKX, PIN, and AUXI-like genes were isolated using 5’
and 3’ rapid amplification of ¢cDNA ends (RACE) with
primers shown in Supplemental Table 1. Total RNA of
Zinnia cells cultured for 36 or 60 h in D medium was
extracted with Plant RNA Isolation Reagent (Invitrogen)
and purified with RNeasy minicolumns (QIAGEN)
according to the manufacturers’ instructions. For 5’ RACE,
first strand cDNA synthesis was performed using a gene-
specific reverse primer and SuperScript III reverse trans-
criptase (Invitrogen), followed by the digestion of RNA
template with RNaseH and the tailing of polyC to the 3’ end
of cDNA with terminal deoxynucleotidyl transferase. The
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NPA NPA+DMSO NPA+NAA

first PCR using the cDNA as templates were performed with
an adapter primer linked to oligo dG/dI and a gene-specific
primer. The second and third PCRs were performed with
another gene-specific primer and an adapter primer using the
former PCR product as templates. For 3’ RACE, first strand
cDNA synthesis was performed on total RNA using an
adapter primer linked to oligo dT. The first PCR using the
cDNA as templates was performed with an adapter primer
and a gene-specific primer. The second PCR was performed
with the adapter primer and another gene-specific primer
using the first PCR product as a template. Amplified cDNAs
by 5" and 3' RACEs were cloned into pGEM-T Easy vector
(Promega, Madison, WI, USA) and sequenced. The full-
length cDNA sequences were assembled from overlapping
sequences and named ZeCKX (Z4008, AB439582), ZeLAX1
(23936, AB477375), ZeLAX2 (Z4786, AB477376), ZePINa
(AB477370), ZePINb (AB477371), ZePINc (AB477372),
ZePINd (AB477373), and ZePINe (AB477374). The
deduced amino acid sequences of the ZeCKX, ZePINs, and
Zel AXs were aligned with other sequences taken from the
GenBank and the Arabidopsis Information Resourse. The
ClustalX 2.0 program was used for alignment and tree
construction. The phylogenetic trees were displayed using
Njplot software.

Quantitative real-time PCR analysis
Total RNA was prerared from Zinnia cultured cells by SDS

phenol method (Ozeki et al. 1990), followed by DNase
treatment and purification using RNeasy Plant Mini Kit
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(QIAGEN). After reverse transcription with oligo (dT)20
primer and SuperScript III reverse transcriptase, quantita-
tive real-time PCR was performed using LightCycler 480
Instrument (Roche diagnostics) with LightCycler 480
Probes Master and universal ProbeLibrary probes in com-
bination with gene-specific primers designed by
ProbeFinder software (http://www.roche-applied-science.
com; Supplemental Table 1). In addition to ZePINs and
ZeLAXs, quantitative real-time PCR analysis for ZeTUAS
gene was performed as a control. Quantification of gene
expression was performed by LighCycler software, and
relative expression value to ZeTUAS5 was calculated,
respectively.

Histochemical detection of GUS activity

AtCKX1::GUS and AtCKX6::GUS transgenic lines were
provided by Professor Thomas Schmiilling (Free Univer-
sity of Berlin, Germany; Werner et al. 2003). For
observations of GUS staining patterns of ArCKXI::GUS
and AtCKX6::GUS lines, liquid cultured, 3-days-old seed-
lings were used. These seedlings were treated with 10 uM
IAA for 6 h in a liquid medium. For GUS activity detec-
tion, samples were incubated at 37°C for 16 h in GUS
staining buffer (100 mM phosphate buffer, pH 7.0, 0.1%
Triton X-100, 0.5 mg ml-1,5-bromo-4-chloro-3-indolyl-f-
glucuronic acid, 0.5 mM potassium ferricyanide, 0.5 mM
potassium ferrocyanide and 10 mM EDTA) and rinsed in
70% ethanol. The samples were cleared in chloral hydrate:
water: glycerol (8:2:1, v/v), and then observed under a
microscope (Olympus, Japan).

Results

Effects of NPA on stage progression of TE
differentiation

In an earlier study we found that NPA leads to auxin
depletion, which in turn prevents the progression of TE
differentiation in Zinnia cultures (Yoshida et al. 2005). To
identify the molecular basis of the NPA inhibition, we
performed microarray analyses with Zinnia cells cultured
in the presence of NPA, using a previously prepared cDNA
chip (Demura et al. 2002), in which 523 cDNAs showed an
eightfold change in expression over the transdifferentiation
time-course in differentiation-induced cell culture (D-cul-
ture) and were clustered into 6 groups (Fig. 1a, groupA-F).
The expression patterns of these 523 cDNAs are highly
reproducible in any culture. Therefore, we compared the
gene expression pattern of NPA-treated cells with the
pattern described for D-cultures (Demura et al. 2002).

In NPA-treated cells, the expression of the A and B
group genes, which peak at the start or within 12-24 h
(stage 1) of the differentiation-induced culture (Fig. 1a),
was high even at 36 or 48 h (Fig. 1b; Supplemental
Table 2). The C group genes were expressed highly
between 24 and 48 h. In contrast, the expression of most D,
E, and F group genes, which were up-regulated during
stage 2 and/or 3, was repressed by the addition of NPA
(Fig. 1b; Supplemental Table 2). These results strongly
suggest that NPA suppresses the entry into stage 2 of
xylem differentiation and rather enhances stage 1 related
events.

Effects of NAA on NPA-dependent suppression
of stage progression

Previous study showed that NAA overcomes NPA-induced
suppression of TE formation with a delay, which corre-
sponds roughly to the delay of NAA addition after NPA
treatment, whenever NAA is added before 96 h of culture
(Yoshida et al. 2005). Based on this result, we designed an
experiment to understand molecular events underlying
auxin-initiated TE differentiation. It has been known that
stage 1 involves down-regulation of many wound-induced
genes, which are up-regulated by cell isolation (Demura
et al. 2002). To avoid changes in gene expression due to
wound response, all of which are auxin independent, we
used Zinnia cells that had been cultured for 60 h in the
presence of NPA and examined gene expression shortly
after NAA treatment.

As a result, in contrast to the gene expression profile of
NPA treated culture cells, NAA-treatment repressed most
of the A, B, and C group genes within 4 or 12 h after NAA
addition. On the other hand, NAA promoted expression of
the D and F group genes 4 h after its addition. The addition
of NAA to NPA-treated cells induced the expression of
some of the E group genes 12 h after addition (Fig. 1c).
Overall, these results indicate that NAA restarts the pro-
gram that NPA has arrested, that is, both stage 1
termination and stage 2 progression.

Characterization of NAA-up-regulated genes

Of about 9,000 cDNAs on our Zinnia microarray, 149
cDNAs were up-regulated significantly (>twofold) after
0.7 h and/or 4 h of NAA addition (Supplemental Table 3).
The expression of these genes is anticipated to be regulated
by auxin-induced transcription machinery. Therefore, we
tried to identify cDNAs encoding transcription-related
proteins that were up-regulated rapidly by NAA treatment
and found 18 cDNAs (Supplemental Fig. 1; Supplemental
Table 4). Interestingly, among those cDNAs, Z567,
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ZeHB10m, and ZeHB13 (Z3685), which are known as key
transcription factors of vascular differentiation (Kubo et al.
2005; Ohashi-Ito et al. 2002, 2005) were strongly expres-
sed after 4 h of NAA addition (Supplemental Fig. 1).

To examine whether these NAA-up-regulated genes are
involved in transdifferentiation or not, the auxin respon-
siveness of these genes was examined in the public
microarray database of wild-type Arabidopsis seedlings
which were treated with IAA for 30 min, 1 and 3 h (TAIR
submission number: ME00336, IAA time course in wild-
type seedling). About 91 Arabidopsis genes were selected
as homologous genes for 149 Zinnia cDNAs. Of them, 86
genes were available in public databases, in which 16
genes (19%) were up-regulated (>twofold), but 65 genes
(75%) showed no change and five genes (6%) were down-
regulated (>twofold) after the IAA application (Supple-
mental Table 3). This result suggests that NAA up-
regulated genes identified on the Zinnia microarray are not
simply induced by auxin, but may be induced by auxin in a
vascular cell-related manner.

Expression profiles of auxin-related gene homologues

To get an idea of the molecular mechanisms of NAA-ini-
tiated TE differentiation, we examined in detail the
expression profiles of auxin-related gene homologues
(Fig. 2; Supplemental Table 5). The Aux/IAA proteins and
the auxin response factors (ARFs), are key regulators of
auxin-modulated gene expression (Abel and Theologis
1996; Hagen and Guilfoyle 2002; Liscum and Reed 2002)
This Zinnia microarray contained five cDNAs with simi-
larities to a class of auxin early response genes, Aux/IAAs.
Four of them (7824, 71689, Z3615, and Z2172) started
being expressed 0.7 h after NAA addition, while Z5079
was not induced significantly by NAA treatment (Fig. 2).
Most ARF homologues were up-regulated in response to
NAA treatment (Fig. 2). In particular, the expression of
78416, 721496, and Z3670 was increased as early as 4 h
after NAA addition. Other genes, including BIGs and TIRs
(Gil et al. 2001; Dharmasiri et al. 2005) did not show a
remarkable change after NAA treatment, except Z4733 and
7464 (Fig. 2). ZA733 and Z464, which have similarities
with IAA-alanine resistance protein 1 (IAR/) involved in
IAA homeostasis (Lasswell et al. 2000), were up-regulated
by NAA addition.

Expression analysis of Zinnia auxin carrier homologues

Our microarray contained two cDNAs (23936 and Z4786)
with similar to Arabidopsis AUX1. These genes were up-
regulated after 4 h of NAA addition (Fig. 2), suggesting
that auxin activates auxin influx.
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Fig. 2 Expression profiles of auxin-related genes homologue. Gene
expression patterns of auxin-related gene homologues in cells
cultured with only NPA (NPA + DMSO) or NPA plus NAA
(NPA + NAA). The color scale indicates the expression levels.
The results of BLASTX search of each clone against Arabidopsis
database are shown in Supplemental Table 5

Because, unfortunately, cDNAs for auxin efflux carri-
ers did not reside on Zinnia microarray, we tried to isolate
PIN homologues from a Zinnia cDNA library. As a result,
we succeeded in isolation of full length of cDNAs for five
different Zinnia PIN homologues, ZePINa, ZePIND,
ZePINc, ZePINd and ZePINe. ZePINa, ZePINb and
ZePINc were quite similar to Arabidopsis PIN1. ZePINd,
and ZePINe were similar to Arabidopsis PIN3/PIN4/PIN7
(Fig. 3a). We also isolated full length cDNA sequences of
the two AUXI homologues, and named ZelLAXI (Zinnia-
like AUXI genel) (Z3936) and ZeLAX2 (Z4786)
(Fig. 3b).

Using these ZePIN cDNAs together with two ZeLAX
cDNAs, we performed quantitative RT-PCR. The tran-
scripts for all these cDNAs increased at 60 h of culture and
NPA suppressed this increase (Fig. 4a—g). The feeding of
NAA to NPA-treated Zinnia cells induced increase in
transcripts for ZeLAX] and ZeLAX2 at 4 and 12 h, which
confirmed microarray data. Similarly, transcripts for ZeP-
INa, ZePINb, ZePINd, and ZePINe were up-regulated by
NAA at 4 and 12 h, although transcript for ZePINc
increased not only by NAA but also by DMSO treatment.
These results clearly indicate that auxin up-regulates
transcript levels of both auxin influx and efflux carries.
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Expression profiles of brassinosteroid (BR), cytokinin
and gibberellin (GA)-related gene homologues

BR and cytokinin are essential hormones for vascular dif-
ferentiation (Fukuda 2004). Therefore, we examined the

NPA+DMSO

expression pattern of BR and cytokinin-related genes after
NAA-treatment (Fig. 5a, b; Supplemental Table 5). From
Zinnia, many BR biosynthesis-related cDNAs have been
isolated (Yamamoto et al. 2001). Yamamoto indicated
that most of such BR biosynthesis-related genes were
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up-regulated in association with the progress of stage 2. Of
these genes, only ZeDWF4, which catalyzes a key step of
BR biosynthesis (Yamamoto et al. 2007), was up-regulated
significantly after 4 h of NAA addition (Fig. 5a). The
expression of other BR-biosynthesis-related genes includ-
ing ZeDWARF rather decreased after NAA-treatment.
Transcripts for Z2312, which is a BASI gene encoding a
BR inactivating enzyme (Neff et al. 1999; Turk et al.
2003), were also decreased by NAA. On the other hand, the
expression of BR signaling-related genes was not much
affected by NAA addition (Fig. 5a).

Cytokinin signaling-related genes were not significantly
affected by NAA either, although some genes seemed to be
down-regulated by NAA treatment (Fig. 5b; Supplemental
Table 5). In contrast, the expression of a cytokinin oxidase
gene homologue (Z4008, CKX; Werner et al. 2003) was
strongly expressed 4 h after NAA addition and kept high
levels thereafter, suggesting that auxin may activate cyto-
kinin oxidase and consequently reduce cytokinin levels in
the early stage of TE differentiation (Fig. 5b). We will
describe the further analysis of the relationship between
auxin and cytokinin oxidase genes below.

It has been suggested that GA may be involved in TE
differentiation (Kuriyama and Fukuda 2001; Tokunaga
et al. 2006). In our result, the expression of a GA biosyn-
thesis gene, a KAO2 homologue (Z606; Helliwell et al.
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Z:DMI hiod
Z3s1
z34z2 30
BR si i 79103
signaling e 28
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Fig. 5 Expression profiles of hormone-related gene homologues.
Gene expression patterns of BR-related gene homologues (a),
cytokinin-related gene homologues (b), GA-related gene homologues
(¢), JA, ABA, and ethylene-related gene homologues (d) in cells
cultured with only NPA (NPA 4+ DMSO) and NPA plus NAA
(NPA + NAA). The color scale indicates the expression levels. The
results of BLASTX search of each clone against Arabidopsis database
are shown in Supplemental Table 5
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2001) was significantly up-regulated 4 h after the NAA
addition (Fig. 5c¢; Supplemental Table 5).

Expression profiles of jasmonic acid (JA), abscisic acid
(ABA) and ethylene-related gene homologues

The expression of genes that are possibly associated with JA
biosynthesis (Z8696, 78562, 77649, and Z7386) and JA
signaling (Z8771 and Z7791) was suppressed by NAA
treatment (Fig. 5d; Supplemental Table 5). Because most of
these genes are expressed in stage 1 (0 and/or 24 h in control
D-culture), this result is consistent with the idea that NAA
suppresses the further progression of stage 1. Similarly,
cDNAs with homologies to ABA biosynthesis-related genes
(Z4493 and Z6166), and to an ABA-responsive element-
binding protein AREB2 (Z5783; Uno et al. 2000) were
down-regulated by NAA addition (Fig. 5d; Supplemental
Table 5). NAA did not much affect genes related to ethylene
biosynthesis and signaling, except a 2-oxoglutarate-depen-
dent dioxygenase homologue (Z9464; Trentmann and
Kende 1995), which was down-regulated by NAA addition
(Fig. 5d; Supplemental Table 5).

Expression analysis of Arabidopsis cytokinin oxidase
genes

As mentioned above, we found that NAA promoted the
expression of a CKX gene. To investigate the regulation

AtCKX1

AtCKX6

ZeCKX

AtCKX7

AtCKX5

AtCKX3

AtCKX4

_01 AtCKX2

Fig. 6 Phylogenic tree of CKX proteins. A phylogenic tree of CKX
proteins. An unrooted phylogenetic tree was drawn using the full-
length sequences of proteins. ClustalX and Njplot software were used
for protein alignment and construction of the relationship tree,
respectively. Numbers indicate the bootstrap values
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mechanism of cytokinin oxidase during transdifferentiation
into TEs, we isolated a full length cDNA of Zinnia CKX.
Deduced amino acid sequence of ZeCKX was highly
homologous to those of Arabidopsis CKX1 (At2g41510)
and CKX6 (At3g63440; Fig. 6).

Therefore, we studied the spatial expression pattern and
auxin response of Arabidopsis CKXI and CKX6 using pro-
moter::GUS fusion constructs in Arabidopsis (Werner et al.
2003). AtCKX1::GUS plants did not show detectable levels
of GUS activity even when treated with IAA. Three-day old
seedlings harboring ArCKX6::GUS were treated with or
without 10 uM IAA for 6 h in liquid medium (Fig. 7). In
non-treated seedlings, weak AfCKX6::GUS expression was
detected in the procambium (Fig. 7a, c, ). IAA treatment
enhanced the GUS activity in the procambium (Fig. 7b, d, f).
GUS expression was also observed in stomata of mature
leaves. However, auxin treatment did not strongly influence
the GUS activity in stomata (data not shown). These results
supported our data from cell culture experiment showing
that auxin promotes the expression of a cytokinin oxidase
gene specifically in the procambium and/or developing TEs.

Discussion

Auxin promotes an early transdifferentiation process in
vascular differentiation

Auxin is necessary for transdifferentiation into TEs in
Zinnia culture system. However, it is not known yet how
and when auxin works in TE differentiation. The result of
our microarray analysis implies that auxin acts at the
transition from stage 1 to 2 of TE differentiation. Auxin
may act during the transdifferentiation process to repress
wound response and promote early vascular differentiation.
We also found that in the entry into stage 2, auxin
regulated the expression of a number of genes at an early
stage of TE differentiation. As early up-regulated genes,
we identified 149 cDNAs, which included genes for pro-
teins related to hormone biosynthesis, metabolism,
methylation, redox, transport, and transcription factors.
Genes that were expressed within 4 h after NAA treat-
ment included three genes, 2567, ZeHB10, and ZeHBI3
(Z3685) encoding well-known transcription factors. Kubo
et al. (2005) found VASCULAR-RELATED NAC-DOMAIN
PROTEINs (VNDI-VND7), which are NAC-domain tran-
scription factors, expressed in association with vascular
differentiation in Arabidopsis. Overproduction and sup-
pression of VND6 and VND7 demonstrated that these genes
are master genes inducing differentiation into metaxylem
TEs and protoxylem TEs, respectively. Zinnia 7567 is
homologous to VNDs, especially to VNDI, VND2, and
VND3. Promoter analysis indicated that VNDI-VND3 are

expressed preferentially in procambial cells next to the
quiescent center (Kubo et al. 2005).

It has been known that the differentiation of xylem cells
from procambial cells is coupled with the gradual expres-
sion of HD-ZIPIII homeobox genes (Ohashi-Ito et al. 2002,
2005; Ohashi-Ito and Fukuda 2003): mRNA for ZeHBI13
(corresponding to AtHB15) accumulates in procambial and
xylem precursor cells and mRNAs for ZeHBI0 (corre-
sponding to AtHBS8) accumulates highly in xylem precursor
cells and developing TEs. AtHB15 and AtHBS are also
expressed strictly in vascular bundles, in particular, in the
procambial or xylem precursor region (Baima et al. 1995;
Kang and Dengler 2002; Ohashi-Ito and Fukuda 2003).

Thus the finding that NAA induces the homologue of
VNDs, ZeHB10, and ZeHB13 within 4 h, demonstrates that
auxin is a very early, if not direct, factor initiating vascular
cell differentiation.

Possible members of auxin signal transduction factors
in early vascular development

The microarray analysis also showed that various genes
involved in auxin-signal transduction or metabolism were
up-regulated by NAA addition. In our experiment, three
members of the Aux/IAA family, JAA4 homologues (2824
and Z1689), an IAAI3 homologue (Z3615) and an IAA9
homologue (Z2172) were expressed after 0.7 h of NAA
application, while another member was induced more
slowly by NAA, suggesting that not all but a limited
number of Aux/I[AA family members are expressed at the
transition from stage 1 to 2. Groover et al. (2003) showed
that zIAAS, which is a Zinnia homologue of Arabidopsis
IAAS8 and JAA9, was expressed preferentially in primary
vasculature in seedlings. Therefore, Z2172 and probably
7824, 71689, and Z3615 may also act in early vascular
differentiation, although we cannot exclude the possibility
that these genes are induced in all cell types by auxin. On
the other hand, our Zinnia microarray contained nine
cDNAs with similarity to ARF family genes. Of these
genes, ARF4 homologues (28416 and Z3670) and a
MONOPTEROS (MP) homologue (Z1496) were up-regu-
lated after 4 h of NAA addition. Mutations in MP interfere
with the formation of vascular strands at all stages (Berleth
and Jiirgens 1993). Therefore, the ARF4 proteins as well as
MP might be involved in early auxin signaling, directing
vascular cell differentiation together with the vascular tis-
sue-related Aux/IAA family members.

Positive-feedback of auxin may promote vascular
differentiation

The “auxin flow canalization hypothesis”, has suggested
that auxin flow which starts initially by diffusion, induces
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Fig. 7 AtCKX6::GUS
expression patterns. Three-day-
old AtCKX6::GUS seedlings
were treated with (b, d, f) or
without (a, ¢, e) 10 pM TAA for
6 h in liquid medium. Whole
plant (a, b), cotyledon (c, d),
and root (e, f). Arrowheads
indicate developing TEs (c—f).
DIC Images are shown. The
bars represent 100 pm

the formation of polar auxin transport cell system, which in
turn promotes auxin transport, leading to canalization of
auxin flow along a narrow file of cells (Sachs 2000). This
continuous polar transport of auxin through cells finally
results in the differentiation of strands of procambial cells
and then vascular strands. This hypothesis predicts a positive
feed back mechanism that stimulates auxin conductivity
within preferred routes of auxin transport (Berleth and
Mattsson 2000). Recent studies indicated that auxin-
dependent localization of PIN1 protein is a component of the
positive feedback loop to form vascular strands (Scarpella
etal. 2006). It has been suggested that AUX1 and PIN1 work
together and restrict auxin flow in developing tissues
(Reinhardt et al. 2003; Bainbridge et al. 2008). In this study,
we demonstrated that most genes encoding auxin influx and
efflux carrier proteins were rapidly up-regulated in xylo-
genic Zinnia culture cells by NAA. Therefore, an auxin-
dependent transcriptional activation of the genes for auxin
influx and efflux carriers may also function as a component
of positive feedback loop of polar auxin transport predicted
in the auxin flow canalization hypothesis. An unsolved
important question is if these carrier proteins are necessary
for differentiation into procambial cells and/or xylem cells.

Auxin affects various hormonal events during TE
differentiation

Auxin also affected expression of genes related to various
plant hormones on our microarray. Not all but many genes
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related to biosynthesis and signaling of ABA and JA were
repressed by NAA addition. Because ABA and JA are
known as wound-related hormones, NAA may function in
healing of wound due to the preparation of mesophyll cells.

Yamamoto et al. (1997, 2001) showed that BRs are
synthesized actively during stage 2, and are necessary for
differentiation of procambial cells to xylem cell precursors
and/or of xylem cell precursors to TEs and xylem paren-
chyma cells (Fukuda 2004). An active BR, brassinolide
(BL) is biosynthesized by various enzymes including many
P450 proteins. One of them DWF4, is a cytochrome P450
mediating the 22 «-hydroxylation to produce 6-Deoxoca-
thasterone (6-DeoxoCT) and cathasterone (CT), and is a
key enzyme of BR biosynthesis (Choe et al. 1998). We
found that Zinnia DWF4 (ZeDWF4) was greatly up-regu-
lated 4 h after the addition of NAA, while other BR
biosynthetic genes were not induced significantly by NAA.
Rather, a Zinnia homologue of DWARF, which encodes
another P450 enzyme catalyzing a final step of castasterone
(CS) and BL biosynthesis, was repressed after NAA
addition. Interestingly, BAS1, which encodes a cytochrome
P450 involved in the inactivation of BL and CS (Neff et al.
1999; Turk et al. 2003), was up-regulated 4 h after of NAA
addition. These results suggest that auxin promotes the
biosynthesis of BL intermediates, but suppresses BL bio-
synthesis and inactivates BL. This suggestion is consistent
with the fact that in stage 2, BL intermediates accumulate
but the levels of CS and BL are quite low (Yamamoto et al.
2001). The low levels of active BRs may function to
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suppress an immediate differentiation into TEs. Thus,
auxin may regulate BR levels in a sophisticated manner.

A GA synthesis-related gene is up-regulated rapidly by
NAA. Previous studies indicated that GA promotes lignifi-
cation by activating the polymerization of lignin precursors
in Zinnia culture system (Tokunaga et al. 2006). Therefore,
this result suggests that auxin may enhance lignification
during TE differentiation through up-regulation of GA
biosynthesis genes.

Cytokinin oxidase is up-regulated by auxin in vascular
tissues

Cytokinins are other crucial factors for vascular differenti-
ation (Fukuda 2004). We found that Z4008, which encodes
cytokinin oxidase (CKX), was up-regulated transiently 4 h
after of NAA addition but not at 0.7 h. Degradation of
cytokinins catalyzed by cytokinin oxidase is an important
mechanism by which plants modulate their cytokinin levels
(Brugiere et al. 2003; Schmiilling et al. 2003; Werner et al.,
2003). The CKX gene family in the Arabidopsis genome
comprises seven members (Schmiilling et al. 2003; Werner
etal. 2003). Full length cDNA (ZeCKX) of Z4008 which was
similar to AtCKX1 and AtCKX6.

Itis reported that in 35S::ArCKX1 transgenic Arabidopsis
plants, the expression of the cytokinin reporter ARRS5::GUS,
was reduced, indicating the enhanced cytokinin breakdown
by AtCKX1 (Werner et al. 2003). Werner et al. showed that
AtCKX1 was expressed in the shoot apex, lateral shoot
meristems, and growing tissues of young flowers and the
vascular cylinder at the site of growing lateral roots. In
contrast, AtCKX6::GUS expression was mainly found in the
vasculature of young growing leaves and during the matu-
ration phase of stomatal guard cells (Schmiilling et al. 2003).
Our analysis revealed that AtCKX6::GUS expression was
specifically localized in the procambium in leaves and
expression levels were increased by auxin. This result
indicates that, even in whole plants, auxin promotes the
transcription of a specific CKX(s) only in developing vas-
cular cells. Therefore, cytokinin levels may decrease at the
early stage of vascular differentiation mediated by auxin.
Indeed Church and Galston (1988) showed that Zinnia cells
required an initial 24 h exposure to cytokinin for TE dif-
ferentiation at 72 h of culture, suggesting that cytokinin may
be needed only during early vascular differentiation. Fur-
thermore, Carabelli et al. (2007) showed a low R/FR light
promotes DR5::GUS and AtCKX6::GUS expression in
vasculature. Mdhonen et al. (2006) showed that cytokinin is
needed for the maintenance of the procambium but it neg-
atively regulates protoxylem specification.

Altogether a working hypothesis may be postulated that
cytokinin is needed before procambium formation and
auxin induces a CKX gene(s) to reduce cytokinin levels,

which in turn promote further development of the pro-
cambium and/or the xylem from the procambium.
Interestingly, the promoters of both AtCKX6 and ArCKX]
contain an auxin-responsive element, AuxRE in their
proximal region. This fact suggests that auxin-responsive
transcription of these CKXs is regulated by ARFs. Further
analysis is required to reveal the role of CKXs as a link
between auxin and cytokinin-related events in plant
development.
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