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Auxin plays a key role in lateral root formation, but the signaling pathway for this process is poorly
understood. We show here that NAC1, a new member of the NAC family, is induced by auxin and mediates
auxin signaling to promote lateral root development. NAC1 is a transcription activator consisting of an
N-terminal conserved NAC-domain that binds to DNA and a C-terminal activation domain. This factor
activates the expression of two downstream auxin-responsive genes, DBP and AIR3. Transgenic plants
expressing sense or antisense NAC1 cDNA show an increase or reduction of lateral roots, respectively. Finally,
TIR1-induced lateral root development is blocked by expression of antisense NAC1 cDNA, and NAC1
overexpression can restore lateral root formation in the auxin-response mutant tir1, indicating that NAC1 acts
downstream of TIR1.
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NACs are a family of genes specific to plants and are
found to play a role in a diverse set of developmental
processes. The encoded proteins are characterized by
highly conserved domains in the N-terminal region, but
their C-terminal sequences are divergent in both length
and amino acid sequence. As a family, NACs show no
definitive sequence homology to any other proteins, and
computer-based searches detect no known functional
motifs. The first NAC genes described were NAM of pe-
tunia (Souer et al. 1996) and CUC2 of Arabidopsis (Aida
et al. 1997); both were recovered from screens for mu-
tants defective in the shoot apical meristem (SAM) de-
velopment. In addition to SAM defects and cotyledon
fusions, both nam and cuc2 mutants also displayed fu-
sions and duplications of floral organs. Another Arabi-
dopsis NAC gene, NAP (Sablowski and Meyerowitz
1998), has been isolated as a target of Apetala3 and its
role in controlling cell expansion in specific flower or-
gans has been hypothesized. Other NACs have been
found to be up-regulated during senescence in nonmer-
istematic tissues (John et al. 1997); thus, members of the
NAC family seem to play different roles in plant devel-
opment. Because some NAC proteins can bind and acti-
vate a 35S promoter in yeast (H. Hirt, unpubl.), a func-
tion as transcription factors has been hypothesized (Xie
et al. 1999).

The process of lateral root development has been the
subject of several studies, but the underlying genetic
pathway is still largely undefined (Malamy and Benfey
1997a). Growth of a new lateral root is initiated from a
subepidermal layer—the pericycle. Only the pericycle
cells adjacent to the protoxylem poles have the capacity
to generate lateral root. Environmental factors, such as
the availability of water and nutrient, determine which
of these properly positioned pericycle cells will form a
new root. A considerable body of evidence has indicated
that auxin plays a pivotal role in this process (for review,
see Malamy and Benfey 1997b). Screens for mutants with
lateral root formation resistant to the auxin signal have
uncovered the involvement of several mediating genes.
Only a few of these, however, have been cloned, and for
most, the biological function of the protein products re-
mains unknown. One exception comes from the molecu-
lar analysis of the auxin-resistant mutants tir1 (Gray et
al. 1999) and axr1 (Leyser et al. 1993), whose wild-type
gene products have been identified as members of a ubiq-
uitin pathway. It is likely that activation of this pathway
allows pericycle cells, otherwise arrested in G2-phase, to
reenter the cell cycle. In addition to auxin-resistant mu-
tants, only one other mutant, alf-4, has been found to
have a specific defect in lateral root initiation (Celenza et
al. 1995); the alf-4 gene remains uncloned. The genes
activated downstream of lateral root initiation are even
less characterized. One study identified few genes that
are induced during lateral root formation, some of which
encode products with characteristics of extracellular pro-
teases (Neuteboom et al. 1999a,b).
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In this study, we describe NAC1, a NAC family gene
that plays an intermediary role in auxin-induced devel-
opment of lateral roots. Whereas several other studies
have shown that NACs participate in patterning of mer-
istematic tissue in the SAM and floral meristem, this is
the first report of a NAC influencing the initiation and
development of lateral roots.

Results

NAC1 is expressed in root tips, cotyledons, and leaves

To determine genes of interest, several NACs (available
as complete cDNAs from the ESTs stock center) were
assayed throughout development by Northern blot and
in situ hybridizations. Because these genes have a high
degree of sequence conservation in the 5� coding region,

3� DNA fragments were used as specific probes. One
family member, designated NAC1, displayed a particu-
larly interesting expression pattern. NAC1 was ex-
pressed at a moderate level in 2-wk-old seedlings, how-
ever, in dissected tissues of mature plants it was ex-
pressed at high levels in roots, at low levels in stems and
leaves, and not at all in flowers or siliques (Fig. 1C).
Whole-mount in situ hybridization of 7–12-d-old seed-
lings detected three tissues actively expressing the
NAC1 gene: the expanding cotyledons, the primordia of
the developing leaves, and the root tip and lateral root
initiation site (Fig. 1D). The pattern of expression in the
root tips and lateral root initiation sites were the most
striking. It was observed at a high level in root primordia,
yet as the root elongated, NAC1 expression was confined
to the meristem and the expansion region (Fig. 1D, pan-
els 1,2,4).

Figure 1. Nucleotide sequence and expression pattern of the NAC1 gene. (A) Nucleotide and amino acid sequences of NAC1 gene.
The highly conserved region of NAC family members is boxed, and the putative bipartite nuclear localization signal is shaded
(GenBank accession no. AF198054). (B) A schematic diagram showing the genomic structure of the NAC1 gene (GenBank accession
no. AC002304). Open triangles represent introns. The first intron is 1215 nucleotides in length, with its 5� splice junction at position
bp 288 of the cDNA, and the second intron is 102 nucleotides, with its 5� splice junction at position 568. The five conserved regions
within NAC family members are indicated by I–V. AA, amino acid. (C) Organ-specific expression of the NAC1 gene. Seedlings were
harvested from 2-wk-old plants. Cauline leaves (leaf), main and lateral stems (stem), flower clusters (flower), and siliques at different
stages and maturity (silique) were harvested from 35–40-d-old plants grown in a growth chamber. Roots were taken from 2-wk-old
seedlings grown vertically on MS medium. The filter was hybridized with a NAC1 cDNA 3� fragment encoding the C-terminal region
(amino acids 200–324) of NAC1. The 18S rRNA was used as a loading control. (D) Tissue-specific expression of NAC1. Whole-mount
in situ hybridization was performed with a digoxigenin-labeled (DIG) NAC1 cDNA 3� fragment encoding the C-terminal region (amino
acids 200–324) of NAC1 (1,2,4) and with a DIG-labeled sense probe (3). NAC1–GUS expression in 10-d-old seedlings (5,6). Scale bar,
0.1 mm.
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To confirm these results, a construct containing a 2-kb
DNA fragment upstream of the NAC1 coding region was
fused to a �-glucuronidase (GUS) reporter gene, and sev-
eral independent transgenic lines were analyzed. GUS
activity was observed in the root primordia and in lateral
root initiation points (Fig. 1D, panel 6) and moderate
activity was observed in the cotyledons (Fig. 1D, panel
5). In the leaf primordia, a signal, which diminished as
the leaf matured, was also observed. This expression pat-
tern correlated well with that observed by in situ hybrid-
izations (Fig. 1D, cf. panels 1,2,4 with 5,6), indicating
that NAC1 has a unique expression pattern compared
with other NAC genes.

The structure of the NAC1 gene

The NAC1 cDNA is 1272 bp in length and encodes a
protein of 324 amino acids (Fig. 1A). The N-terminal 172
residues contain the five conserved blocks of homology
that characterize the NAC family. The divergent C ter-
minus of 152 amino acids displays no homology to other
known proteins. Computer analysis detected a putative
bipartite nuclear localization signal sequence (NLS) be-
tween amino acids 120 and 137. Recently, the genomic
region containing NAC1 has been sequenced, revealing
that it lies on chromosome 1 and has two introns within
its coding region (Fig. 1B). Southern blot analysis indi-
cated that NAC1 is a single-copy gene (data not shown).

Nuclear localization of GFP–NAC1 fusion protein

The detection of a putative NLS implies that NAC1 can
be localized to the nucleus. To test this, transgenic lines
carrying a GFP-NAC1 fusion gene expressed under the
control of a dexamethasone-inducible GVG promoter
(Aoyama and Chua 1997) were generated. Seeds of sev-
eral independent transgenic lines were germinated in
darkness in the absence or presence of dexamethasone
(dex) and the hypocotyl of 7-d-old seedlings examined by
confocal microscopy. In the absence of dex, no fluores-
cence was observed (Fig. 2A, panel 2), however, in the
presence of dex, the GFP–NAC1 was localized exclu-
sively to the nucleus (Fig. 2A, panel 4).

NAC1 is a DNA binding protein

Recently published studies suggest that NAC family
members, such as NAM, CUC2, and GRAB1/2, may
function as transcriptional factors (Aida et al. 1999; Xie
et al. 1999). The wheat NACs, GRAB1 and GRAB2, bind
to a 500-bp fragment of the 35S promoter (Q. Xie and C.
Gutierrez, unpubl.). To test NAC1 for this activity, a
recombinant GST–NAC1 fusion protein was expressed
in Escherichia coli, purified and assayed for DNA bind-
ing. Figure 2B shows that NAC1 was indeed able to bind
to the 35S −90 promoter fragment (Fig. 2B, cf. lanes 2–5
with 6–9). The −90 region of the 35S promoter is known
to contain an AS1 element (TGACG), a binding site for

Figure 2. Nuclear localization and DNA
binding of NAC1 protein. (A) Nuclear lo-
calization of NAC1 protein. Transgenic
plants carrying a GFP–NAC1 fusion gene
under the control of a dex-inducible pro-
moter (Aoyama and Chua 1997) were ger-
minated on MS medium with 3% sucrose
in the absence or presence of dexametha-
sone in the dark, as described in Materials
and Methods. Hypocotyl regions of etio-
lated seedlings were analyzed by confocal
microscopy. (1,2) No dexamethasone; (3,4)
with 10 µM dexamethasone; (1,3) trans-
mitted light reference image of hypocotyl
cells; (2) no fluorescence was detected; (4)
induced fluorescence expression of GFP–
NAC1. Arrows indicate the position of
nucleus in the cells. (B) Interaction of
GST–NAC1 fusion protein with the −90 to
+9 fragment of CaMV 35S promoter. Lane
1, 500 ng of GST; lanes 2,6, 10 ng of GST–
NAC1; lanes 3,7, 100 ng of GST–NAC1;
lanes 4,8, 250 ng of GST–NAC1; lanes 5,9,
500 ng of GST–NAC1. Lanes 6–9 con-
tained 250-fold of unlabeled −90 to +9 frag-
ment of 35S promoter. (C) A schematic
diagram showing the different NAC1 pro-
tein derivatives used for the DNA gel shift experiment in D. Numbers indicate the amino acid residue at the N and C termini of the
various NAC1 derivatives. (D) Interaction of the various NAC1 derivatives with the −90 to +9 fragment of the 35S promoter. (1) GST;
(2) GST–NAC1 (1–324); (3) GST–NAC1 (1–199); (4) GST–NAC1 (1–132); (5) GST–NAC1 (133–324). 20 ng of each recombinant protein
was used.
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bZIP transcription factors (Izawa et al. 1993). Therefore,
the 20-bp segment (CTGACGTAAGGGATGACGCAC)
from −83 to −63 that contains the AS1 element was used
as probe and found to be recognized by GST–NAC1 (data
not shown). However, when a fragment (CTGctGTA
AGGGATGctGCAC) mutated in the AS1 element was
tested, the binding was only partially affected (data not
shown), whereas no binding activity was detected when
the same mutant was tested with ASF-1, a member of
bZIP transcription factors (Qin et al. 1994). These studies
indicate that although the recognized sequence element
is located within the −83 to −63 region, the sequence
requirement is different from the AS1 element. Thus,
the binding sequence determinants of NAC1 are distinct
from those of bZIP transcription factors.

To establish the minimum length of NAC1 required
for recognition of the 35S promoter, deletions of NAC1
(Fig. 2C) were tested. The conserved N-terminal 199 resi-
dues of the NAC domain did display the interaction (Fig.
2D, lane 3), whereas deletion of an additional 67 amino
acids abolished binding activity (Fig. 2D, lane 4). How-
ever, these 67 residues alone were not sufficient to bind
DNA (Fig. 2D, lane 5). Therefore, a significant portion of
the NAC domain is required for DNA binding activity.

The C-terminal domain of NAC1 has transactivation
activity

The evidence that NAC1 contains an NLS and a DNA
binding domain suggests that NAC1 may be a transcrip-
tion factor. We therefore tested for the presence of an
activation domain in NAC1, first using yeast as an assay
system (see Materials and Methods). Here, NAC1 fu-
sions to the GAL4 DNA binding domain were assayed
for the ability to activate transcription from the GAL4
upstream activation sequence (UAS) and promote yeast
growth in the absence of histidine (Fig. 3A). Although
the complete NAC1 protein showed only a modest level
of activation capacity (Fig. 3A, row 2), when assayed in
the absence of the N terminus, the C-terminal 181–
amino-acid fusion protein was a potent activator (Fig.
3A, row 5). Deletion analysis of this C-terminal domain
showed that amino acids 270–324 exhibited only a mod-
erate level of activity (Fig. 3A, row 7), and residues 143–
269 promoted somewhat more growth in the absence of
histidine, yet not as robust growth as that observed with
the intact C terminus (Fig. 3A, row 6). However, growth
promoted by the 143–269 fragment cannot be directly
compared to the others, as its expression had a deleteri-
ous effect on the yeast even in the absence of selective
pressure (Fig. 3A, row 6).

To further test the ability of the NAC1 fragments to
activate transcription in plant cells, we performed simi-
lar studies using onion epidermal cells as an assay sys-
tem and luciferase as a reporter enzyme (see Materials
and Methods). The results confirmed and extended those
described in the yeast-based experiments (Fig. 3B). Again,
the full-length fusion NAC1 only displayed a moderate
capacity to activate the reporter gene, yet the activity of
the C-terminal half was comparable to that conferred by

the VP16 activation domain. Interestingly, in onion cells
we found that the 143–269 region had ninefold more ac-
tivity than the 270–324 fragment, showing that the
former fragment contained the most potent activation
domain.

Our experiments identified a transcriptional activa-
tion domain in the NAC1 C terminus using two inde-
pendent systems. These data, together with those show-
ing DNA binding activity and the presence of an NLS
that localizes the protein exclusively to the nucleus, pro-
vide strong evidence that NAC1 is a transcriptional ac-
tivator.

The dimerization function of the NAC domain

We tested the ability of NAC1 to dimerize in a yeast
two-hybrid assay. The presence of the NAC1-GAL4 ac-
tivation domain fusion protein and the NAC1–GAL4
DNA binding domain fusion protein resulted in signifi-
cantly more growth than the autoactivation seen with
the latter alone (Fig. 3C), suggesting that NAC1 can in-
deed dimerize. To define the dimerization domain,
NAC1 deletions were fused to the GAL4 activation do-
main and assayed for interaction with the 199-amino-
acid N-terminal peptide of NAC1 fused to the GAL4
DNA binding domain (Fig. 3D). The NAC1 activation
domain could not be tested for a possible dimerization
function because it would autoactivate the system at a
low level. Here, the conserved N-terminal NAC domain
was able to dimerize; however, removal of ∼45 amino
acids from both ends abolished the interaction (Fig. 3E).
These data show that the NAC1 dimerization activity is
located within the NAC domain and that more than one
region of this domain participates in the association.

NAC1 overexpression affects plant size and lateral
root development

To investigate the biological function of NAC1, several
independent transgenic lines overexpressing the NAC1
cDNA under the control of either the 35S or a dex-in-
ducible promoter (Aoyama and Chua 1997) were ana-
lyzed. 35S::NAC1 overexpressing lines, either grown on
plates or in soil, were bigger, with larger leaves, thicker
stems, and more abundant roots compared with control
plants (Fig. 4A,B, cf. transgenic control containing an
empty vector with lines carrying the 35S::NAC1 trans-
gene). Consequently, an increase in the total fresh
weight, ranging from 1.6- to 2.6-fold, was observed in the
overexpressing lines, though the dry weight increased
only 1.2-fold with respect to control in 25-d-old seedlings
(data not shown). Scanning electron microscopy analysis
(SEM) showed that cells in older leaves of the 35S::NAC1
plants were significantly larger (data not shown). On ver-
tically oriented plates it could be seen clearly that the
greater root mass resulted from an increase in abundance
and length of lateral roots (Fig. 4C). Similar results were
obtained when Dex-inducible NAC1 transgenic plants
were grown on induction medium with respect to unin-
duced plants (data not shown).

NAC1 mediates auxin signal in lateral root formation

GENES & DEVELOPMENT 3027

 Cold Spring Harbor Laboratory Press on August 24, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Reduced lateral roots in NAC1 antisense plants

35S::NAC1 antisense lines were generated by expressing
a 600-bp 3� fragment of NAC1 cDNA in the antisense
direction, encoding the NAC1 C terminus divergent re-
gion and the 3� UTR. This antisense construct is specific
for NAC1 gene, as a single band was detected in both
Southern and Northern blot hybridizations. Also, this
600-bp DNA fragment showed no significant sequence
homology with any other sequences in the Arabidopsis
genome database.

Four independent transgenic lines, which showed a re-
duction in the endogenous level of NAC1 transcript lev-
els, were analyzed (Fig. 6C, one representative line, see
below). One-week-old seedlings displayed no clear phe-
notype either in the aerial part or in the root. However,
at ∼10 d, a significant reduction in lateral root emergence

was observed, although once the few lateral roots
formed, there was neither a difference in the morphology
nor length compared with wild-type lateral roots (Fig. 4,
anti-3� panel).

NAC1 is involved in the auxin-signaling pathway

Several lines of evidence indicate that auxin plays a cen-
tral role in lateral root initiation (Malamy and Benfey
1997b). To investigate whether NAC1 is involved in this
pathway, we tested its expression in response to auxin
treatment. Wild-type root cultures were treated with
auxin at different times, and samples were analyzed by
Northern blot hybridizations. An increase of NAC1 tran-
script level was indeed detected after only 30 min of
auxin exposure and reached a maximum level after 2 h.

Figure 3. Localization of the transactivation and the dimerization domain of NAC1. (A) Transactivation analysis of NAC1 in yeast.
NAC1 cDNA fragments encoding different portions of NAC1 were fused to DNA sequences encoding the Gal4 DNA binding domain
in the yeast vector pGBT8 and transformed into yeast strain HF7c. The transformation mixture was plated on MM plates with or
without histidine and the necessary amino acids. The plates were incubated for 3 d, and the results were scored. (B) Transactivation
domain analysis of NAC1 in vivo. NAC1 cDNA fragments encoding different portions of NAC1 were cloned into the plasmid pGal
and cobombarded into onion skin cells with the reporter gene plasmid pTALuc. Luciferase activities were measured by a highly
sensitive camera CCS system-ST138S to determine luciferase bioluminscence (Millar et al. 1992). (C) Dimerization of NAC1 analyzed
by yeast two-hybrid assay. Yeast HF7c cells were cotransformed with plasmids expressing the GAL4BD alone or GAL4BD–NAC1
fusion and the plasmids expressing the GAL4AD alone or fused to NAC1. Cells were streaked on plates with or without histidine plus
10 mM 3-AT (Sigma) according to the distribution shown in the center of picture. The ability to grow in the absence of histidine
depends on the functional reconstitution of a GAL4 activity. The plates were incubated for 3 d, and the results were scored. (D) A
schematic diagram showing the different NAC1 protein derivatives used for analysis of the NAC1 dimerization domain in yeast
two-hybrid system. (E) Interaction between the different NAC1 derivatives. All conditions used were the same as indicated in C.
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The induction level was maintained for 8 h, whereas the
steady-state expression was recovered after 24 h (Fig. 5,
cf. A with untreated samples in panel B). This expres-

sion kinetics indicates that NAC1 may be an early
auxin-responsive gene. Consistent with this notion, we
found two TGTCTC elements, identified as early auxin-
response elements (Ulmasov et al. 1997, 1999), at posi-
tion −1397 to −1392 and −508 to −503 in the NAC1 up-
stream region.

We next compared root induction by auxin in wild-
type and the different NAC1 transgenic lines. Plants
were exposed to active auxin (1-NAA), inactive auxin
(2-NAA), and antiauxin (PCIB), and the formation of lat-
eral roots was scored (Table 1). We found that the
35S::NAC1 transgenic lines developed more lateral roots
than wild-type control plants either in the presence or
the absence of active auxin in the medium. Thus, NAC1
and auxin may have a synergistic effect on lateral root
initiation process. Strikingly, the inductive effect of
auxin was significantly inhibited in 35S::anti-3� NAC1
transgenic lines.

NAC1 regulates the expression of two auxin-responsive
genes

Our data strongly indicate that NAC1 is a transcription
activator. To identify genes downstream of NAC1, we
used differential display (Fig. 6A) to compare the tran-
script expression profiles of transgenic lines in which
NAC1 was overexpressed or silenced using the GVG
dex-inducible system (Aoyama and Chua 1997). Among

Figure 4. Phenotypes of transgenic plants WT and transgenic
plants were either germinated on MS medium with 3% sucrose
or transferred to soil and grown in a growth chamber. (A) Con-
stitutive overexpression of the NAC1 gene produces bigger
plants. Transgenic plants carrying a 35S::NAC1 transgene
(NAC1-O) and transgenic plants carrying an empty vector (Vec-
tor) were germinated and grown on MS agar medium with 3%
sucrose for 25 d. Scale bar, 0.5 cm. (B) Soil-grown NAC1 trans-
genic plants also show an overall bigger size. Transgenic plants
carrying a 35S::NAC1 transgene (NAC1-O) and vector control
(Vector) plants grown in soil for 35 d. Scale bar, 1 cm. (C) Effects
of over- and underexpression of NAC1 on lateral root develop-
ment. Wild-type landsberg ecotype (Ler) and transgenic plants
carrying an empty vector (Vector), a 35S::NAC1 transgene
(NAC1), and a 35S-antisense 3� NAC1 (Anti-3�) were grown on
MS agar medium with 3% sucrose. Plants were photographed
after 14 d. Scale bar, 0.5 cm.

Figure 5. Induction of NAC1 gene expression by auxin. Roots
were separated from wild-type seedlings and cultured as de-
scribed in Materials and Methods. The active form of auxin,
1-NAA 2 µM was added to the culture, and samples were taken
at different times for RNA preparation. The filter was hybrid-
ized with a NAC1 cDNA fragment encoding the NAC1 C-ter-
minal region (amino acids 200–324). The 18S rRNA was used as
a loading control. (A) 1-NAA dissolved in 50% ethanol was
added to a final concentration of 2 µM. (B) As a control, the
same volume of 50% ethanol was added.
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the several candidates isolated, two transcripts, AIR3
and DBP, showed an increase in the overexpression lines
as well as a reduction in the antisense lines. Northern
blot analysis confirmed the increased expression of both
target genes in the NAC1-overexpressing lines and their
reduction in NAC1 3�-specific antisense plants when in-
cubated in the dex induction medium (Fig. 6A,B).

DBP encodes a ubiquitously expressed DNA binding
protein. Its expression level increases fourfold in tissues
undergoing rapid cell division and 10-fold in response to
auxin (NAA) treatment (Alliotte et al. 1989). AIR3 en-
codes a protein with homology to subtilisin-like prote-
ases (Neuteboom et al. 1999a,b). Interestingly, AIR3 was
initially isolated in a screen devised to recover genes
induced by auxin during lateral root development. AIR3
is a single-copy gene in Arabidopsis, although it belongs
to a small gene family. AIR3 transcript is detected in all
the plant tissues, but its expression in root increases on
auxin (NAA) induction after 4–8 h of treatment (Neute-
boom et al. 1999a). Our finding that two auxin-respon-
sive genes are up-regulated by an increase in NAC1 ex-
pression, together with the results showing that the
overexpression of NAC1 promotes lateral root forma-
tion, strongly suggest that NAC1 mediates the auxin sig-
nal in this developmental process.

NAC1 can induce AIR3 gene expression in vivo

Because AIR3 has been shown to be up-regulated during
lateral root development (Neuteboom et al. 1999a) and in
response to NAC1 overexpression, it is reasonable to hy-
pothesize that NAC1 may regulate AIR3 gene expression
in this developmental process. To test this hypothesis,
we analyzed the kinetics of AIR3 and NAC1 expression
in response to auxin treatment in wild type and
35S::NAC1 and 35S::anti-3� NAC1 transgenic (Fig. 6C).
As expected, auxin treatment increased both NAC1 and
AIR3 expression levels in wild-type plants but with dif-
ferent kinetics. NAC1 was induced earlier than AIR3,
whose transcript increased only after 16 h (Fig. 6C, WT).
When 35S::NAC1 lines were analyzed, higher AIR3
transcript levels were observed even in the absence of
auxin (Fig. 6C, NAC1-O). Nevertheless, AIR3 expres-

sion still increased on auxin exposure in the transgenic
plants (Fig. 6C, NAC1-O), consistent with the synergis-
tic effect of NAC1 overexpression and auxin treatment
observed in lateral root induction. Finally, in transgenic
35S::anti-3� NAC1 plants with reduced NAC1 expres-

Figure 6. Northern analysis of DBP, AIR3, and NAC1 gene
expression in the roots of transgenic plants. (A) Expression of
DBP in roots of GVG-transgenic plants. A 300-bp DNA frag-
ment encoding the C terminus of DBP isolated from differential
display was used as a probe. GVG–NAC1, transgenic GVG–

NAC1 overexpression plants; GVG–anti-3�, transgenic GVG–

NAC1 expressing dex-regulated 3�-specific NAC1 antisense. (B)
Expression of AIR3 in roots of GVG-transgenic plants. A 280-bp
DNA fragment encoding the C terminus of AIR3 isolated from
differential display was used as probe. (C) Northern blot analysis
of NAC1 and AIR3 gene expression in auxin-treated root sample
of transgenic plants. Roots were separated from the appropriate
transgenic seedlings and cultured as described in Materials and
Methods. 1-NAA was added to the cultures at a final concen-
tration of 2 µM, and samples were taken at different time for
RNA preparation. The probe for NAC1 is the same as Figure 1C.
The AIR3 probe is the same as used in panel B. WT, untrans-
formed wild-type plant; Vector, transgenic plants carrying the
empty vector; NAC1-O, transgenic plants with the 35S::NAC1

transgene; NAC1-anti-3�, transgenic plants carrying 35S::anti-3�

NAC1.

Table 1. Effects of auxin and antiauxin treatment on lateral root initiation in root cultures

Plantsa Treatmentb

Fold increase in the number of lateral roots

H2O 1-NAA 2-NAA PICB

WT 1.3c 16.8 1.4 1.2
Vector 1.2 17.2 1.5 1.3
35S-NAC1 4.7 24 5.2 4.4
35S-anti-3� NAC1 1.2 7.9 1.3 1.2

aWT, wild-type Landsberg; vector, transgenic line carrying the empty vector only; 35S-NAC1, transgenic line carrying 35S::NAC1

transgene; 35S-anti-3� NAC1, 35S-antisense 3� specific NAC1. The numbers of lateral roots per 30 root segments at the start of the
treatments were: WT, 14; vector, 13; 35S-NAC1, 23; and 35S-anti-3� NAC1, 11.
bFor details of hormone treatment, see Experimental Procedure.
cNumber refers to the fold increase in the number of lateral roots 48 h after the treatment compared with the number of lateral roots
at 0 h. Data were obtained by counting all root tips in two independent treatments.
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sion, AIR3 transcript was poorly or not induced at all
in response to auxin, further confirming the results
observed in the root-development assay (Fig. 6C, NAC1-
anti3�).

To check whether NAC1 can activate AIR3 transcrip-
tion, different combinations of plasmids harboring
AIR3–GUS fusion, 35S::NAC1, or 35S::GUS were used
to bombard onion peels. Table 2 shows the results ob-
tained from three independent experiments. Whereas
AIR3–GUS plasmid alone did not produce any GUS-
positive cells, co-bombardment with the 35S::NAC1
construct resulted in a large number of cells expressing
GUS. It should be noted that a lighter blue staining was
observed when compared to cells expressing 35S::GUS,
which was used as a positive control. As a negative con-
trol, we also examined the effect of 35S::NAC1 on
LAT52::GUS activity; the latter is known to confer pol-
len cells specific expression (Twell et al. 1990). No GUS-
positive cells were detected (data not shown), thus dem-
onstrating a specific activation of AIR3 promoter by
NAC1. When the same bombardment experiments were
repeated using tobacco BY2 cells as an in vivo expression
system, similar results were obtained (data not shown).
Taken together, our results indicate that NAC1 can
function as an intermediate between auxin and AIR3-
mediated lateral root development.

NAC1 overexpression restores lateral root formation
in tir1 mutant

To study the site of action of NAC1 in the auxin signal-
ing pathway leading to lateral root development, we in-
troduced the 35S::NAC1 transgene (NAC1-O) into the
Arabidopsis auxin-response mutant tir1. The tir1 mu-
tant is deficient in a variety of auxin-regulated growth
processes, including hypocotyl elongation and lateral

root formation (Ruegger et al. 1998). TIR1 encodes the
Transport Inhibitor Response 1 protein, which contains
a series of leucine-rich repeats and a recently identified
motif called F box. Sequence comparisons indicate that
TIR1 is related to the yeast protein Grr1p and the human
protein SKP2, which are involved in ubiquitin-mediated
proteolysis processes. The overexpression of TIR1 pro-
motes auxin response, suggesting that this protein is a
limiting factor for appropriate hormonal response (Gray
et al. 1999). Figure 7A shows that overexpression of
NAC1 in tir1 can rescue the deficiency in lateral root
formation, giving a root phenotype similar to that of
the wild type (Table 3), whereas transgenic tir1 plants,
carrying an empty vector, continued to display the
mutant phenotype. Northern blot analysis showed
that, in comparison to WT control, the NAC1 gene ex-
pression level is very much reduced in the tir1 mutant as
well as in transgenic tir1 carrying an empty vector (Fig.
7B). Interestingly, overexpression of NAC1 in tir1 mu-
tant plants restored the expression of the endogenous
NAC1, suggesting that NAC1 could activate its own
transcription.

To further investigate the role of NAC1 in the auxin
signaling controlled by TIR1, transgenic plants that over-
express TIR1 under the control of a dexamethasone
(dex)-inducible promoter (Aoyama and Chua 1997; Gray
el al. 1999) were crossed with 35S::anti-3� NAC1 trans-
genic plants, and F1 progeny was analyzed. Figure 7C–D
shows that dex-inducible TIR1 overexpression resulted
in an increase in NAC1 transcript level as well as in the
number of lateral roots. However, these promoting ef-
fects of TIR1 were blocked by the 35S::anti-3� NAC1
transgene.

The finding that NAC1 expression can rescue the tir1
mutant and that the promotion of lateral root formation
by TIR1 can be blocked by antisense-3� NAC1 places
NAC1 downstream of TIR1 in transmitting the auxin
signal to the AIR3 gene to promote lateral root develop-
ment.

Discussion

NAC1 characterization identifies a novel family
of transcription factors unique to plants

We report the isolation and characterization of NAC1, a
new member of the NAC-domain gene family and the
first NAC gene shown to be involved in root develop-
ment. We demonstrate that a functional nuclear local-
ization signal (NLS) and the DNA binding and dimeriza-
tion domain of NAC1 are localized at the highly con-
served N-terminal region that defines the NAC-domain
family members. These findings confirm and extend the
previous suggestion (Xie et al. 1999) that NAC-domain
genes encode a novel family of transcription factors
unique to plants. Moreover, the NAC1 C-terminal do-
main can function as a potent activator both in yeast and
in plant, suggesting it has a role in the activation of
downstream target genes in tissues in which NAC1 is
present and/or induced.

Table 2. Effect of NAC1 expression on AIR3 promoter

activity in vivo

Plasmid
GFP-positive
cells number

GUS-positive
cells number

pPS022+pAIR3=pGFP2a 176 0
153 1
190 0

pPSNAC1+pAIR3+pGFP2b 159 101
124 91
179 117

pPS022+pBI121+pGFP2c 162 146
127 104
218 212

Numbers of positive cells from three independent experiments
are given.
apGFP2, 1 µg; pPS022, 3 µg; pAIR3, 2 µg. The molar ratio of
pPS022 to pAIR3 was 5 : 1.
bpGFP2, 1 µg; pPSNAC1, 4 µg; pAIR3, 2 µg. The molar ratio of
pPSNAC1 to pAIR3 was 5 : 1.
cpGFP2, 1 µg; pPS022, 3 µg; pBI121, 2 µg. The molar ratio of
pPS022 to pBI121 was 5 : 1.
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NAC1 plays an important role in plant root development

In contrast to the other members of the family, whose
expression is restricted to shoot meristem and flower
(NAM, CUC2, NAP) or to vascular tissues (CmNACP),
NAC1 is the first NAC family gene expressed in roots.
Although some expression can be detected also in leaf
primordia or in expanding cotyledons, the highest NAC1

expression is restricted to the root tip (meristem and
elongation zone) and the lateral root initiation regions,
where actively dividing cells are present. The phenotype
of the transgenic lines, in which NAC1 is over- or under-
expressed, is consistent with a main function of NAC1
in the root, as lateral root development is affected. Lat-
eral roots originate from a small number of pericycle
cells in the differentiated region of the primary root,
which resume the ability to divide. The placement of
lateral roots is not predetermined but it is strongly in-
fluenced by endogenous auxin levels and exogenous en-
vironmental conditions.

Overexpression of NAC1 results in a higher number of
lateral roots than the control, whereas NAC1 antisense
expression reduces lateral root initiation in the absence
of any environmental change. However, once the lateral
roots initiate in transgenic plants, no alterations in the
further root development occurs. Thus, NAC1 is specifi-
cally involved in the control of lateral root initiation.

Figure 7. NAC1 acts downstream of
TIR1 to promote lateral root development.
(A) Wild-type Columbia ecotype (Col)
plant (lane 1), tir1 mutant (lane 2), trans-
genic tir1 plants carrying an empty vector
(lane 3), and transgenic tir1 plants carrying
a 35S::NAC1 transgene (lane 4) were ger-
minated and grown on MS agar medium
with 3% sucrose. Plants were photo-
graphed after 12 d. Scale bar, 0.5 cm. (B)
Northern blot analysis of NAC1 gene ex-
pression. RNA samples were collected
from 2-wk-old seedlings. The filter was
hybridized with a NAC1 cDNA fragment
encoding the C-terminal region (amino ac-
ids 200–324) of NAC1. The 28S rRNA was
used as a loading control. Lanes 1–4 were
samples extracted from plants shown in
lanes 1,2,3,4, respectively, in panel A. (C)
Promotion of lateral root development by
TIR1 is blocked by a NAC1 antisense
transgene. A homozygous line carrying a
GVG–TIR1 transgene (Gray et al. 1999)
was crossed with a homozygous line
carrying an empty vector control or a
35S-anti-3� NAC1 transgene. F1 progeny
from the cross was used in the experi-
ments. Seven-day-old seedlings of GVG–

TIR1 × 35S-vector and GV–TIR1 × 35S-
anti-3� NAC1 were incubated on MS or
MS +30 µM DEX for 2 d and then trans-
ferred back to MS medium for an addi-
tional day. Plants were photographed (10 d
old). Scale bar, 0.5 cm. The average num-
ber of lateral roots per seedling for GVG–

TIR1 × 35S-vector (−Dex, lane 1) was 5.8;
for GVG–TIR1 × 35S-vector (+Dex, lane 2)
it was 9.8; for GVG–TIR1 × 35S-anti-3� NAC1 (−DEX, lane 3) it was 2.2; and for GVG–TIR1 × 35S-anti-3� NAC1 (+DEX, lane 4) it was
2.4. For each line, lateral roots from 30 seedlings were counted. (D) Northern blot analysis of TIR1 and NAC1 gene expression. RNA
samples extracted from plants shown in panel C were used. A 1785-bp fragment covering the coding sequence of TIR1 was amplified
by PCR and used as a probe. The probe for NAC1 was the same as that used in panel B. Lanes 1–4 were samples extracted from plants
shown in lanes 1, 2, 3, and 4, respectively, in panel C.

Table 3. Number of lateral roots in 12-d-old tir1 mutant

and tir1-NACl transgenic seedlings

Genotypea

Col tir1 tir1-vector tir1-NAC1

Lateral roots numberb 7.1 1.9 2.1 9.5

aCol, Columbia wild type; tir1-vector, tir1 carrying empty vec-
tor; tir1-NAC1, tir1-NAC1 overexpressing plants.
bAverage number of lateral roots per seedling; for each line,
lateral roots from 30 seedlings were counted.
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Nonetheless, we cannot exclude that NAC1 may play
additional roles in other aspects of development or in
aerial parts of the plant. Attempts to isolate knockout
mutations in NAC1 gene were unsuccessful, and NAC1
antisense lines show reduced but not null expression of
the gene. This could account for a lack of clear additional
phenotypes in antisense plants so that further studies are
needed to fully evaluate the function of NAC1 in plant
development.

NAC1 mediates auxin signaling to promote lateral
root development

Very little is known about how lateral root placement is
regulated and about the signals and mechanisms that
direct lateral root formation. There is strong evidence for
an involvement of an auxin-signaling pathway in this
organogenesis process. In Arabidopsis, the application of
a high concentration of exogenous auxin triggers nearly
all of the pericycle cells adjacent to protoxylem poles to
become part of a lateral root primordium (Boerjan et al.
1995; Laskowski et al. 1995). Mutants that accumulate
high endogenous levels of auxin show an increase in lat-
eral root formation (Boerjan et al. 1995; King et al. 1995),
whereas mutants resistant to exogenous auxin applica-
tion display drastically reduced numbers of lateral roots
(Hobbie and Estelle 1995; Timpte et al. 1995). Moreover,
inhibitors of auxin polar transport or mutations that af-
fect auxin transport also block lateral root formation
(Ruegger et al. 1997).

A reduction of NAC1 levels affects auxin response in
roots, as auxin treatment is poorly effective in triggering
lateral root formation in NAC1 antisense plants. In ad-
dition, in the NAC1 overexpressing plants, lateral root
formation was not blocked by the antiauxin (PICB), sug-
gesting that NAC1 functions downstream of the auxin
signal cascade. The position of NAC1 in the auxin-re-
sponse pathway is also reinforced by the finding that
transgenic lines that overexpress NAC1 develop more
lateral roots, even in the absence of any exogenous
auxin, and the NAC1 gene itself is induced by auxin as
early as 30 min after exposure to the hormone. The iden-
tification of two auxin-responsive genes, DBP and AIR3,
whose transcripts are up-regulated in response to the
NAC1 induction in transgenic plants, provides a hint on
the possible mechanism by which NAC1 may transduce
auxin signal to promote lateral root formation. DBP en-
codes a lysine-rich DNA binding protein, and its expres-
sion is enhanced in actively dividing tissues and in re-
sponse to auxin, whereas AIR3 encodes a subtilisin-like
protease that is thought to weaken cell-to-cell connec-
tions to facilitate lateral root emergence. We have dem-
onstrated that NAC1 can activate AIR3 promoter in
vivo, although we do not know whether this effect is
direct or indirect via an intermediate protein, such as
DBP. In vitro binding experiments of NAC1 to the AIR3
promoter region will be needed to address this question.

Several auxin-resistant mutants, axr1, axr4, and aux1,
as well as tir (transport inhibitor resistant), have drasti-
cally reduced numbers of lateral roots (Hobbie and Es-

telle 1995; Timpte et al. 1995; Ruegger et al. 1997). One
of the mutants, tir1, has been shown to be affected in
auxin response rather than auxin transport (Ruegger et
al. 1998); consequently, the defect in lateral root initia-
tion displayed by this mutant depends on a reduced sen-
sitivity to auxin and not on an altered distribution.

TIR1 is an F-box protein presumably involved in ubiq-
uitin-mediated proteolysis of regulatory proteins re-
quired for auxin response. Here, we show that NAC1
overexpression can rescue lateral root initiation and
growth in tir1 mutant, thus indicating that NAC1 acts
downstream of TIR1 and plays a key role in the lateral
root initiation process. As NAC1 transcript level is
greatly reduced in tir1 with respect to wild type, TIR1
likely regulates NAC1 at the transcriptional level, per-
haps through the auxin-dependent degradation of a nega-
tive regulator of NAC1. Moreover, the strong decrease in
lateral root formation displayed by anti-3� NAC1 trans-
genic plants could not be rescued by the controlled over-
expression of TIR1. These results, taken together, estab-
lish a definite hierarchy in the auxin pathway in which
TIR1 promotes the auxin response in roots through the
regulation of NAC1, which in turn, controls the expres-
sion of auxin-responsive genes involved in lateral root
initiation.

With respect to lateral root development, we note that
NAC1 overexpression is not as efficient as auxin treat-
ment and that there is, in fact, a synergistic effect be-
tween the two (Table 1). This is perhaps not surprising if
an auxin-dependent posttranslational modification of
NAC1 is needed for activity; in this case, overexpression
of unmodified NAC1 cannot fully supplant the activity
of the modified form.

Our data identify NAC1 as a new regulatory factor in
the auxin-signaling pathway that activates genes encod-
ing molecules involved in the specification of lateral root
placement and initiation. Further studies will be needed
to identify other components of the auxin pathway lead-
ing to lateral root organogenesis and to further investi-
gate the relationship between the TIR1/SCF complex
and NAC1. Also, isolation of NAC1 knockout mutants
would be useful to investigate whether NAC1 can me-
diate the auxin-signaling pathway in other aspects of
plant development.

Materials and methods

Plant materials and growth conditions

The Arabidopsis thaliana Landsberg ecotype was used for this
study. Seeds were surface sterilized with 20% bleach and 0.01%
Triton X-100 and washed three times with sterile water. Sterile
seeds were suspended in 0.15% agarose and plated on MS or MS
plus 3% sucrose, with varying concentrations of dexametha-
sone (dex). Plates were vernalized in darkness for 2 d at 4°C and
then transferred to a tissue culture room at 22°C under a 16-h-
light/8-h-dark photoperiod. After 2–3 wk, seedlings were potted
in soil and placed in a growth chamber at 22°C and 75% hu-
midity under a 16-h-light/8-h-dark photoperiod.

Dex (Sigma) was brought to 100 mM in DMSO and stored at
−20°C. For growth on plates, dex was added to medium at 0.1, 1,

NAC1 mediates auxin signal in lateral root formation

GENES & DEVELOPMENT 3033

 Cold Spring Harbor Laboratory Press on August 24, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


and 10 µM and weekly reapplied to the surface of the medium
in 1/25 volume of sterile water. For growth in soil, a sterile
solution of 0.01% w/v Triton X-100, 30 µM dex was sprayed on
the surface of all aerial portions of the plant every other day. As
a control, plants were sprayed with 0.01% Triton X-100.

Transformation vectors and construction of transgenic plants

Transgenic plants carrying both dex-inducible and constitu-
tively expressing transgenes were generated. For constitutive
expression, we used the vector pVIP96 (van der Krol and Chua
1993), in which transgene expression is under the control of the
CaMV 35S promoter. The plasmid pTA7002, containing the
glucocorticoid-inducible system (Aoyoma and Chua 1997), was
used to generate dex-inducible transgenic lines. For lines over-
expressing NAC1, a 1287-bp SalI–NotI fragment containing the
NAC1 cDNA was cloned into the appropriate vector. Anti-
sense-expressing constructs were made by using a 605-bp Bam-

HI–NotI fragment encoding the NAC1 C terminus. All ligations
were blunt, and overhanging ends were filled in with the Kle-
now fragment of DNA polymerase I (Boeringher). Transgenic
plants were generated via root transformation (Valvekens et al.
1988). T2 seeds were germinated on MS plates containing 20
µg/mL hygromycin B for pTA7002 constructs and 50 µg/mL
kanamycin A for pVIP96 constructs, and resistant plants were
transferred to soil to obtain homozygous T3 seeds. Two inde-
pendent lines of homozygous T4 plants containing a single in-
sertion of each construct were used for detailed analysis.

Gene expression analysis

For Northern blot hybridization, RNA was isolated using the
QIAGEN RNeasy Kit, and 10 µg of total RNA was loaded per
lane. To specifically detect the NAC1 transcript, blots were
probed with a PCR fragment encoding the NAC1 C-terminal
domain labeled with [�-32P]dCTP using a Ready-primed labeling
kit (Amersham International).

Whole plants or flowers were fixed for whole-mount in situ
hybridizations as described by Engler et al. (1994). RNA comple-
mentary to that encoding the NAC1 C-terminal domain was
synthesized by T7 RNA polymerase (Promega) and labeled by
incorporating digoxigenin UTP (Boehringer Roche). Hybridiza-
tion of the probe to the NAC1 transcript was detected by an
alkaline phosphatase–conjugated antidigoxigenin Fab fragment.
As a control, the coding strand of the same fragment was used
as a probe.

For histochemical localization of GUS activity, seedlings
were incubated in a solution containing 50 mM Na-phosphate
buffer at pH 7.0, 5 mM K3Fe(CN)6, 5mM K4Fe(CN)6, 0.1% Tri-
ton X-100, and 1 mM X-Gluc and incubated at 37°C for several
hours. Bombarded cells were vacuum treated for 5 min before
the staining.

For differential display, the same amount of total RNA, iso-
lated from dex-treated and untreated root samples, was used.
Roots were separated from 10-d-old seedlings and transferred to
a flask containing liquid B5 medium. Root cultures were main-
tained by transferring the root materials every week. Dex dis-
solved in DMSO was added to root culture at a final concentra-
tion of 10 µM, and DMSO alone served as a control. Root
samples were taken 48 h after treatment. RNAimageTM Kit 1
(GenHunter Corporation) was used according to the manufac-
ture’s instructions.

Yeast two-hybrid analysis

We used the yeast strain HF7c (MATa ura3-52 his3-200

ade2-101 lys2-801 trp1-901 leu2-3,112 gal4-542 gal80-538

LYS2::GAL1UAS-GAL1TATA-HIS3 URA3::GAL4 17mers(×3)-

CyC1TATA-LacZ; Feilotter et al. 1994), which contains the
LacZ and HIS3 reporter genes. Two-hybrid analysis was per-
formed as described previously (Bartel et al. 1993a). To corrobo-
rate the interaction between the two fusion proteins, �-galac-
tosidase activity was assayed on replica filters (Bartel et al.
1993b).

Using the vector pGBT9 (Clontech), sequences encoding the
Gal4 DNA binding domain were fused to either the full-length
NAC1 open reading frame or to a 5� fragment of NAC1 encoding
the first 199 amino acids to give pGBNAC1.1-324 and pGB-
NAC1.1-199, respectively. Full-length NAC1 cDNA and several
truncations were fused to sequences encoding the Gal4 activa-
tion domain vector pGAD424: pGANAC1.1-324, which con-
tains the complete NAC1 open reading frame; pGANAC1.1-199
and pGANAC1.1-142, which express the first 199 and 142
amino acids of NAC1, respectively; and pGANAC1.143-324,
which expresses a NAC1 truncation from amino acid 143 to the
C terminus of the polypeptide.

Transient expression in onion epidermal cells

Inner onion peels (2 × 2 cm2) were placed on a filter soaked with
liquid MS medium and bombarded with 2 µg of each plasmid
under a vacuum of 27 in of Hg and a helium pressure of 1100 psi.
After bombardment, plates containing the bombarded tissues
were incubated in a growth chamber for 16 h and then sprayed
with 50 mM luciferase (Promega). Luciferase activity was moni-
tored after 10 min incubation in the dark (Aoyama and Chua
1997).

The AIR3 promoter–GUS reporter plasmid pAIR3 was con-
structed by cloning a PCR-amplified 1.5-kb fragment containing
AIR3 5� sequences (−1535 to −1), into the GUS-reporter plasmid
vector pBI101.1 (Clontech). For transexpression of NAC1, the
1.3-kb fragment of NAC1 cDNA was cloned into the vector
pPS022 (P. Spielhofer and N.H. Chua, unpubl.), a pUC19-based
vector that contains a polylinker between the CaMV 35S pro-
moter and the NOS terminator sequence, to produce the plas-
mid pPSNAC1. The plasmid pBI121.1 (Clontech), which ex-
presses 35S::GUS, was used as a positive control. As an internal
control, we used the plasmid pGFP-2 (Kost et al. 1998), which
contains a 35S::GFP gene. After bombardment, onion peels were
incubated with liquid MS medium for 16 h, GFP was checked,
and GUS staining was preformed.

Production of GST-fusion proteins and DNA binding

pGEX-4–2T (Pharmacia) was used to construct plasmids ex-
pressing GST-tagged fusions of NAC1, and the resulting con-
structs were transformed into E. coli. Single colonies were se-
lected, and cells were grown to an optical density at A600 of
0.6–0.9. After induction with 0.4 mM IPTG at 30°C for 4 h, cells
were collected by centrifugation, washed once with PBS, and
resuspended in a GST binding buffer (50 mM Tris-HCl at pH
8.0; 200 mM NaCl; 1 mM EDTA; 1% Triton X-100; 10 mM
�-mercaptoethanol; 5 µg/mL each of leupeptin, pepstatin, and
aprotinin; and 1 mM PMSF). Cells were lysed on ice by sonica-
tion (5 × 30 sec), and lysates were clarified by centrifugation (15
min at 12,000 rpm). The GST fusion protein was recovered by
affinity chromatography on glutathione-Sepharose beads (Phar-
macia).

DNA binding reactions contained 2 × 105 cpm DNA, 5 µL of
4× reaction buffer (100 mM NaCl, 40 mM HEPES at pH 7.5, 2
mM EDTA, 20% glycerol, 140 mM �-mercaptoethanol), 0.5 µg
poly dIdC (Pharmacia), and 1 µL 1% Nonidet P40 plus specified
concentrations of protein in a final volume of 20 µL. 10 µL of
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each reaction was resolved on a 4%–6% agarose 0.5× TBE native
gel. A 100-bp BamHI fragment containing the 35S −90 region
(−90 to +9) was end labeled by [�-32P]dCTP using a Klenow
enzyme.

Auxin and inhibitor treatment

Roots from 14-d-old seedlings were cultured in liquid B5 me-
dium under constant shaking in the dark. After 14 d, cultured
roots were cut into 1-cm segments and then incubated with the
auxin 1-naphthaleneacetic acid (1-NAA), the inactive auxin
2-naphthaleneacetic acid (2-NAA), and the antiauxin p-chloro-
phenoxyisobutyric acid (PCIB), all at a final concentration of 2
µM. After 48 h, root samples, as well as samples taken before
the treatment (0 h), were submerged in 70% ethanol and stained
by a fivefold diluted epoxy solution from Electronic Microscopy
Science Company. Visible lateral root primordia and lateral
roots from 30 root segments were determined under a binocular
microscope.
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