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Abstract

Thediageotropica(dgt) mutation has been proposed to affect either auxin perception or responsiveness in tomato
plants. It has previously been demonstrated that the expression of one member of theAux/IAA family of auxin-
regulated genes is reduced indgt plants. Here, we report the cloning of ten new members of the tomatoAux/IAA
family by PCR amplification based on conserved protein domains. All of the gene family members except one
(LeIAA7) are expressed in etiolated tomato seedlings, although they demonstrate tissue specificity (e.g. increased
expression in hypocotyls vs. roots) within the seedling. The wild-type auxin-response characteristics of the ex-
pression of these tomatoLeIAA genes are similar to those previously described forAux/IAA family members in
Arabidopsis. In dgt seedlings, auxin stimulation of gene expression was reduced in only a subset ofLeIAAgenes
(LeIAA5, 8, 10, and11), with the greatest reduction associated with those genes with the strongest wild-type
response to auxin. The remainingLeIAAgenes tested exhibited essentially the same induction levels in response
to the hormone in bothdgtand wild-type hypocotyls. These results confirm thatdgtplants can perceive auxin and
suggest that a specific step in early auxin signal transduction is disrupted by thedgtmutation.

Abbreviations:ARF, auxin response factor;dgt, diageotropica; IAA, indole-3-acetic acid;LeIAA, Lycopersi-
con esculentum Aux/IAA; MTRP, multiplex-titration RT-PCR; RPL2, ribosomal protein L2; SAUR, small auxin
up-regulated RNA

Introduction

Thediageotropica(dgt) mutant of tomato (Lycopersi-
con esculentumMill.) is characterized by a wide range
of developmental and physiological defects, including
a reduced gravitropic response, shortened internodes,
lack of lateral roots, reduced vasculature, hyponastic
leaves, increased anthocyanin and chlorophyll syn-
thesis, and reduced apical dominance (Lomaxet al.,
1993; Zobel, 1974). Seedlings homozygous for the
dgt mutation exhibit reduced sensitivity to the plant
hormone auxin (indole-3-acetic acid, IAA) as demon-
strated by the lack of auxin-induced elongation and
ethylene production in hypocotyls (Jackson, 1979;
Kelly and Bradford, 1986), and reduced auxin inhibi-

tion of root growth (Mudayet al., 1995). Shoot apices
of seedlings homozygous for thedgtmutation contain
normal levels of IAA (Fujinoet al., 1988), the rate
of polar auxin transport in mutant hypocotyls is es-
sentially normal (Danielet al., 1989), anddgt roots
display no alterations in several transport-related phe-
nomena (Mudayet al., 1995). Taken together, these
physiological results indicate that thedgt mutation
of tomato is likely to affect a specific step in auxin
perception or signaling. For this reason,dgt provides
an important tool for investigation of the molecular
mechanisms underlying auxin-mediated processes.

The induction of several auxin-regulated genes
by exogenously applied IAA is abolished indgt
seedlings, including aSAUR(small auxin up-regulated
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RNA) gene andLeAux, a homologue of theAux/IAA
gene family (Zureket al., 1994; Mito and Bennett,
1995). However, the auxin-regulated expression of an-
other tomato gene,Lepar, was not found to be affected
in the mutant (Mito and Bennett, 1995). This raises the
possibility that thedgt+ gene product regulates only
one of multiple auxin response pathways. To further
investigate this issue, we have chosen to analyze the
effect of thedgt lesion on auxin regulation within a
large gene family. TheAux/IAAgene family is repre-
sented by at least 25 members inArabidopsis(Kim
et al., 1997) and is characterized by the presence of
four conserved domains (Conneret al., 1990). Most of
the predicted Aux/IAA proteins contain two functional
nuclear localization signals, aβαα motif suggestive of
DNA binding, and domains with the potential to form
protein-protein interactions (Abelet al., 1994; Abel
and Theologis, 1995). The Aux/IAA proteins have
been shown to form homo- and heterodimers, and also
to interact with the related group of ARF1 (auxin re-
sponse factor 1)-like transcription factors (Kimet al.,
1997; Ulmasovet al., 1997a). These characteristics
together with rapid induction of the mRNA and short
half-life of the proteins make the Aux/IAA gene prod-
ucts excellent candidates for signaling intermediates
in auxin responses (Abel and Theologis, 1996). In-
deed, overexpression of individualAux/IAAgenes in
carrot protoplasts results in reduced auxin-induced
expression from an auxin-responsive promoter (Ul-
masov et al., 1997b) and semi-dominant, gain-of-
function mutations in theAtIAA3andAtIAA17genes
of Arabidopsisresult in the auxin-resistant phenotypes
exhibited byshy2 (Tian and Reed, 1999) andaxr3
(Rouseet al., 1998) mutants.

In Arabidopsis, individual members of theAux/IAA
family exhibit varying kinetics with respect to gene
expression in response to auxin, which has been inter-
preted as a complex regulatory network with several
hierarchical levels (Abelet al., 1995). We reasoned
that the homologousAux/IAAgenes in tomato would
be suitable for testing whether thediageotropicamu-
tation affects a specific step in early auxin signaling or
has a more general effect. In this study, we report the
isolation and characterization of partial clones repre-
senting eleven members of theAux/IAAgene family
in tomato (LeIAA1–11). Expression studies indgt
seedlings demonstrate that only a subset of theLeIAA
genes are affected by the lesion and suggest that the
dgt+ gene is involved in an early step in the regulation
of gene expression by auxin.

Materials and methods

Plant material and hormone treatments

Seeds of tomato (Lycopersicon esculentumMill.) cv.
VFN8 and the isogenic, single-gene mutantdgt were
surface-sterilized for 10 min in 20% household bleach,
sown onto moist filter paper (Whatman 3MM paper,
Maidstone, UK) and grown in constant darkness at
28◦C. The hypocotyls of 5-day old etiolated seedlings
were harvested and cut into 5 to 10 mm sections. En-
dogenous auxin was depleted from the sections by
pre-incubation in the dark in a 1% sucrose, 10 mM
MES buffer (pH 6.0) for 2 h, after which the sec-
tions were transferred to fresh buffer with the indicated
concentrations of indole-3-acetic acid (IAA). IAA was
added as an ethanolic solution; the ethanol concentra-
tion was held constant at 0.1% during all hormone and
control treatments. After incubation in the dark for the
indicated times, the hypocotyl sections were briefly
blotted onto filter paper and frozen in liquid nitrogen.

RNA extraction

RNA extraction followed a published procedure
(Chomczynski and Sacchi, 1987). Briefly, frozen
hypocotyl sections (or the various tissues described
in Figure 6) were ground to a fine powder in a mor-
tar. Extraction buffer (4 M guanidinium thiocyanate,
25 mM sodium citrate pH 7, 0.5% sarcosyl, 0.7%
2-mercaptoethanol) was added at 1.5 ml per gram
fresh weight (FW) and the slurry allowed to thaw at
room temperature. After addition of 150µl/g FW 2 M
sodium acetate, a phenol extraction was performed
(1.5 ml/g FW water-saturated phenol and 300µl/g
FW chloroform/isoamyl alcohol, 49:1). The result-
ing aqueous phase was re-extracted with an equal
volume of chloroform/isoamyl alcohol (49:1), fol-
lowed by isopropanol precipitation, resuspension of
the pellet, and LiCl precipitation. The resulting RNA
pellet was resuspended in RNase-free water and pre-
cipitated with ethanol and 23 mM NaCl. This final
pellet was resuspended in RNase-free water at ca.
50 µl/g FW. RNA concentrations were determined
spectrophotometrically.

PCR with degenerate primers and cloning of products

Genomic templates were isolated according to Rogers
and Bendich (1994). cDNA templates were gener-
ated by reverse transcription with SuperScript II (Life
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Technologies, Gaithersburg, MD) primed with oligo-
(dT) according to manufacturer’s instructions, using
total RNA from auxin-treated hypocotyl segments
from etiolated seedlings harvested as described above.

PCR amplification ofLeIAAgenes from tomato ge-
nomic DNA or cDNA was performed with degenerate
primers targeting conserved domains II and IV of the
Aux/IAAgene family (Abelet al., 1995). The primers
B-DD2 (5′-ATGGATCCGTNGTNGGNTGGCCNCC)
and R-DD4 (5′-GCGAATTCATCCARTCNCCRTCY-
TTRTC) were used at a concentration of 300 nM each
in a 25 µl reaction. 300 ng of genomic DNA or
1 µl of cDNA (1/20 of a reverse transcription reac-
tion derived from 5µg of total RNA from hypocotyl
segments treated with auxin as described above) were
used as template in an amplification reaction of 35 cy-
cles (94◦C for 30 s, 58◦C for 30 s, 72◦C for 60 s)
with 1 unit of Taq DNA polymerase (Life Technolo-
gies). Since the primers were designed withBamHI
andEcoRI restriction sites near the ends (underlined),
the amplification products were double-digested with
both enzymes and cloned into a similarly cut vec-
tor (pGEM4Z, Promega, Madison, WI) by standard
molecular biology protocols (Sambrooket al., 1988).
Colonies were screened by PCR with the same de-
generate primers and positive clones were classified
according to insert size.

Sequence analysis

Nucleic acid sequences of the clones were determined
according to manufacturer’s instructions with either
a Sequenase Kit (US Biochemicals, Cleveland, OH)
or an ABI Prism 373A Automated DNA Sequencer
(Perkin Elmer, Seattle, WA). At least two indepen-
dent clones were sequenced for most of the genes.
Exceptions wereLeIAA1, 7, and 9 where only one
clone each was obtained. Alignments of protein se-
quences deduced from the tomatoLeIAA genes and
from the nucleic acid sequences for otherAux/IAAand
ARF genes from genetic databases were done with
ClustalW (Thompsonet al., 1994) and corrected man-
ually. Phylogenetic analysis based on this alignment
was carried out with the Neighbor program of the
PHYLIP v3.5 package (Felsenstein, 1989; available at
http://evolution.genetics.washington.edu/phylip.html).
Bootstrap values were calculated with the Consense
program (PHYLIP) based on 100 bootstrapped se-
quences.

RNase protection assays

RNase protection assays were carried out essen-
tially according to manufacturer’s instructions us-
ing either an RPA III Kit (Figure 4; Ambion,
Austin, TX) with 33P-labeled probes or an RPA II
Kit with modifications. Modifications to the origi-
nal RPA II protocol included: (1) the35S-labeled
probe was gel-purified (150 000 to 200 000 cpm per
assay); (2) hybridization of probe and sample fol-
lowed the ‘streamlined’ protocol; (3) precipitation was
achieved by adding 200µl Solution Dx and 200µl
ethanol; and (4) gels were rinsed in distilled wa-
ter for 20 min before drying. Films were exposed
for 7 to 21 days, depending on the amount of RNA
in each assay. Developed films were scanned into
a computer (Personal Densitometer, Molecular Dy-
namics) at a resolution of 100µm. Band intensi-
ties were determined with the Gel Plotting Macros
in NIH Image (available at http://rsb.info.nih.gov/nih-
image/Default.html).LeIAAband intensities were nor-
malized to the band intensity of ribosomal protein L2
(RPL2; Fleminget al., 1993), which was included in
all hybridization reactions as a non-auxin-responsive
control gene.

Expression analysis by multiplex-titration RT-PCR

Relative expression levels ofLeIAAgenes were deter-
mined by multiplex-titration RT-PCR (MTRP) as de-
scribed (Nebenführ and Lomax, 1998). Briefly, cDNA
derived by reverse transcription from total RNA was
serially diluted in four-fold steps and each individual
dilution step was used as template in a PCR reac-
tion. Gene-specific primers targeting three different
LeIAA genes as well as a control gene (RPL2) were
included in each reaction. The dilution step at which
the template concentration became limiting was used
as a measure of the relative abundance of transcript in
the original RNA preparation.

Results

Cloning, sequencing and phylogenetic analysis

Members of theAux/IAA family of auxin-regulated
genes are characterized by four conserved domains (I
through IV) which are separated by intervening re-
gions of variable length and sequence (Conneret al.,
1990). Degenerate PCR primers based on domains II
and IV (Abel et al., 1995) were used to amplify a
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Figure 2. Phylogenetic analysis ofLeIAA and related genes. Un-
rooted phylogenetic tree calculated with the Neighbor-Joining
method (Saitou and Nei, 1987) based on amino acid alignment of the
region depicted in Figure 1. Branch lengths represent the calculated
distances between the sequences. Italicized numbers are bootstrap
values from a consensus tree of similar topology. Roman numerals
designate individual subfamilies (see text). For sequence names and
sources, see Figure 1.

number of fragments from both genomic and cDNA
templates derived from tomato seedlings. Cloning of
the amplification products yielded clones with eleven
different sequences namedLeIAA1 through11 (Ta-
ble 1). LeIAA1 corresponds toLeAux, which was
previously isolated by Mito and Bennett (1995). The
presence of conserved domain III in all of the cloned
sequences (Figure 1) confirmed that theLeIAAgenes
are members of theAux/IAA family. LeIAA2 through
LeIAA11each contain at least one intron between do-
mains II and IV based on the difference in size of
PCR products generated using gene-specific primers
with cDNA and genomic templates (Table 1 and data
not shown). Two different cDNA clones representing
different splice forms were isolated forLeIAA2.

Figure 3. Concentration dependence of auxin induction of
LeIAA11. 15 µg total RNA from hypocotyl segments of 5-day
old etiolated wild-type tomato seedlings treated for 2 h with the
indicated concentrations of indole-3-acetic acid were incubated
with a radiolabeled antisense probe for geneLeIAA11.Fragments
protected from degradation by RNase were separated on a poly-
acrylamide gel and visualized by autoradiography. Lane numbers
correspond to IAA concentration (µM). Relative band intensities
were determined densitometrically and normalized to the control
gene (RPL2).

Phylogenetic analysis of theLeIAA genes and all
published sequences of theAux/IAA family was con-
ducted to assess the relation of the tomato genes to
those from other species and to determine their distrib-
ution within the family. The sequences included in this
analysis included both typicalAux/IAA genes which
contain all four conserved domains, as well as those
in which the region of the protein amino-terminal to
domain III is replaced with other sequences (AtARF1-
related proteins; Kimet al., 1997; Ulmasovet al.,
1997a, 1999). The protein sequence ofLeIAA7 was
deduced from a genomic clone since no corresponding
cDNA clone was isolated.

Aligned amino acid sequences between domains II
and IV (Figure 1) were used to calculate a distance-
based tree with the Neighbor-Joining method (Saitou
and Nei, 1987). The unrooted family tree shown in
Figure 2 suggests that members of theAux/IAAfamily
can be grouped into five subfamilies. A sixth sub-
family consisting of the ARF1-related proteins that
are similar to the Aux/IAA family only in conserved
regions III and IV (Ulmasovet al., 1999) forms an out-
group. For most branches, the tree topology published
by Abel et al. (1995) was confirmed in our analysis;
however, the inclusion of many additionalAux/IAA
sequences allowed us to classify some of the deeper
branches as separate subfamilies. Bootstrap analysis



78

Figure 4. Kinetics of IAA-induced gene expression for representa-
tive LeIAA genes. A. 10µg total RNA from 5–10 mm hypocotyl
segments of 5-day old etiolated wild-type tomato seedlings treated
for various times with 100µM IAA were incubated with a radiola-
beled antisense probe for aLeIAAgene and RPL2 control and RNase
protection was detected as described for Figure 3. Lane numbers
correspond to duration of treatment in minutes. The film exposure
time for different genes was not equal, so transcript amounts can-
not be compared between genes. A representative RPL2 control is
shown. B. Relative changes in band intensities from panel A were
determined densitometrically and normalized to the internal RPL2
control. The values plotted are relative to the 0 min time point and
therefore represent fold induction over basal levels. Note the differ-
ence in scale between the left axis (LeIAA1, 2, 3, 10) and the right
axis (LeIAA5, 8, 11).

of this phylogeny revealed that the same subfamilies
were found in a consensus tree and were supported by
bootstrap values of 69% to 99% (Figure 2). The only
exception was subfamily III, which had a bootstrap
value of 54%. The phylogenetic grouping presented
in Figure 2 is supported by short sequence motifs
that are characteristic of the respective subfamilies
(Figure 1). An equivalent analysis of nucleic acid se-
quences from the same region yielded essentially the
same results (data not shown). Several genes could
not be assigned to specific subfamilies (AtIAA15, 18,
and20, as well asLeIAA2and8) but emerged from
short internal branches with low bootstrap values. The

tomato genes isolated in this study thus represent all
five phylogenetic subfamilies.

Auxin induction in etiolated hypocotyls

The effects of externally applied auxin on steady-state
mRNA levels was studied in segments of etiolated
hypocotyls to assess whether theLeIAA clones rep-
resent auxin-regulated genes. Of the eleven genes,
ten could be visualized using RNase protection as-
says with probes derived from cDNA clones (data not
shown). An mRNA corresponding toLeIAA7was not
detected in etiolated hypocotyls by RNase protection
assay using the genomic clone as a probe. A typi-
cal dose-response curve for auxin-induced expression
of an LeIAA gene (LeIAA11) is shown in Figure 3.
A probe corresponding to a constitutively expressed
gene,RPL2 (Fleminget al., 1993), was included in
each RNase protection assay as a control for potential
differences in RNA concentration.LeIAA11was maxi-
mally induced at 10 to 30µM IAA (Figure 3), which is
similar to the concentration dependence observed for
Aux/IAAgenes in other species (Theologiset al., 1985;
Yamamotoet al., 1992; Abelet al., 1995). While re-
liable data could not be obtained forLeIAA6 and 9,
which responded only weakly to auxin treatment, all
otherLeIAAgenes tested showed similar auxin sensi-
tivity, although the strong decline in transcript levels
at high IAA concentrations was not observed for all of
them (data not shown).

Aux/IAA genes from other plant species fall into
different kinetic classes with respect to their response
to auxin treatment (Abel and Theologis, 1996). It is
reasonable to assume that rapidly responding genes
are influenced by IAA in a more direct way and there-
fore are useful markers for the study of auxin-specific
signal transduction events (Abel and Theologis, 1996).
To test whether any of the tomatoLeIAAgenes fall into
this category, we determined the changes in steady-
state mRNA levels at various time points during incu-
bation of hypocotyl segments with auxin. Individual
LeIAA genes responded differently to IAA with re-
spect to both the kinetics of mRNA accumulation and
the maximal induction level (Figure 4 and Table 2).
While some genes were expressed rapidly in response
to IAA treatment and reached maximal expression lev-
els in 60 min or less (LeIAA1, 2, 3 and10), LeIAA8
and11displayed intermediate kinetics. Others needed
more than 2 h to reach maximal levels (LeIAA4and5).
The first reproducible increases in mRNA abundance
were observed within 10–20 min of auxin treatment.
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Table 1. IAAclones isolated by PCR with degenerate primers B-DD2 and R-DD4.

Gene Clones isolated Fragment length (bp) Intron GenBank

genomic cDNA genomic cDNA length accession number

IAA1 + 232 232 0 AF022012

IAA2 + + 284 208 76 AF022013

IAA2′a + + 284 196 88

IAA3 + + 335 238 97 AF022014

IAA4 + + 418 301 117 AF022015

IAA5 + + ca. 770b 349 ca. 420 AF022016

IAA6 + + ca. 820 293 ca. 530 AF022017

IAA7 + ca. 880 307 ca. 570 AF022018

IAA8 + ca. 350 226 ca. 120 AF022019

IAA9 + ca. 550 298 ca. 250 AF022020

IAA10 + 1130 262 870 AF022021

IAA11 + ca. 430 232 ca. 200 AF022022

aRepresents an alternative splice form ofIAA2.
bApproximate values are based on size estimations from gel analyses.

This lag period is slightly longer than the 5–10 min re-
ported for someArabidopsis AtIAAgenes (Abelet al.,
1995) and may reflect either the physiological dif-
ferences betweenArabidopsisand tomato or our use
of auxin-depleted hypocotyl segments rather than the
intact seedlings used in theArabidopsisstudy.

When assayed after 2 h of auxin treatment, the
LeIAA genes displayed different levels of induction
(Table 2). At this time point, when the majority of
the gene family members were already maximally in-
duced, most genes were found to have expression
levels two- to six-fold higher than untreated controls.
LeIAA8, 10, and11, on the other hand, were induced
by factors of ca. 27, 12, and 43, respectively. Sim-
ilar differences were also found in theArabidopsis
AtIAAgene family (Abelet al., 1995). Taken together
with the distribution in all of the phylogenetic subfam-
ilies (Figure 2) and auxin concentration dependence
(Figure 3), these results suggest that theLeIAAgenes
characterized in this study are a representative cross-
section ofAux/IAAgenes in tomato and are therefore
suitable to investigate differentially regulated auxin
responses indgt.

Effects of thediageotropicamutation on auxin
induction

Basal levels of gene expression after depletion of
endogenous IAA were similar for individualLeIAA
genes indgt and wild-type seedlings (Figure 5). In

contrast, while the level of auxin induction was the
same in both wild-type anddgt hypocotyl segments
for some members of the gene family (LeIAA1, 2, 3),
the auxin responsiveness of other genes (LeIAA5, 8,
10, 11) was markedly reduced in mutant tissues (Fig-
ure 5, Table 2). The expression ofLeIAA4, which was
only slightly induced by IAA in wild-type tissue, was
actually slightly repressed by auxin indgt hypocotyl
segments (data not shown). Notably, the two genes
whose auxin responsiveness is most strongly reduced
by thedgt mutation (LeIAA8andLeIAA11) are those
which are normally most highly induced by auxin.
However, even those genes whose auxin induction was
strongly reduced in mutant hypocotyls showed some
auxin responsiveness (Figure 5 and Table 2). This
residual auxin responsiveness was similar for all af-
fected genes (ca. 2- to 5-fold induction; Table 2) and
was comparable to the low level of auxin induction
typical of genes not affected by thedgt lesion.

Earlier studies (Mito and Bennett, 1995) have
found that induction of the expression ofLeIAA1
(LeAux in their nomenclature) was strongly reduced
(ca. 10-fold) indgthypocotyl segments, while we have
found little or no effect of the mutation on this member
of the gene family (Table 2; Figure 5). It is conceivable
that the results reported by Mito and Bennett (1995)
reflect the expression of severalLeIAAgenes since the
northern blot method employed in that study may not
have distinguished between the different gene family
members.
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Table 2. Expression characteristics ofLeIAAgenes in etiolated hypocotyl segments and intact seedlings.

Genea Basal Induction Auxin induction after 2 hc Endogenous

expression kineticsb WT dgt expression in

dgt v. WT

IAA1 ++ fast 1.8± 0.1 (5) 1.3± 0.7 (2) similar

IAA2 ++ fast 2.4± 1.2 (5) 1.4± 0.6 (3) similar

IAA3 ++ fast 5.2± 1.6 (6) 5.6± 1.4 (3) similar

IAA4 +++ slow 1.6± 0.6 (6) 0.6± 0.1 (3) similar

IAA5 + slow 6.0± 2.6 (6) 2.3± 0.3 (3) similar

IAA8 + medium 26.5± 8.2 (6) 2.6± 1.0 (3) similar

IAA10 + fast 12.3± 5.5 (6) 4.6± 3.1 (3) reduced

IAA11 + medium 42.8± 11.0 (6) 4.1± 2.3 (3) reduced

aLeIAA7, LeIAA6, andLeIAA9are not included due to a lack of transcript detection in etiolated seedlings (7) or a
low level of expression that precluded accurate determinations (6, 9).
bTime to reach maximal transcript levels after treatment with 100µM auxin; ‘fast’: ≤1 h, ‘medium’: 1–2 h,
‘slow’: >2 h.
cSpecifies mRNA abundance relative to basal for both wild-type (WT) anddgt hypocotyls, (mean± SE). In
parenthesis: number of independent determinations.

Figure 5. Induction of LeIAA genes by indole-3-acetic acid in
wild-type anddiageotropicahypocotyl segments. RNase protection
assays were performed as described for Figure 3 with 15µg total
RNA from hypocotyl segments of 5-day old etiolateddiageotropica
or wild-type seedlings treated for 2 h with the indicated concentra-
tions of IAA. The film exposure time for different genes was not
equal, so transcript levels cannot be compared between genes. Den-
sitometric analysis of this and additional experiments normalized to
the internal RPL2 control is reported in Table 2.

Endogenous expression levels of the tomato
Aux/IAA genes were examined in six regions of eti-
olated seedlings using multiplex titration RT-PCR
(MTRP; Nebenführ and Lomax, 1998). This method
allows estimation of transcript abundance based on the
dilution step at which template concentration becomes
limiting for successful PCR. The results obtained in
this way cannot be compared quantitatively between
different genes. However, they do allow a compar-

ison of relative expression levels of a single gene
between multiple samples and rapid analysis of a large
number of samples from different tissues or condi-
tions (Nebenführ and Lomax, 1998). Here, multiplex
PCR with gene-specific primers targeting three dif-
ferentLeIAA genes and one control gene (RPL2) per
reaction was run with a four-fold dilution series of
cDNA derived from total RNA of different parts of
the seedling as templates. Expression of mostLeIAA
genes tested was essentially the same in both wild-
type anddgt seedlings (LeIAA1, 6 and8, Figure 6).
Two genes, however, reproducibly displayed lower
transcript levels in the mutant than in the wild-type
plants; LeIAA10expression was reduced throughout
the hypocotyl and root regions ofdgt seedlings, while
LeIAA11expression was much lower indgtcotyledons
and hypocotyls than in the same wild-type tissues.
Surprisingly, although the expression ofLeIAA8 in
response to exogenously applied IAA was strongly
reduced indgt hypocotyl segments, endogenous ex-
pression levels ofLeIAA8 were similar throughout
mutant and wild-type seedlings (Figure 6).

Discussion

We have isolated 10 new members of theAux/IAA
gene family of tomato (Figure 1). Together with the
previously describedLeAuxgene (Mito and Bennett,
1995), this brings the family size in tomato to at least
11 genes. Based on the number of products result-
ing from PCR amplification of a genomic template, at
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Figure 6. Tissue specificity of endogenous expression ofLeIAA
genes in intact etiolated wild-type anddiageotropica seedlings.
Seedlings of bothdiageotropica(gray bars) and its wild-type parent
(VFN8, black bars) were grown for 5 days in the dark. Relative
expression levels in various seedling tissues were determined by
multiplex titration RT-PCR (MTRP) and reported as the dilution
step at which template concentration became limiting. A representa-
tive experiment is shown. Seedling regions assayed were cotyledon,
hook, upper and lower half of the hypocotyl, root-shoot node, and
root. Each row of graphs represents one primer pool (Nebenführ and
Lomax, 1998) where RPL2 was the internal control in each reaction.
Numbers (0–8) below each graph refer to the number of four-fold
dilutions of each template (e.g. 1= 4-fold, 8= 65,536-fold)

least two additional members of this gene family exist
in tomato (data not shown). This number, as well as
the phylogenetic analysis (Figure 2), demonstrates that
the large number ofAtIAAgenes inArabidopsis(Kim
et al., 1997) is not unusual for dicotyledonous plants.
The phylogenetic analysis presented here, which is
based on partial amino acid sequences from the re-
gion between domains II and IV for each gene, closely
resembles the phylogenetic tree published by Abel
et al. (1995) that was based on full-length sequences
of the genes available at that time. There are five dis-
tinct lineages within the classical Aux/IAA proteins

that are connected by relatively short internal branches
(Figure 2). The tomato sequences characterized here
fall into all five Aux/IAAphylogenetic subfamilies and
give a good representation of the structural diversity of
Aux/IAAgenes.

The concentration dependence for maximal induc-
tion of LeIAAgene expression (10–30µM IAA; Fig-
ure 3) is also similar to what has been observed with
the Aux/IAAgenes inArabidopsis(Abel et al., 1995)
and other species (Theologiset al., 1985; Yamamoto
et al., 1992). These values lie within the physiologi-
cally relevant concentration range of auxin (Cleland,
1995). Basal expression levels after auxin depletion
of hypocotyl segments from etiolated seedlings var-
ied widely, ranging from barely detectable (LeIAA5,
8, and 11) to high (LeIAA4). The LeIAA genes can
be grouped into three kinetic classes based upon the
time required to reach maximal expression after the
onset of auxin treatment (Figure 4, Table 2). The ‘fast’
class reached maximal induction within 60 min or less
(LeIAA1, 2, 3, and10), the ‘medium’ class was fully
induced by 120 min (LeIAA8and11), and the ‘slow’
genes did not reach maximal mRNA abundance for at
least 4 h (LeIAA4and5). Similar kinetic classes have
also been described for theArabidopsis Aux/IAAgenes
(Abel et al., 1995).

The induction of gene expression by two hours of
auxin treatment varied on average from about 2-fold
for LeIAA1 and LeIAA4 to greater than 40-fold for
LeIAA11(Table 2). The fact that the class of genes that
responded relatively rapidly included both weakly in-
ducible genes (e.g.LeIAA1; ca. 2-fold induction) and
strongly inducible genes (LeIAA11; >40-fold induc-
tion), suggests that distinct mechanisms regulate the
expression of these genes.

Tomato seedlings with thedgt lesion have been re-
ported to be insensitive to exogenously applied auxin
with respect to hypocotyl elongation and ethylene pro-
duction (Kelly and Bradford, 1986) and the sensitivity
of root elongation to inhibition by exogenous IAA is
reduced in the mutant (Mudayet al., 1995). Auxin
induction of theSAURclass of genes and the only pre-
viously examined tomato member of theAux/IAAgene
family is also dramatically reduced indgt hypocotyls
(Zurek et al., 1994; Mito and Bennett, 1995), but
the expression of another auxin-regulated gene,Lepar,
in response to auxin is not affected indgt seedlings
(Mito and Bennett, 1995). The significance of the
latter finding was, however, not clear sinceLeparen-
codes a glutathioneS-transferase which responds to a
wide range of agents and may have a primarily anti-



82

xenobiotic function (Abel and Theologis, 1996). Here,
we show that within a single auxin-responsive gene
family, only a subset of family members is affected
by the dgt mutation. Specifically, IAA-induced ex-
pression ofLeIAA8and11 in etiolated hypocotyls was
strongly reduced by thedgt lesion, whereas the muta-
tion had little or no effect on the induction ofLeIAA1,
2, and3 by auxin (Figure 5 and Table 2). The auxin
induction ofLeIAA5and10 was moderately reduced
in dgt hypocotyls. When relative endogenous expres-
sion levels were compared between wild-type anddgt
seedlings, significant differences in transcript levels
were found for only a few genes (LeIAA10and 11,
Figure 6), so the effect ofdgt+ appears to be restricted
specifically to auxin responsiveness. Interestingly, one
of the genes that showed greatly reduced auxin respon-
siveness in isolated hypocotyl sections (LeIAA8) had
endogenous expression levels that were indistinguish-
able betweendgtand wild-type seedlings (Figure 6). It
is conceivable thatLeIAA8is also regulated by factors
other than auxin, and that these factors mask the auxin
insensitivity in intact seedlings.

Those genes whose auxin response was most
strongly reduced by thedgtmutation (LeIAA8and11)
are also those most strongly induced by IAA in wild-
type seedlings. It appears that only the most highly
responding early genes are strongly affected by the
dgtmutation. There is no apparent correlation between
specific phylogenetic subfamilies and the division be-
tween thoseLeIAA genes that requiredgt+ function
for IAA inducibility and those that do not.

The finding that auxin-induced expression is re-
duced by thedgt mutation in only a subset ofLeIAA
genes can be interpreted in several ways. It is conceiv-
able that expression of allLeIAAgenes is affected by
the dgt lesion but that the methods employed in this
study are not sensitive enough to detect these changes
for weakly responding genes. However,LeIAA3and
5 are induced to similar levels by auxin in wild-type
plants, but onlyLeIAA5 is affected by thedgt lesion
(Figure 5 and Table 2). It is also possible that those
genes that respond normally to auxin in the mutant
are induced in an indirect manner and do not represent
genes in the direct path of auxin responses. This in-
terpretation is not consistent with the observation that
some early response genes (LeIAA1, 2, and3) were
not affected by thedgt lesion.

Alternatively, an intactdgt+ gene product may be
required for maximal induction of a specific subset
of LeIAA genes. In this model, adgt+-independent
mechanism is involved in the auxin-induced changes

in transcript levels of the remaining genes. In this
context, it is of interest that thoseLeIAA genes
most strongly affected by thedgt lesion (LeIAA8and
LeIAA11) are still weakly inducible by IAA indgt
hypocotyls (Table 2). This can be interpreted to mean
that thedgt mutation is somewhat leaky or, alterna-
tively, that more than one auxin-induced transduc-
tion pathway regulates the expression of these genes.
The second interpretation implies that thedgt+ gene
product provides an additional auxin-dependent ‘over-
drive’ function for someLeIAA genes, which would
act in addition to a ‘standard’ induction mechanism
common to allLeIAA genes. Loss of the enhancing
function of thedgt+ gene product would then result
in similar induction levels for all genes of the fam-
ily, a prediction born out by the results presented here
(Table 2). A similar two-level regulation has been
described for the promoter of a peaAux/IAA gene,
PsIAA4/5,where two regulatory elements act syner-
gistically as auxin sensor (AuxRE A) and enhancer
(AuxRE B) respectively (Ballaset al., 1995).

The results presented here confirm previous obser-
vations that thediageotropicamutation of tomato does
not abolish auxin responsiveness completely (Muday
et al., 1995; Rice and Lomax, 2000). For example,
sensitivity to inhibition of gravicurvature by exoge-
nously applied auxin is nearly identical indgt and
wild-type seedlings, indicating that auxin uptake, ef-
flux, and at least one auxin receptor are functional in
dgt (Rice and Lomax, 2000). Instead, thedgt lesion
appears to diminish a subset of early auxin responses.
The specific effect of thedgt mutation on the auxin-
induced expression of a subset ofLeIAA genes is in
contrast to theArabidopsismutantsage1, axr1, and
aux1. In age1seedlings, allAtIAAgenes tested showed
a similar reduction in auxin responsiveness (Oono
et al., 1998), whereas theaxr1andaux1mutations had
little effect on auxin-inducedAtIAA gene expression
(Abel et al., 1995). Similar to the semidominantdgt
mutation, the dominantaxr2 mutation ofArabidop-
sis differentially affects auxin-induced expression of
only someAtIAA genes (Abelet al., 1995). However,
contrary to results found with theLeIAAgenes indgt
seedlings, endogenous expression levels of theAtIAA
genes are reduced inaxr2 plants. Therefore,dgt does
not appear to be a homologue of any of theseAra-
bidopsisgenes. The differential effects on morphology
and physiology caused by the various mutations also
support this conclusion.

The differential effect of thedgt mutation on the
expression of a subset of auxin-induced genes has the
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potential to be used further to dissect the early events
in auxin signal transduction in a manner similar to the
analysis that has been performed with photoreceptor
mutants (Neuhauset al., 1993; Bowleret al., 1994).
In particular, signaling molecules might be identified
by co-injection intodgt hypocotyl cells together with
a plasmid containing a reporter gene driven by the
LeIAA8or 11 promoter. A strong response from the
reporter construct would indicate that the co-injected
signaling molecule acts downstream of thedgt lesion
and would establish it as a second messenger involved
in auxin signal transduction. The specificity of the
dgt lesion within the induction cascade leading to
increased expression ofLeIAA genes confirms phys-
iological data that the mutation does not affect some
general aspect of auxin physiology, such as overall
hormone metabolism or transport, and should allow
the connection of specific gene products with down-
stream responses and phenotypes. While the exact
function of thedgt+ protein presumably will be deter-
mined only after the gene is cloned, the data presented
here are consistent with models in which thedgt+ gene
product either regulates the auxin induction of a sub-
set ofLeIAA genes by specifically affecting a subset
of signaling intermediates or, alternatively, is itself a
signaling intermediate or transcription regulator.
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