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Abstract

Thediageotropicadgt) mutation has been proposed to affect either auxin perception or responsiveness in tomato
plants. It has previously been demonstrated that the expression of one membeAoktAeA family of auxin-
regulated genes is reduceddgt plants. Here, we report the cloning of ten new members of the tomatdAA

family by PCR amplification based on conserved protein domains. All of the gene family members except one
(LelAA7) 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 tomataelAA genes are similar to those previously describedXox/IAAfamily members in
Arabidopsis In dgt seedlings, auxin stimulation of gene expression was reduced in only a subbstAsdfgenes
(LelAAS 8, 10, and 11), with the greatest reduction associated with those genes with the strongest wild-type
response to auxin. The remainihglAA genes tested exhibited essentially the same induction levels in response
to the hormone in botHgtand wild-type hypocotyls. These results confirm ttigitplants can perceive auxin and
suggest that a specific step in early auxin signal transduction is disrupted thgttnetation.

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

Introduction tion of root growth (Mudayet al., 1995). Shoot apices
of seedlings homozygous for tlokgjt mutation contain
Thediageotropicaldgt) mutant of tomatol(ycopersi- normal levels of IAA (Fujinoet al, 1988), the rate
con esculenturilill.) is characterized by a wide range  of polar auxin transport in mutant hypocotyls is es-
of developmental and physiological defects, including sentially normal (Daniekt al, 1989), anddgt roots

a reduced gravitropic response, shortened internodesdisplay no alterations in several transport-related phe-
lack of lateral roots, reduced vasculature, hyponastic nomena (Mudayet al, 1995). Taken together, these
leaves, increased anthocyanin and chlorophyll syn- physiological results indicate that thigt mutation

thesis, and reduced apical dominance (Loretal., of tomato is likely to affect a specific step in auxin

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-

perception or signaling. For this reasalyt 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 idgt

seedlings, including 8AUR(small auxin up-regulated
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RNA) gene and_eAux a homologue of thé&ux/IAA Materials and methods

gene family (Zureket al., 1994; Mito and Bennett,

1995). However, the auxin-regulated expression of an- Plant material and hormone treatments

other tomato gené,epar, was not found to be affected

in the mutant (Mito and Bennett, 1995). This raises the Seeds of tomatoLcopersicon esculentuMill.) cv.
possibility that thedgt™ gene product regulates only VFN8 and the isogenic, single-gene mutagt were
one of mu'“ple auxin response pathways_ To further Surface-stel’i”ZGd fOI’ 10 minin 20% househ0|d bleach,
investigate this issue, we have chosen to analyze theSOwn onto moist filter paper (Whatman 3MM paper,
effect of thedgt lesion on auxin regulation within a  Maidstone, UK) and grown in constant darkness at
large gene family. Théux/IAAgene family is repre- ~ 28°C. The hypocotyls of 5-day old etiolated seedlings
sented by at least 25 membersAmabidopsis(Kim were harvested and cut into 5 to 10 mm sections. En-
et al, 1997) and is characterized by the presence of dogenous auxin was depleted from the sections by
four conserved domains (Conredral., 1990). Most of ~ Pre-incubation in the dark in a 1% sucrose, 10 mM
the predicted Aux/IAA proteins contain two functional MES buffer (pH 6.0) for 2 h, after which the sec-
nuclear localization signals, e motif suggestive of tions were transferred to fresh buffer with the indicated

DNA binding, and domains with the potential to form concentrations of indole-3-acetic acid (IAA). IAA was
protein-protein interactions (Abelt al, 1994; Abel added as an ethanolic solution; the ethanol concentra-
and Theo|ogiS, 1995) The Aux/IAA proteins have tion was held constant at 0.1% during all hormone and
been shown to form homo- and heterodimersl and also control treatments. After incubation in the dark for the
to interact with the related group of ARF1 (auxin re- indicated times, the hypocotyl sections were briefly
sponse factor 1)-like transcription factors (Kehal, blotted onto filter paper and frozen in liquid nitrogen.
1997; Ulmasowet al, 1997a). These characteristics .
together with rapid induction of the mRNA and short RNA extraction
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 individuAux/IAAgenes in
carrot protoplasts results in reduced auxin-induced
expression from an auxin-responsive promoter (Ul-
masovet al, 1997b) and semi-dominant, gain-of-
function mutations in thétlIAA3 and AtlIAA17genes
of Arabidopsigesult in the auxin-resistant phenotypes
exhibited byshy2 (Tian and Reed, 1999) anakr3
(Rouseet al., 1998) mutants.

In Arabidopsisindividual members of thAux/IAA

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 1%0/g FW 2 M
sodium acetate, a phenol extraction was performed
(1.5 ml/lg FW water-saturated phenol and 30lg

family exhibit varying kinetics with respect to gene FW chloroformfisoamyl alcohol, 49:1). 'I_'he result-
expression in response to auxin, which has been inter-'NY agueous phase was re-extracted with an equal
preted as a complex regulatory network with several volume Of_ chloroformhsoa_m_yl "_’"C"ho' (49:1), .fOI'
hierarchical levels (Abeét al, 1995). We reasoned lowed by |sopropanol prep|p!tatlon, resuspension of
that the homologousux/IAAgenes in tomato would the pellet, and LiCl preC|p|tat|on. The resulting RNA
be suitable for testing whether tligageotropicamu- p_eI_Iet was resuspended in RNase-free water_ an_d pre-
tation affects a specific step in early auxin signaling or cipitated with ethanol ano_l 23 mM NaCl. This final
has a more general effect. In this study, we report the pellet was resuspended in RNase-free water _at ca.
isolation and characterization of partial clones repre- 50 ulfg FW. RNA. concentrations were determined
senting eleven members of tiheix/IAAgene family spectrophotometrically.

in tomato CelAA1-1). Expression studies imgt
seedlings demonstrate that only a subset oL#AA
genes are affected by the lesion and suggest that theG
dgtt gene is involved in an early step in the regulation
of gene expression by auxin.

PCR with degenerate primers and cloning of products

enomic templates were isolated according to Rogers
and Bendich (1994). cDNA templates were gener-
ated by reverse transcription with SuperScript Il (Life
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Technologies, Gaithersburg, MD) primed with oligo- RNase protection assays
(dT) according to manufacturer’s instructions, using
total RNA from auxin-treated hypocotyl segments RNase protection assays were carried out essen-
from etiolated seedlings harvested as described abovelially according to manufacturers instructions us-
PCR amplification of. elAAgenes fromtomatoge-  iNg either an RPA llI Kit (Figure 4; Ambion,
nomic DNA or cDNA was performed with degenerate Austin, TX) with 3*P-labeled probes or an RPA II
primers targeting conserved domains Il and IV of the Kit with modifications. Modifications to the origi-
Aux/IAAgene family (Abeket al., 1995). The primers ~ nal RPA Il protocol included: (1) thé°S-labeled
B-DD2 (5-ATGGATCCGTNGTNGGNTGGCCNCC) probe was gel-purified (150000 to 200000 cpm per
and R-DD4 (5GCGAATTCATCCARTCNCCRTCY-  assay); (2) hybridization of probe and sample fol-
TTRTC) were used at a concentration of 300 nM each lowed the ‘streamlined’ protocol; (3) precipitation was
in a 25 ul reaction. 300 ng of genomic DNA or achieved by adding 2001 Solution Dx and 20Qul
1 ul of cDNA (1/20 of a reverse transcription reac- €thanol; and (4) gels were rinsed in distilled wa-
tion derived from 5ug of total RNA from hypocotyl ~ ter for 20 min before drying. Films were exposed
segments treated with auxin as described above) werefor 7 to 21 days, depending on the amount of RNA
used as template in an amplification reaction of 35 cy- in each assay. Developed films were scanned into
cles (94°C for 30 s, 58°C for 30 s, 72°C for 60 s) a computer (Personal Densitometer, Molecular Dy-
with 1 unit of Tag DNA polymerase (Life Technolo- ~ namics) at a resolution of 10am. Band intensi-
gies). Since the primers were designed wBthH| ties were determined with the Gel Plotting Macros
andEcoRl restriction sites near the ends (underlined), in NIH Image (available at http://rsb.info.nih.gov/nih-
the amplification products were double-digested with image/Default.ntml)LelAAband intensities were nor-
both enzymes and cloned into a similarly cut vec- Malized to the band intensity of ribosomal protein L2
tor ()GEM4Z, Promega, Madison, WI) by standard (RPL2 Fleminget al, 1993), which was included in
molecular biology protocols (Sambroek al., 1988). all hybridization reactions as a non-auxin-responsive
Colonies were screened by PCR with the same de- control gene.

generate primers and positive clones were classified ] ] ) o
according to insert size. Expression analysis by multiplex-titration RT-PCR

Relative expression levels belAAgenes were deter-
mined by multiplex-titration RT-PCR (MTRP) as de-
Nucleic acid sequences of the clones were determinedScribed (Nebenfiihr and Lomax, 1998). Briefly, CDNA
according to manufacturer’s instructions with either derived Dy reverse transcription from total RNA was
a Sequenase Kit (US Biochemicals, Cleveland, OH) sgrle}lly diluted in four-fold steps and gach individual
or an ABI Prism 373A Automated DNA Sequencer dilution step was used as template in a PCR reac-
(Perkin Elmer, Seattle, WA). At least two indepen- tion. Gene-specific primers targeting three different
dent clones were sequenced for most of the genes.-8/AA genes as well as a control geriRRL2 were
Exceptions werd_elAAL 7, and9 where only one included in each reactlo_n. The d|Iut|o_n _s_tep at which
clone each was obtained. Alignments of protein se- the template concentration became limiting was used
quences deduced from the tomatelAA genes and &S @ measure of the relatiye abundance of transcript in
from the nucleic acid sequences for otAerx/IAAand the original RNA preparation.

ARF genes from genetic databases were done with
ClustalwW (Thompsoet 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). \1ambers of theAux/IAA family of auxin-regulated

Bootstrap values were calculated with the Consense genes are characterized by four conserved domains (I

program (PHYLIP) based on 100 bootstrapped se- through 1V) which are separated by intervening re-

quences. gions of variable length and sequence (Coreteal.,
1990). Degenerate PCR primers based on domains Il
and IV (Abel et al, 1995) were used to amplify a

Sequence analysis

Results

Cloning, sequencing and phylogenetic analysis
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Figure 3. Concentration dependence of auxin induction of
LelAA11. 15 ug 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 gémeAA1l. Fragments
protected from degradation by RNase were separated on a poly-
acrylamide gel and visualized by autoradiography. Lane numbers
AtARF2 correspond to IAA concentratiorM). Relative band intensities

o1 AtARE1 were determined densitometrically and normalized to the control
—_ AtARFS gene RPL2.

AtIAA21

AtIAA23

Phylogenetic analysis of theelAA genes and all
AtIAA25 published sequences of theix/IAAfamily was con-
Figure 2. Phylogenetic analysis dfelAA and related genes. Un-  ducted to assess the relation of the tomato genes to
rooted phylogenetic tree calculated with the Neighbor-Joining those from other species and to determine their distrib-
method (Saitou and Nei, 1987) based on amino acid alignment ofthe | ,+ion within the family. The sequences included in this
region depicted in Figure 1. Branch lengths represent the calculated lvsis included b .h icaAUNX/IAA hich
distances between the sequences. Italicized numbers are bootstra?lySIS Included both typicAux/IAAgenes whic
values from a consensus tree of similar topology. Roman numerals contain all four conserved domains, as well as those
designate individual subfamilies (see text). For sequence names andin which the region of the protein amino-terminal to
sources, see Figure 1. domain Ill is replaced with other sequences (AtARF1-
related proteins; Kimet al, 1997; Ulmasowet al.,

number of fragments from both genomic and cDNA 1997&, 1999). The protein sequencelelAA7was
templates derived from tomato seedlings. Cloning of d&duced from a genomic clone since no corresponding
the amplification products yielded clones with eleven CPNA clone was isolated. ,
different sequences naméeIAAL through 11 (Ta- Aligned amino acid sequences between domains |
ble 1). LelAAL corresponds td_eAux which was and IV (Figure 1) were used to calculate a distance-
previously isolated by Mito and Bennett (1995). The Dbased tree with the Neighbor-Joining method (Saitou
presence of conserved domain Il in all of the cloned and Nei, 1987). The unrooted family tree shown in
sequences (Figure 1) confirmed that trsAAgenes ~ Figure 2 suggests that members of fe/IAAfamily

are members of th&ux/IAAfamily. LelAA2through ~ €@n be grouped into five subfamilies. A sixth sub-
LelAA1leach contain at least one intron between do- family consisting of the ARF1-related proteins that
mains Il and IV based on the difference in size of are similar to the Aux/IAA family only in conserved
PCR products generated using gene-specific primers'€9ions llland IV (Uimasoet al, 1999) forms an out-
with cDNA and genomic templates (Table 1 and data 9"0UP- For most branches, the tree topology published

not shown). Two different cDNA clones representing PY Abel et al. (1995) was confirmed in our analysis;
different splice forms were isolated foelAA2 however, the inclusion of many additionalix/IAA
sequences allowed us to classify some of the deeper

branches as separate subfamilies. Bootstrap analysis
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1841 o - five phylogenetic subfamilies.

e TS TEYTRTE Auxin induction in etiolated hypocotyls
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e o The effects of externally applied auxin on steady-state

MRNA levels was studied in segments of etiolated
LS - hypocotyls to assess whether thelAA clones rep-
resent auxin-regulated genes. Of the eleven genes,

bl = LB & 3 & ten could be visualized using RNase protection as-
TYAL — says with probes derived from cDNA clones (data not
shown). An mRNA corresponding tcelAA7was not
RRLZ N . _—"_ T detected in etiolated hypocotyls by RNase protection
B assay using the genomic clone as a probe. A typi-
. . cal dose-response curve for auxin-induced expression
= = T o of an LelAA gene [elAAl1) is shown in Figure 3.
el A iy m = A probe corresponding to a constitutively expressed
L | -f’;v“f:_ - - = gene,RPL2 (Fleminget al, 1993), was included in
i A b ] each RNase protection assay as a control for potential
- ¥ ‘S * e differencesin RNA concentratiohel AA11lwas maxi-
X — | E mally induced at 10 to 3M IAA (Figure 3), which is
1 : T e similar to the concentration dependence observed for
6 W 1M WG SR e e 4 Ao Aux/IAAgenes in other species (Theologisl., 1985;
Tt i) Yamamotoet al., 1992; Abelet al., 1995). While re-

Figure 4. Kinetics of IAA-induced gene expression for representa-  |iable data could not be obtained foelAA6and 9,
tive LelAA genes. A. 1Qug total RNA from 5-10 mm hypocotyl \hich responded only weakly to auxin treatment, all

segments of 5-day old etiolated wild-type tomato seedlings treated L. . .
for various times with 10Q«M IAA were incubated with a radiola- otherLeIAAgenes tested showed similar auxin sensi-

beled antisense probe fot.alAAgene and RPL2 control and RNase  tivity, although the strong decline in transcript levels
protection was detected as described for Figure 3. Lane numbers gt high IAA concentrations was not observed for all of
correspond to duration of treatment in minutes. The film exposure them (data not shown)

time for different genes was not equal, so transcript amounts can- / f h | . fall i

not be compared between genes. A representative RPL2 control is Aux IA’_A‘ ggnes rom OF er plant speC|e_s all into

shown. B. Relative changes in band intensities from panel A were different kinetic classes with respect to their response

determined densitometrically and normalized to the internal RPL2 tg auxin treatment (Abel and Theologis, 1996). It is

control. The values plottgd are relative to the 0 min time pomt'and reasonable to assume that rapidly responding genes

therefore represent fold induction over basal levels. Note the differ- . . .

ence in scale between the left axie(AAL, 2, 3, 1Pand the right are influenced by IAA in a more direct way a_md therle_'

axis (LelAAS, 8, 1). fore are useful markers for the study of auxin-specific
signal transduction events (Abel and Theologis, 1996).

 this phv led that th bfamili To test whether any of the tomatelAAgenes fall into
of this phylogeny revealed that the same subfamilies y,;q category, we determined the changes in steady-

were found in a consensus tree and were supported bygi,ie mRrNA levels at various time points during incu-
bootstrap values of 69% to 99%

: bfamil h.(I;ighurS 2).bThe only bation of hypocotyl segments with auxin. Individual
exception was subfamily Ill, which had a bootstrap | g|aa genes responded differently to 1AA with re-

yalg_e of 53% The phylzgﬁnetiﬁ grouping present(_efd spect to both the kinetics of mMRNA accumulation and
In Figure 2 is supported by short sequence motifS o ayimal induction level (Figure 4 and Table 2).
thgt are characterllstlc of the rgspectlve §ubf§mll|es While some genes were expressed rapidly in response
(Figure 1). An equivalent analysis of nucleic acid se- to IAA treatment and reached maximal expression lev-
quences from the same region yielded essentially the ;< in 60 min or lessLElAAL 2, 3 and10), LelAAS
same resu_lts (data not _s_hown). Seyeral genes COUIdandll displayed intermediate kinetics. Others needed
not be assigned to specific subfamiligdlAALS, 18, more than 2 h to reach maximal levele(AA4and5).

alqd 29’ as Wlel.ljl asL(;IAAZ_z;nld 8) ;’m emergetlj from h The first reproducible increases in mRNA abundance
short internal branches with low bootstrap values. The 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-DDA4.

Gene Clones isolated Fragment length (bp) Intron GenBank
genomic  cDNA genomic  cDNA length accession number

IAAL + 232 232 0 AF022012
IAA2 + + 284 208 76 AF022013
IAA22 + + 284 196 88

IAA3 + + 335 238 97 AF022014
IAA4 + + 418 301 117 AF022015
IAAS + + ca. 770 349 ca. 420 AF022016
IAAB + + 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

@Represents an alternative splice formAan2.
bApproximate values are based on size estimations from gel analyses.

This lag period is slightly longer than the 5-10 minre- contrast, while the level of auxin induction was the
ported for somérabidopsis AtlIAAgenes (Abekt al., same in both wild-type andgt hypocotyl segments
1995) and may reflect either the physiological dif- for some members of the gene familye(AA] 2, 3),
ferences betweeArabidopsisand tomato or our use the auxin responsiveness of other geneslAA5 8,
of auxin-depleted hypocotyl segments rather than the 10, 11) was markedly reduced in mutant tissues (Fig-
intact seedlings used in tgabidopsisstudy. ure 5, Table 2). The expressionlaglAA4 which was
When assayed after 2 h of auxin treatment, the only slightly induced by IAA in wild-type tissue, was
LelAA genes displayed different levels of induction actually slightly repressed by auxin dgt hypocotyl
(Table 2). At this time point, when the majority of segments (data not shown). Notably, the two genes
the gene family members were already maximally in- whose auxin responsiveness is most strongly reduced
duced, most genes were found to have expressionby thedgt mutation LelAA8andLelAA1]) are those
levels two- to six-fold higher than untreated controls. which are normally most highly induced by auxin.
LelAA8 10, and11, on the other hand, were induced However, even those genes whose auxin induction was
by factors of ca. 27, 12, and 43, respectively. Sim- strongly reduced in mutant hypocotyls showed some
ilar differences were also found in th&rabidopsis auxin responsiveness (Figure 5 and Table 2). This
AtlAA gene family (Abekt al., 1995). Taken together  residual auxin responsiveness was similar for all af-
with the distribution in all of the phylogenetic subfam- fected genes (ca. 2- to 5-fold induction; Table 2) and
ilies (Figure 2) and auxin concentration dependence was comparable to the low level of auxin induction
(Figure 3), these results suggest thatlteAAgenes typical of genes not affected by tldgt lesion.
characterized in this study are a representative cross- Earlier studies (Mito and Bennett, 1995) have
section ofAux/IAAgenes in tomato and are therefore found that induction of the expression akeIAAl
suitable to investigate differentially regulated auxin (LeAuxin their nomenclature) was strongly reduced

responses idgt (ca. 10-fold) indgthypocotyl segments, while we have
found little or no effect of the mutation on this member

Effects of theliageotropicanutation on auxin of the gene family (Table 2; Figure 5). Itis conceivable

induction that the results reported by Mito and Bennett (1995)

_ _ reflect the expression of sevetalAAgenes since the
Basal levels of gene expression after depletion of northern blot method employed in that study may not

endogenous IAA were similar for individualelAA have distinguished between the different gene family
genes indgt and wild-type seedlings (Figure 5). In' members.
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Table 2. Expression characteristics bélAAgenes in etio

lated hypocotyl segments and intact seedlings.

Gené Basal Induction Auxin induction after Fh Endogenous
expression kinetids WT dgt expression in
dgtv. 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
IAAS + 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) 46+ 3.1(3) reduced
I1AA11 + medium 42.8+ 11.0 (6) 4.1+ 2.3 (3) reduced

3 elAAT7 LelAAG andLelAA9are not included due to a |
low level of expression that precluded accurate determ

ack of transcript detection in etiolated seedlihgs &

inat@ry.(

PTime to reach maximal transcript levels after treatment with 00 auxin; ‘fast <1 h, ‘medium’: 1-2 h,

‘slow”: >2 h.

CSpecifies MRNA abundance relative to basal for both wild-type (WT)dgtchypocotyls, (meant SE). In

parenthesis: number of independent determinations.

dgd wi

0 WM 8 100 ul
1Y —
FT L]
1.1 - e
liis e
MATD == -
AT ¥ ——
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Figure 5. Induction of LelAA genes by indole-3-acetic acid in
wild-type anddiageotropicahypocotyl segments. RNase protection
assays were performed as described for Figure 3 witjed %otal

RNA from hypocotyl segments of 5-day old etiolateidgeotropica

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/IAAgenes were examined in six regions of eti-
olated seedlings using multiplex titration RT-PCR
(MTRP; Nebenfiuhr and Lomax, 1998). This method

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 (Nebenfiihr and Lomax, 1998). Here, multiplex
PCR with gene-specific primers targeting three dif-
ferentLelAA genes and one control gerRRL2 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 nh@AA
genes tested was essentially the same in both wild-
type anddgt seedlings I(elAA], 6 and8, Figure 6).
Two genes, however, reproducibly displayed lower
transcript levels in the mutant than in the wild-type
plants; LelAA1Oexpression was reduced throughout
the hypocotyl and root regions dfjt seedlings, while
LelAAllexpression was much lowerdgtcotyledons
and hypocotyls than in the same wild-type tissues.
Surprisingly, although the expression b&lAA8 in
response to exogenously applied IAA was strongly
reduced indgt hypocotyl segments, endogenous ex-
pression levels olLelAA8 were similar throughout
mutant and wild-type seedlings (Figure 6).

Discussion

We have isolated 10 new members of thex/IAA

allows estimation of transcript abundance based on the gene family of tomato (Figure 1). Together with the

dilution step at which template concentration becomes

previously describetleAuxgene (Mito and Bennett,

limiting for successful PCR. The results obtained in 1995), this brings the family size in tomato to at least
this way cannot be compared quantitatively between 11 genes. Based on the number of products result-

different genes. However, they do allow a compar- ng from PCR amplification of a genomic template, at
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el A 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 LelAAgene expression (10-3M IAA,; Fig-
op gt e p e ks B s e ure 3) is also similar to what has been observed with
the Aux/IAAgenes inArabidopsis(Abel et al., 1995)
and other species (Theologis 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-

RPLY Las AT IAA2

ied widely, ranging from barely detectableg{AAS
8, and11) to high (LelAA4. The LelAA genes can
3 01F3AEETH D13I4ERTA be grouped into three kinetic classes based upon the
mPLS WA WA A& TD time required to reach maximal expression after the
o, onset of auxin treatment (Figure 4, Table 2). The ‘fast’
_— class reached maximal induction within 60 min or less
P (LelAA] 2, 3, and10), the ‘medium’ class was fully
o induced by 120 minlelAA8and11), and the ‘slow’
genes did not reach maximal mRNA abundance for at
e least 4 h LelAA4and5). Similar kinetic classes have
fries e also been described for tReabidopsis Aux/IAAenes
D145 0124587 OV SA987H D12345ETA (Abel et al., 1995)
T Ao My The induction of gene expression by two hours of
Figure 6. Tissue specificity of endogenous expressionLefAA auxin treatment varied on average from about 2-fold
genes in intact etiolated wild-type ardlageotropicaseedlings. for LelAAL and LelAA4 to greater than 40-fold for
Seedlings of bothliageotropica(gray bars) and its wild-type parent
(VFNS, black bars) were grown for 5 days in the dark. Relative L€IAAl1(Table 2). The fact that the class of genes that
expression levels in various seedling tissues were determined by responded relatively rapidly included both weakly in-
multiplex titration RT-PCR (MTRP) and reported as the dilution  dycible genes (e.d.elAAZ ca. 2-fold induction) and
step at which template concentration became limiting. A representa- . . ) .
tive experiment is shown. Seedling regions assayed were cotyledon, s_trongly inducible gen_es_L(aIAAll >4,0'f0|d induc-
hook, upper and lower half of the hypocotyl, root-shoot node, and tion), suggests that distinct mechanisms regulate the
root. Each row of graphs represents one primer pool (Nebenfuhr and expression of these genes.

Lomax, 1998) where RPL2 was the internal control in each reaction. Tomato seedlings with thdagtlesion have been re-
Numbers (0-8) below each graph refer to the number of four-fold . L. . .
dilutions of each template (e.g. 4-fold, 8= 65,536-fold) ported to be insensitive to exogenously applied auxin

with respect to hypocotyl elongation and ethylene pro-

duction (Kelly and Bradford, 1986) and the sensitivity
least two additional members of this gene family exist of root elongation to inhibition by exogenous IAA is
in tomato (data not shown). This number, as well as reduced in the mutant (Mudast al, 1995). Auxin
the phylogenetic analysis (Figure 2), demonstrates thatinduction of theSAURclass of genes and the only pre-
the large number oAtIAA genes inArabidopsis(Kim viously examined tomato member of thax/IAAgene
et al, 1997) is not unusual for dicotyledonous plants. family is also dramatically reduced gt hypocotyls
The phylogenetic analysis presented here, which is (Zurek et al, 1994; Mito and Bennett, 1995), but
based on partial amino acid sequences from the re-the expression of another auxin-regulated géeear,
gion between domains Il and IV for each gene, closely in response to auxin is not affected digt seedlings
resembles the phylogenetic tree published by Abel (Mito and Bennett, 1995). The significance of the
et al. (1995) that was based on full-length sequences latter finding was, however, not clear sinceparen-
of the genes available at that time. There are five dis- codes a glutathiong-transferase which responds to a
tinct lineages within the classical Aux/IAA proteins wide range of agents and may have a primarily anti-
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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 ot elAA8and11in etiolated hypocotyls was
strongly reduced by thdgtlesion, whereas the muta-
tion had little or no effect on the induction bEIAAY

2, and3 by auxin (Figure 5 and Table 2). The auxin
induction of LelAA5and 10 was moderately reduced
in dgthypocotyls. When relative endogenous expres-
sion levels were compared between wild-type dgtl
seedlings, significant differences in transcript levels
were found for only a few genes élAA10and 11,
Figure 6), so the effect afgt™ appears to be restricted

in transcript levels of the remaining genes. In this
context, it is of interest that thoskelAA genes
most strongly affected by thagt lesion (elAA8and
LelAALl) 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 tthgt™ gene
product provides an additional auxin-dependent ‘over-
drive’ function for somelLelAA genes, which would
act in addition to a ‘standard’ induction mechanism
common to allLelAA genes. Loss of the enhancing
function of thedgtt gene product would then result

specifically to auxin responsiveness. Interestingly, one in similar induction levels for all genes of the fam-
of the genes that showed greatly reduced auxin respon-ily, a prediction born out by the results presented here

siveness in isolated hypocotyl sectioh®kAAY had

endogenous expression levels that were indistinguish-

able betweedgtand wild-type seedlings (Figure 6). It
is conceivable thdtelAA8is also regulated by factors

(Table 2). A similar two-level regulation has been
described for the promoter of a péax/IAA gene,

PslAA4/5,where two regulatory elements act syner-
gistically as auxin sensor (AuxRE A) and enhancer

other than auxin, and that these factors mask the auxin(AuxRE B) respectively (Ballast al., 1995).

insensitivity in intact seedlings.

The results presented here confirm previous obser-

Those genes whose auxin response was mostvations that theliageotropicanutation of tomato does

strongly reduced by thégt mutation (elAA8and11)
are also those most strongly induced by IAA in wild-
type seedlings. It appears that only the most highly

not abolish auxin responsiveness completely (Muday
et al, 1995; Rice and Lomax, 2000). For example,
sensitivity to inhibition of gravicurvature by exoge-

responding early genes are strongly affected by the nously applied auxin is nearly identical gt and
dgtmutation. There is no apparent correlation between wild-type seedlings, indicating that auxin uptake, ef-

specific phylogenetic subfamilies and the division be-
tween thoseLelAA genes that requirdgtt 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 dfelAA

genes can be interpreted in several ways. It is conceiv-

able that expression of dlelAAgenes is affected by
the dgt lesion but that the methods employed in this

flux, and at least one auxin receptor are functional in
dgt (Rice and Lomax, 2000). Instead, thgt lesion
appears to diminish a subset of early auxin responses.
The specific effect of thelgt mutation on the auxin-
induced expression of a subsetl#IAA genes is in
contrast to theéArabidopsismutantsagel, axrl, and
auxl Inagelseedlings, alhtiIAAgenes tested showed

a similar reduction in auxin responsiveness (Oono

study are not sensitive enough to detect these change®t al., 1998), whereas thexrl andaux1mutations had

for weakly responding genes. HowevéelAA3and

5 are induced to similar levels by auxin in wild-type
plants, but onlyLelAA5is affected by thelgt lesion
(Figure 5 and Table 2). It is also possible that those
genes that respond normally to auxin in the mutant

little effect on auxin-induced\tlAA gene expression
(Abel et al.,, 1995). Similar to the semidominadyt
mutation, the dominandxr2 mutation of Arabidop-
sis differentially affects auxin-induced expression of
only someAtIAA genes (Abekt al., 1995). However,

are induced in an indirect manner and do not representcontrary to results found with thieelAAgenes indgt

genes in the direct path of auxin responses. This in-

seedlings, endogenous expression levels ofAth&A

terpretation is not consistent with the observation that genes are reduced axr2 plants. Thereforejgtdoes

some early response gené®lAAl 2, and3) were
not affected by thelgtlesion.

Alternatively, an intactigtt gene product may be
required for maximal induction of a specific subset
of LelAA genes. In this model, dgtt-independent

not appear to be a homologue of any of théga-
bidopsisgenes. The differential effects on morphology
and physiology caused by the various mutations also
support this conclusion.

The differential effect of thelgt mutation on the

mechanism is involved in the auxin-induced changes expression of a subset of auxin-induced genes has the



83

potential to be used further to dissect the early events Ballas, N., Wong, L.-M., Ke, M. and Theologis, A. 1995. Two
in auxin signal transduction in a manner similar to the auxin-responsive domains interact positively to induce expres-

. . sion of the early indoleacetic acid-inducible geR&-1AA4/5
analysis that has been performed with photoreceptor Proc. Nafl. Acad. Sci. USA 92- 34833487,

mutants (Neuhaust al., 1993; Bowleret al,, 1994). Bowler, C., Neuhaus, G., Yamagata, H. and Chua, N.-H. 1994.
In particular, signaling molecules might be identified Cyclic GMP and calcium mediate phytochrome phototransduc-
by co-injection intodgt hypocotyl cells together with tion. Cell 77: 73-81.

- . . Chomczynski, P. and Sacchi, N. 1987. Single-step method of RNA
a plasmid containing a reporter gene driven by the isolation by acid guanidinium thiocyanate-phenol-chloroform

LelAA8or 11 promoter. A strong response from the extraction. Anal. Biochem. 162: 156—159.
reporter construct would indicate that the co-injected Cleland, R.E. 1995. Auxin and cell elongation. In: P.J. Davies (Ed.)

signaling molecule acts downstream of thgt lesion Plant Hormones: Physi'ology, Biochemistry and Molecular Bi-
S . ology, Kluwer Academic Publishers, Dordrecht, Netherlands,
and would establish it as a second messenger involved pp. 214-228.

in auxin signal transduction. The specificity of the conner, T.W., Goekjian, V.H., LaFayette, P.R. and Key, J.L. 1990.
dgt lesion within the induction cascade leading to Structure and expression of two auxin-inducible genes from

incr Xpr ion IAA aen nfirm hvs- Arabidopsis Plant Mol. Biol. 15: 623-632.
creased expression 0 genes co S pnys Daniel, S.G., Rayle, D.L. and Cleland, R.E. 1989. Auxin physiology

iological data that the mutation does not affect some e tomato mutardiageotropica Plant Physiol. 91: 804-807.
general aspect of auxin physiology, such as overall Felsenstein, J. 1989. PHYLIP: phylogeny inference package version
hormone metabolism or transport, and should allow  3.2. Cladistics 5: 164-166.

the connection of specific gene products with down- Fleming A.J., Mandel, T., Roth, 1. and Kuhlemeier, C. 1993. The
patterns of gene expression in the tomato shoot apical meristem.

stream responses and .phenotypes. W_hile the exact pjant cell 5: 297-309.
function of thedgt™ protein presumably will be deter-  Fujino, D.W., Nissen, S.J., Jones, A.D., Burger, D.W. and Bradford,
mined onIy after the gene is cloned, the data presented K.J. 1988. Quantification of indole-3-acetic acid in dark-grown

. . . . seedlings of theliageotropicaand epinasticmutants of tomato
here are consistent with models in which th_:ﬁ*‘ gene (Lycopersicon esculentuMill.). Plant Physiol. 88: 780—784.

product either regulates the auxin induction of a sub- Hashimoto, H. and Yamamoto, K.T. 1997. Three more members
set of LelAA genes by specifically affecting a subset  of the Aux/IAA gene family from mung bearVigna radiatg

of signaling intermediates or, aIternativer, s itself a Ja:IZs%%coaIEPIlaS)n?tngg?hoellcﬁgia:;tlrilpic tomato ethylene deficient?

signaling intermediate or transcription regulator. Physiol. Plant 46: 347-351.

Kelly, M.O. and Bradford, K.J. 1986. Insensitivity of thdia-
geotropicatomato mutant to auxin. Plant Physiol. 82: 713-717.

Kim, J., Harter, K. and Theologis, A. 1997. Protein-protein interac-
tions among the Aux/IAA proteins. Proc. Natl. Acad. Sci. USA
94:11786-11791.

We would like to thank Friedrich Behringer for crit-  Lomax, T.L., Coenen, C., Gaiser, J.C., Hopkins, R., Rayle, D.L. and

ical reading of the manuscript and Steffen Abel for Rice, M.S. 1993. Auxin perception and the regulation of tomato

; ; _ growth and development. In: J.I. Yoder (Ed.) Molecular Biology
helpful advice. This work was supported by the Na of Tomato, Technomic Publishing Co., Lancaster, UK, pp. 129—

tional Science Foundation Integrative Plant Biology 135

Program. Mito, N. and Bennett, A.B. 1995. Thdiageotropicamutation and
synthetic auxins differentially affect the expression of auxin-
regulated genes in tomato. Plant Physiol. 109: 293—-297.

Muday, G.K., Lomax, T.L. and Rayle, D.L. 1995. Characterization

References of the growth and auxin physiology of roots of the tomato mutant
diageotropica Planta 195: 548-553.

Abel, S. and Theologis, A. 1995. A polymorphic bipartite motif =~ Nebenfuhr, A. and Lomax, T.L. 1998. Multiplex titration RT-PCR:

signals nuclear targeting of early auxin-inducible proteins related a method for rapid determination of gene expression patterns for

Acknowledgments

to PS-IAA4 from peaRisum sativurp Plant J. 8: 87-96. a large number of genes. Plant Mol. Biol. Rep. 16: 323-339.
Abel, S. and Theologis, A. 1996. Early genes and auxin action. Plant Neuhaus, G., Bowler, C., Kern, R. and Chua, N.-H. 1993.
Physiol. 111: 9-17. Calcium/calmodulin-dependent and -independent phytochrome

Abel, S., Oeller, P.W. and Theologis, A. 1994. Early auxin-induced signal transduction pathways. Cell 73: 937-952.
genes encode short-lived nuclear proteins. Proc. Natl. Acad. Sci. Oeller, P.W., Keller, J.A., Parks, J.E., Silbert, J.E. and Theologis, A.

USA 91: 326-330. 1993. Structural characterization of the early indoleacetic acid-
Abel, S., Nguyen, M.D. and Theologis, A. 1995. TR8-IAA4/5 inducible genesRS-IAA4/5andPS-IAAG of pea Pisum sativum

like family of early auxin-inducible mRNAs inArabidopsis L.). J. Mol. Biol. 233: 789-798.

thaliana J. Mol. Biol. 251: 533-549. Oono, Y., Chen, Q.G., Overvoorde, P.J., Kbhler, C. and The-
Ainley, W.M., Walker, J.C., Nagao, R.T. and Key, J.L. 1988. Se- ologis, A. 1998.age mutants of Arabidopsisexhibit altered

guence and characterization of two auxin-regulated genes from  auxin-regulated gene expression. Plant Cell 10: 1649-1662.
soybean. J. Biol. Chem. 263: 10658-10666.



84

Ulmasov, T., Hagen, G. and Guilfoyle, T.J. 1997a. ARF1, a tran-
scription factor that binds to auxin response elements. Science
276: 1865-1868.

Ulmasov, T., Murfett, J., Hagen, G. and Guilfoyle, T.J. 1997b.
DNA from plants, algae and fungi. In: S.B. Gelvin and R.A. Aux/IAA proteins repress expression of reporter genes contain-
Schilperpoort (Eds.) Plant Molecular Biology Manual, Kluwer ing natural and highly active synthetic auxin response elements.
Academic Publishers, Dordrecht, Netherlands, pp. D1: 1-8. Plant Cell 9: 1963-1971.

Rouse, D., Mackay, P., Stirnberg, P. and Leyser, O. 1998. Changes Ulmasov, T., Hagen, G. and Guilfoyle, T.J. 1999. Dimerization and
in auxin reponse from mutations in &UX/IAAgene. Science DNA binding of auxin response factors. Plant J. 19: 309-319.
279:1371-1373. Yamamoto, K.T., Mori, H. and Imaseki, H. 1992. cDNA cloning

Saitou, N. and Nei, M. 1987. The neighbor-joining method: a new of indole-3-acetic acid-regulated genes: Aux22 and SAUR from
method for reconstructing phylogenetic trees. Mol. Biol. Evol. 4: mung beanV\igna radiatd hypocotyl tissue. Plant Cell Physiol.
406-425. 33:93-97.

Theologis, A., Huynh, T.V. and Davis, R.W. 1985. Rapid induction =~ Zobel, R.W. 1974. Control of morphogenesis in the ethylene-
of specific mMRNAs by auxin in pea epicotyl tissue. J. Mol. Biol. requiring tomato mutantdiageotropica Can. J. Bot. 52: 735—
183: 53-68. 743.

Thompson, J.D., Higgins, D.G. and Gibson, T.J. 1994. ClustalW: Zurek, D.M., Rayle, D.L., McMorris, T.C. and Clouse, S.D.
improving the sensitivity of progressive multiple sequence align- 1994. Investigation of gene expression, growth kinetics, and wall
ments through sequence weighting, position specific gap penal-  extensibility during brassinosteroid-regulated stem elongation.
ties and weight matrix choice. Nucl. Acids Res. 22: 4679-4680. Plant Physiol. 104: 505-513.

Tian, Q. and Reed, J. 1999. Control of auxin-regulated root devel-
opment by theArabidopsis thaliana SHY2/IAAGene. Develop-
ment 126: 711-721.

Rice, M.S. and Lomax, T.L. 2000. The auxin-resistdigigeotrop-
ica mutant of tomato responds to gravity via an auxin-mediated

pathway. Planta, in press.
Rogers, S.O. and Bendich, A.J. 1994. Extraction of total cellular



