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Figure 1. Schematic representation of the T-DNA insertions in the gh3.9 mutants, the relative positions of various promoter ele-
ments in the GH3.9 upstream region, and a nucleotide alignment of several Group II GH3 cDNAs highlighting the region used
for gene silencing by RNA-interference, semi-quantitative RT-PCR and a hybridization probe. a) The original gh3.9-1 mutant was
found to have an activation tagging T-DNA insertion (derived from pSKI015—large triangle) inserted in Chromosome 2 in the in-
tergenic region between At2g47750 and At2g47760 (coding regions from the translation start to translation stop sequences are
represented by arrows). Positions of additional T-DNA insertions corresponding to SALK_005057, SALK_005065 and WISCD-
SLOX419D07 lines are indicated by small triangles. Oligonucleotide primer annealing sites are indicated with small arrows. Oligo-
nucleotide primers corresponding to the T3 promoter (73) and the right border region of pSKI015 (ACTRB5'; RB5") were used for
retrieval of the plant DNA flanking the activation tagging T-DNA by inverse PCR. For PCR-based genotyping p50 F, p50 R (gene-
specific primers) and TR2 (a T-DNA-specific primer) were used. Oligonucleotide primers Ri 50F (RiF) and Ri 50R (RiR) were used
for semi-quantitative RT-PCR and to generate the GH3.9 RNAi gene silencing construct and hybridization probe for Northern blot
analyzes. b) Schematic representation of the intergenic region from the stop codon of At2g47760 to the start codon of GH3.9 and
selected cis regulatory elements. The locations of the basal promoter elements (TATA and CCAAT boxes) and auxin-responsive
cis elements (AuxRE:TGTCTC and SAUR:CATATG) are shown relative to the T-DNA insertion in the original gh3.9 mutant (large
triangle). ¢ Regions at the 3' end of the coding sequences of cDNAs corresponding to the closely related Group II GH3 family mem-
bers (GH3.9, GH3.17, GH3.2/YDK1, GH3.3, GH3.5/AtGH3a, and GH3.6/DFL1, top to bottom) were aligned by the Clustal method
using DNAStar software (Madison, WI). Nucleotides that match the sequence of GH3.9 are shaded in black. Annealing sites for oli-
gonucleotide primers (Ri 50F and Ri 50R) for gene-specific, semi-quantitative RT-PCR and to generate the RNAi construct and
Northern blot hybridization probe are indicated by arrows.

sion to the GUS gene in pCAMBIA3301. The PCR prod-
uct was ligated into the pGEMTeasy vector (Promega,
Madison, WI, USA) and sequenced. Next, the cloned
fragment in pGEMTeasy was isolated by restriction
enzyme digestion with BamHI and ligated into the
BamHI-digested pCAMBIA3301 vector. Correct orien-
tation was verified by restriction enzyme mapping and
DNA sequencing. The resulting pCAMBIA3301-GH3.9

promoter construct was used to generate transgenic
plants (see below).

The pFGC5941-RNAIGH3.9 and pCAMBIA3301-
GHB3.9 promoter constructs were electroporated into
Agrobacterium tumefaciens strain GV3101. Transgenic
plants were generated in the Col-0 ecotype by the flo-
ral dip method (Clough and Bent 1998). The pFGC5941
and pCAMBIA3301 vectors carry genes that confer re-
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sistance to the herbicide Basta™. Therefore, primary
transformants were selected by spraying plants with
1:100 dilution of the herbicide Finale™ (AgrEvo Envi-
ronmental Health, Montvale, NJ, USA). Plants homozy-
gous for the T-DNA insertion were identified in subse-
quent generations.

The GH3.9 RNA:I lines were used for Northern (RNA)
blot analysis and hormone sensitivity root growth as-
says. The GH3.9 “promoter’::GUS lines were used for de-
termining tissue and developmental expression patterns
by histochemical staining using 5-bromo-4-chloro-3-
indolyl-B-glucuronic acid (X-Gluc) as a substrate (Jeffer-
son 1987).

Semi-quantitative RT-PCR and Northern (RNA) blot
analyses

For semi-quantitative RT-PCR to determine whether
GH3.9 is auxin-responsive, total RNA was isolated
from 4 to 6 leaf stage Col-0 seedlings treated with IAA
as described above using the Qiagen mini RNAeasy kit
(Qiagen, Valencia, CA, USA) according to manufactur-
er’s instructions, and RNA concentration was deter-
mined spectrophotometrically. Reverse transcription
was performed as described above except that 2.4 g
total RNA was used in each reaction. PCR was per-
formed for 30 cycles (94°C 30 s, 58°C 30 s, 72°C 40 s)
in a 25 pl reaction containing 1X Econo Taq PCR buf-
fer, 1.25 U Eppendorf Triple Master mix enzyme(VWR
International, West Chester, PA, USA), 50 pM dNTPs,
and 500 nM Ri 50F and Ri 50R oligonucleotide prim-
ers. As loading controls, the reverse-transcribed
RNA was also subjected to PCR using an 18S primer
pair (Ambion, Austin, TX, USA) and primers to AC-
TIN2 (At3g18780) ACT2 F: 5-GTGCCAATCTAC-
GAGGGTTTC-3" and ACT2 R: 5'- CAATGGGACTA-
AAACGAAAA-3' for 25 cycles. The RT-PCR reactions
(15 pl) were electrophoretically resolved by agarose gel
electrophoresis.

The total RNA blot representing transcripts from
different A. thaliana plant organs was kindly provided
by Steve Pechous (National Center for Biotechnology
Information, Bethesda, MD, USA). To determine GH3.9
expression in different genotypes and RNAi trans-
genic lines, total RNA was isolated from tissue com-
prising both mature and immature siliques and some
flowers using an SDS-phenol extraction procedure fol-
lowed by LiCl precipitation essentially as described
(Downing et al. 1992). Total RNA (15 pg) was elec-
trophoresed on a 1.2% formaldehyde-agarose gel and
blotted overnight in 20X SSC (3 M sodium chloride,
0.3 M sodium citrate, pH 7.0) to a Hybond-N mem-

brane (Amersham Biosciences, Piscataway, NJ, USA).
Radio-labeled hybridization probe was generated by
performing PCR for 20 cycles (95°C 30 s, 50°C 45 s, and
72°C 1 min) in a reaction containing 500 nM dNTPs
(minus dCTP), 2.5 mM MgCl,, 500 nM Ri 50R oligonu-
cleotide primer, and a-[*2P] dCTP. The RNA blot was
hybridized in formamide buffer (5X SSPE, 50% for-
mamide, 5X Denhardt’s and 1% SDS solution) at 42°C
overnight then washed under high stringency con-
ditions in 2X SSC and 1% SDS solution two times for
5 min each at room temperature followed by 85 min at
65°C (Ausubel et al. 2006) and exposed to a phospho-
imager screen (Biorad, Hercules, CA, USA). The blot
was stripped in 0.1X SSC and 0.1% SDS and hybrid-
ized with a radiolabeled UBQ5 probe. A 250 bp frag-
ment of UBQ5 was amplified by PCR using UBQ5 F:
5'-GTGGTGCTAAGAAGAGGAAGA-3" and UBQ5 R:
5-TCAAGCTTCAACTCCITCTTT-3' oligonucleotide
primers and cloned into pGEMTeasy vector (Promega,
Madison, WI, USA). This cloned fragment was used as
a template to generate radiolabeled probe by PCR as
described for the GH3.9 hybridization probe using the
UBQ5 R oligonucleotide primer.

Results

The GH3 Group II member, GH3.9, does not appear to
be induced by exogenous auxin and is developmentally
regulated

Inverse PCR was used to identify and activation
tagged T-DNA in chromosome 2 in the promoter region
of GH3.9 between the 3'UTR of At2g47760 (ALG3-like
gene) and the 5'UTR of At2g47750, GH3.9 (Figure 1a).
GH3.9 belongs to the Group II class of the GH3 gene
family of proteins that are proposed to act as IAA amido
synthetases to conjugate auxin to amino acids (Staswick
et al. 2002, 2005). As several Group II members have
been shown to be “auxin-responsive”, the promoter re-
gion was searched for hormone-responsive cis regu-
latory elements using the PLACE database (Higo et al.
1999). Figure 1b shows the positions of auxin-response
elements (AuxRE), small-auxin upregulated elements
(SAUR), CCAAT box motifs and TATA box motifs rela-
tive to the T-DNA insertion in gh3.9-1. As the A. thaliana
GH3 family members share high sequence similarity, a
multiple alignment of the Group II member cDNAs was
performed to identify the most divergent region to per-
form GH3.9-specific semi-quantitative RT-PCR and gen-
erate a GH3.9-specific hybridization probe for Northern
blot analysis and an RNAi construct (Figure 1c).
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Figure 2. Steady-state GH3.9 transcript levels are not increased by exogenous auxin in seedlings, are expressed in a tissue-specific
manner and are reduced in the gh3.9 mutant and RNAi gene silencing transgenic lines. a) Semi-quantitative RT-PCR was used to
determine whether exogenous indole-3-acetic acid (IAA) increased GH3.9 expression. Seedlings were mock treated (0) or incu-
bated with increasing concentrations of IAA (0.01, 0.1, and 100 pM). Similar results were obtained in three independent experi-
ments, using 185 or ACTIN2 as RNA loading controls. GH3.9 expression is suppressed at low concentrations of exogenous [AA.
b) Northern (RNA) blot analysis of GH3.9 (At2g47750) gene in wild-type Col-0 plants. Total RNA was isolated from whole plant
(W), leaves (L), siliques (S), and inflorescences (I). The same 410 bp exon region of GH3.9 used to generate the RNAi construct
was used as a hybridization probe. Expression of the UBQ5 gene was used as a loading control. GH3.9 transcript accumulates
more in siliques compared to whole plant and is undetectable in leaves or inflorescences. ¢ Northern (RNA) blot analysis of GH3.9
(At2g47750) in wild-type (wt) Col-0, gh3.9, gh3.17, and transgenic RNAi lines A, S, L, ], I, G, and B. Total RNA was isolated from
1 g silique when siliques were largely mature. Fifteen micrograms (15 pg) of total RNA was loaded in each lane. GH3.9 transcript
is not detectable or reduced in the gh3.9 mutant and moderately expressed in the gh3.17 mutant compared to wild-type Col-0. T3
transgenic RNAi lines have variable levels of suppression of GH3.9, which is inversely correlated with the expression of the trans-

gene. GH3.9 transcript level in gh3.17 is very similar to Col-0. Detection of UBQ5 transcript was used as a control.

We examined the expression of GH3.9 in A. thali-
ana tissues by semi-quantitative RT-PCR and North-
ern blot analyses. GH3.9 expression was undetectable
by Northern blot analysis of mature leaf tissue (Fig-
ure 2b and data not shown). However, RT-PCR was
sufficiently sensitive to detect GH3.9 in seedlings. The
RT-PCR should detect only GH3.9 and not other Group
II-family members based on the specificity of the oli-
gonucleotide primers used (Figure 1c). To determine
whether GH3.9 is indeed an auxin-responsive gene,
seedlings were treated with various concentrations
of exogenous IAA. Auxin treatment failed to enhance
GH3.9 expression and actually somewhat repressed ex-
pression (~70% of untreated as determined by semi-
quantitative RT-PCR) at low IAA concentrations (Fig-
ures 2a, 3e, f). Our data is consistent with publicly
available microarray expression data suggesting that
GH3.9 is repressed by exogenous IAA application at
low concentrations and unaffected at high concentra-
tions (Zimmermann et al. 2004).

To learn whether GH3.9 is expressed in a develop-
mental or tissue-specific manner, Northern RNA blot
analysis was performed on total RNA isolated from dif-
ferent tissues of wild-type Col-0 including leaves, flow-
ers, siliques, and whole plants. We observed greater ex-
pression of GH3.9 in siliques compared to the whole
plant, whereas no detectable expression was observed
in leaves or flowers (Figure 2b). These results are consis-
tent with publicly available microarray data (Zimmer-
mann et al. 2004; Toufighi et al. 2005).

The steady-state level of GH3.9 transcripts is reduced
in the gh3.9-1 mutant and lines where GH3.9 was tar-
geted for silencing by RNAi. GH3.9 expression is re-
duced to ~50% of the level in wild type in the gh3.9-1
mutant. We observed a range of suppression in the
RNAI lines (~60-90% of wild-type levels). In addition,
we performed semi-quantitative RT-PCR several times
with similar results (data not shown). Although the sig-
nal for GH3.9 is very low (particularly as compared to
that for UBQ5), we chose to show a Northern blot, be-
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Figure 3. GH3.9 promoter::GUS transgenic plants indicate that
GH3.9 is expressed in tissue-specific and developmentally reg-
ulated manners. Representative examples of histochemical de-
tection of GUS activity in (a) a young seedling, (b) a mature
embryo, (c) a mature silique, (d) a primary root, (e and f) pri-
mary and lateral roots untreated or treated with 0.01 pM TAA,
respectively.

cause the correlation between transgene expression and
GH3.9 suppression is evident. RNAi lines G, |, L, and S
showed significantly reduced GH3.9 expression com-
pared to RNAI lines A and B that was inversely cor-
related with transgene expression levels (Figure 2c).
The level of suppression generally correlated with the
strength of the long-root phenotype. For example, we
saw the least suppression in GH3.9 RNAi line B, and
this line had the shortest roots (closer to wild type) in all
experiments (Figures 4, 6a). Because GH3.17 is the clos-
est gene family member to GH3.9, we also analyzed the
expression of GH3.9 in the mutant gh3.17-1. In the mu-
tant gh3.17-1, GH3.9 transcript accumulated to similar
levels to wild-type Col-0 (Figure 2c).

Further support for tissue specificity and develop-
mental control of GH3.9 expression comes from histo-
chemical staining of GH3.9 promoter::GUS transgenic
plants. Strong GUS expression at the root-hypocotyl
junction, young leaves and the shoot apical meristem,
but only weak expression in cotyledons of young seed-
lings were observed (Figure 3a). The strong silique
GH3.9 expression seen by Northern blot (Figure 2b) can
primarily be attributed to weak, but detectable, GUS ex-
pression in the outer wall of the fruit bodies or siliques
and significant expression in mature embryos prior to
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Figure 4. The ¢h3.9-1 mutant and GH3.9 RNAI lines display
long primary roots compared to wild-type Col-0 and the
gh3.17-1 and jarl-1 mutants when grown vertically on Mu-
rashige-Skoog (MS) media. a) A line graph depicting primary
root lengths determined over a period of 10 days after seed
germination. Homozygous T3 generations of transgenic RNAi
lines were analyzed, and data is combined from three inde-
pendent experiments. Error bars represent 95% confidence lev-
els. b) A bar graph depicts the primary root lengths for the an-
alyzed genotypes at the end of the experiment (day 10). Error
bars represent 95% confidence levels. Significant differences
between genotypes, determined by two-sample equal variance
one-tailed Student’s t-tests, are indicated by different alphanu-
meric symbols (a = 0.05). Different letters represent significant
differences.

germination (Figure 3b, c). In roots, the promoter was
active in the vascular tissue of the root elongation zone
(Figure 3d). Exogenous IAA treatment caused reduced
promoter activity in the vascular tissue (consistent with
the RT-PCR results, Figures 2a, 3e, f). Interestingly, IAA
treatment triggered lateral root tip expression (Figure 3e,
f), with only 13% of untreated lateral roots (n = 131) and
57% of treated lateral roots (n = 76) showing any expres-
sion at the tip. We failed to detect any changes in either
the levels or the distribution of GUS activity in response
to exogenous 10 pM MeJA treatment (data not shown).
Therefore GH3.9 expression is developmentally regu-
lated. Moreover, GH3.9 appears to respond to exoge-
nous auxin, but by repression rather than induction, and
a change in the tissue localization in lateral roots.
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GH3.9 affects primary root growth and GH3.9 gene ex-
pression correlates with a long primary root phenotype

We observed consistently longer primary roots in
gh3.9-1 seedlings compared to wild-type Col-0 seed-
lings (Figure 4). Because the T-DNA insertion in gh3.9-1
is derived from the activation tagging vector pSKI015,
we expected that the long-root phenotype might be
dominant gain-of-function (Weigel et al. 2000). There-
fore, the gh3.9-1 mutant was backcrossed to wild-type
Col-0, and the primary root lengths were analyzed for
two independent F2 populations. The wild-type (short)
and mutant (long) root phenotypes were distinguished
by the value of the longest Col-0 root. The long-root
phenotype segregated in a 3:1 (short root: long root)
ratio (x> = 0.10, n = 118), as would be expected if the
long-root phenotype were conferred by a single reces-
sive mutation, rather than by a gain-of-function mu-
tation. Furthermore, the gh3.9-1 mutant showed a re-
duction in the GH3.9 transcript, rather than an increase
in RNA levels (Figure 2c), thereby confirming the no-
tion that the T-DNA causes a loss-of-function muta-
tion. PCR-based genotyping was consistent with this
finding (data not shown). As further verification that
the long-root phenotype was due to GH3.9 disruption,
additional homozygous T-DNA insertion alleles were
tested. SALK_005057 and SALK_005065 have pROK2-
derived T-DNA sequences (Alonso et al. 2003) inserted
302 and 415 bp, respectively, removed from the site of
the pSKI015-derived T-DNA insertion in gh3.9-1 and
WiscDsLox419D07 has pDS-LOX-derived T-DNA se-
quences (Medberry et al. 1995) in exon 3 of the cod-
ing region of GH3.9 (Figure la). Homozygous inser-
tion mutants for two of these alleles also exhibited the
long-root phenotype (Table 1), and the heterozygous
WiscDsLox line segregated for the long-root pheno-
type (data not shown). Moreover, GH3.9 RNAI lines
also had longer primary roots compared to wild-type
Col-0 seedlings. Mutation of the Group II GH3 gene
family member most closely related to GH3.9, GH3.17,
had no significant effect on primary root length, while
mutation of a Group I GH3 gene family member,
GH3.11 or JARI, resulted in shorter primary roots than
Col-0, gh3.9-1, gh3.17-1, and GH3.9 RNAI lines (Fig-
ure 4). These results indicate that GH3.9 influences pri-
mary root length, and that the long-root phenotype
correlated with reduced GH3.9 expression in gh3.9-1
and GH3.9 RNAI lines. Rates of root elongation in the
gh3.9-1 mutant and GH3.9 RNAI lines were similar to
wild-type seedlings in the early stages of root growth
and became accelerated with time (Figure 4a, Table 2).
No significant difference in lateral root numbers were
observed for the gh3.9-1 mutant and wild type.

Table 1. Primary root length determined for GH3.9-related T-
DNA insertion lines

Genotypes No. seedlings®  Root length (mm)P
Col-0 16 50.9 (7.9)1

gh3.9-1 18 59.4 (8.5)?
SALK_005065 17 65.4 (9.0)2
SALK_005057 16 59.0 (9.6)23

2 The number of seedlings tested per genotype

> The mean primary root length determined 10 days after seed
germination and error at 95% confidence intervals (in pa-
rentheses) are shown. Significant differences between geno-
types, determined by paired, one-tailed Student’s t-tests are
indicated by different superscripted numbers (a = 0.1)

Table 2. Primary root growth rates for various genotypes

Genotype  Root growth rate (mm day™)?
Days4-6 Days 6-8  Days 8-10
Col-0 445 5.22 6.27
gh3.9-1 6.14 7.49 8.00
RNAI-L 6.46 7.64 7.86
RNAIi-G 5.58 7.09 7.95
RNAIi-S 5.93 6.17 8.10
RNAi-B 5.15 6.19 6.67
gh3.17-1 4.38 5.57 6.78
jarl-1 2.04 4.72 5.30

2 Primary root lengths were determined over a 10-day pe-
riod after seed germination. The average root growth rate
(mm day™) is shown for various time intervals

GH3.9 has moderate influence on sensitivity to
jasmonate-mediated and auxin-mediated root growth
inhibition

Several A. thaliana GH3 family member mutants have
observable phenotypes, including altered sensitivity to
plant hormones such as IAA and MeJA (Staswick et al.
1992, 2005; Tiryaki and Staswick 2002; Staswick and
Tiryaki 2004). Therefore ¢h3.9-1 and the GH3.9 RNAi
lines were tested for sensitivity to MeJA- and IAA-me-
diated root growth inhibition. The concentrations used
in the experiments shown were based on these standard-
ization experiments, information for GH3.9 expression
available from the Genevestigator microarray expression
database, and published literature characterizing the
other gene family members. The data is shown for con-
centrations that gave reproducible results and are con-
sistent with those used by other researchers (Staswick
et al. 1992, 2005; Tiryaki and Staswick 2002; Staswick and
Tiryaki 2004). The MeJA-insensitive jarl-1 mutant and
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Figure 5. The ¢h3.9-1 mutant and the GH3.9 RNAi transgenic
lines are moderately resistant to root growth inhibition by
methyl jasmonate (MeJA). a) The mean root length at 10 days
after seed germination is indicated for seedlings grown in the
absence of exogenous MeJA (black bars) and the presence of
10 pM MeJA (white bars). Error bars represent 95% confidence
levels. The jar1-1 mutant was used as a control for MeJA resis-
tance. b) The MeJA-induced root inhibition (%) was calculated
as the difference in root length in the presence and absence
of MeJA divided by the root length in the absence of MeJA;
[(length — MeJA) — (length + MeJA)]/(length — MeJA). Data
represent 14-20 individual seedlings of each genotype.

the auxin-sensitive gh3.17-1 were used as controls. In the
presence of 10 pM MeJA and 5 pM [AA, primary root
growth of wild-type Col-0 seedlings was dramatically in-
hibited (Figures 5a, 6a). Root growth inhibition (percent)
was calculated to compensate for the fact that gh3.9-1
and the GH3.9 RNAi lines had long primary roots on un-
supplemented media (Figures 4, 5a, 6a).

The ¢h3.9-1 mutant and the GH3.9 RNAI lines were
moderately resistant to MeJA, as they differ from the
highly sensitive Col-0 and the resistant jarl-1 mutant
(Figure 5b). The gh3.9-1 mutant and the GH3.9 RNAi
lines were moderately sensitive to IAA, as they dis-
played greater sensitivity than wild-type Col-0, but less
sensitivity than gh3.17-1 (Figure 6b).

Discussion

Auxin synthesis, degradation, conjugation, and
transport control free auxin levels and distribution
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Figure 6. The ¢h3.9-1 mutant and the GH3.9 RNAI transgenic
lines are moderately sensitive to root growth inhibition by
IAA. a) The mean root length at 10 days after seed germina-
tion is indicated for seedlings grown in the absence of exog-
enous IAA (black bars) and the presence of 5 pM IAA (white
bars). Error bars represent 95% confidence levels. The gh3.17-1
mutant was used as a control for IAA sensitivity. b) The IAA-
induced root growth inhibition (%) was calculated as the dif-
ference in root length in the presence and absence of IAA
divided by the root length in the absence of IAA; [(length -
IAA) - (length + IAA)]/(Iength — IAA). Error bars represent
95% confidence levels. Significant differences between gen-
otypes, determined by two-sample equal variance one-tailed
Student’s t-tests, are indicated by different alphanumeric sym-
bols (a = 0.05). Different letters represent significant differences.
Data represent two independent experiments with 15-30 indi-
vidual seedlings of each genotype.

within plant tissues to establish basic plant architec-
ture by regulating cell division, cell fate, and pattern
formation. Recent insights into the molecular mech-
anisms regulating auxin transport were provided by
studies using auxin transport inhibitors, transport mu-
tants, and reporter genes. These studies established a
key role for the auxin-inducible auxin efflux carrier
proteins (PINs) and PIN gene transcription regulators
(PLTs) in controlling auxin flux to maintain an auxin
maximum at the root tip (Sabatini et al. 1999; Friml
et al. 2002, 2003; Aida et al. 2004; Blilou et al. 2005).
Much still remains to be uncovered regarding other as-
pects of auxin physiology including synthesis, degra-
dation, and conjugation.

GH3.9 (At2g47750) belongs to the 20-member A. thali-
ana GH3 gene family. Some GH3 family members have
been shown to encode proteins that can adenylate and
conjugate plant hormones to amino acids in vitro (Stas-
wick et al. 2002, 2005; Staswick and Tiryaki 2004). One
of the two Group I GH3 gene family members, JAR1/
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FIN219/GH3.11, functions as a JA (jasmonic acid)-
amido synthetase to activate JA (Staswick and Tiryaki
2004), and all eight Group Il-family members with the
exception of GH3.9 (due to low recombinant GST pro-
tein levels) can function as indole-3-acetic acid (IAA)-
amido synthetases in vitro (Staswick et al. 2005). A sim-
ilar function has been proposed for GH3.9, because it
is capable of adenylating auxin in vitro (Staswick et al.
2002). In contrast to MeJA, which is activated by amino
acid conjugation, amino acid-conjugated forms of IAA
appear to be inactive. Consistent with the hypothesis of
Staswick et al. that Group II GH3 members conjugate
IAA to amino acids to reduce the availability of free (ac-
tive) auxin, reduction-of-function mutations in some of
these genes result in increased sensitivity to JAA-medi-
ated root growth inhibition (Staswick et al. 2005), and a
gain-of-function mutation in one of these genes confers
resistance to IAA-mediated root growth inhibition (Na-
kazawa et al. 2001).

We discovered the gh3.9-1 mutant in a screen of ac-
tivation tagged populations for fumonisin Bl-resistant
(fbr) mutants (Stone et al. 2000). The original mutant
had both the fbr phenotype and long primary roots.
Individual F2 progeny from a backcross of gh3.9-1 to
wild type were identified that retained the fbr pheno-
type, but lacked the T-DNA insertion. Therefore, we
concluded that the fbr phenotype was unlinked to the
T-DNA insertion, but the long-root phenotype was
linked and segregated as a single recessive trait. Con-
trary to our expectation that the adjacent pSKI015-de-
rived activation tagging T-DNA would bestow a dom-
inant phenotype, the gh3.9-1 mutant identified in our
study appears to be a loss-of- or reduction-of-func-
tion allele, unlike the dominant activation tagged mu-
tations identified for the GH3 Group II family mem-
bers YDK1 (GH3.2) and DFL1 (GH3.6). GH3.9-related
T-DNA insertion alleles and RNAi lines with reduced
GH3.9 expression also displayed the long-root phe-
notype. Lateral root numbers were unaffected in the
gh3.9-1 mutant, consistent with published reports for
mutations in other closely related gene family mem-
bers (Staswick et al. 2005).

GH3 family members share high sequence similar-
ity and may have undetectable or subtle phenotypes
when mutated due to functional redundancy. How-
ever, some GH3 genes have been uncovered in mutant
screens. For example, mutations in the Group I GH3.11/
JAR1/FIN219 gene, which encodes a JA-amido synthe-
tase, are pleotropic, although there is allelic variability.
GH3.11 mutations confer resistance to MeJA-mediated
root growth inhibition, suppress the constitutive pho-
tomorphogenesis phenotype of a copl mutant, and dis-
play a long-hypocotyl phenotype in far-red light (Stas-
wick et al. 1992, 2002; Hsieh et al. 2000).

An activation tagged dominant mutation in Group
I YDK1/GH3.2 identified in a mutant screen for altered
hypocotyl elongation also had short primary roots and
reduced apical dominance, but no obvious morpholog-
ical phenotypes were observed in the presumed knock-
out mutant (Takase et al. 2004). More comprehensive
investigation, however, revealed the gh3.2-1 mutant to
be moderately sensitive to auxin-mediated root growth
inhibition (Staswick et al. 2005). Likewise, gh3.1-1,
gh3.17-1, and gh3.5-1 mutants had normal plant archi-
tecture, wild-type root growth rates, but showed in-
creased IAA sensitivity (Staswick et al. 2005). There-
fore, the gh3.9-1 mutant shares the normal leaf, shoot,
or flower morphology and IAA sensitivity phenotype
with several Group II loss-of-function mutants (Fig-
ure 5). In contrast, the homozygous gh3.9-1 T-DNA in-
sertion line and the GH3.9 RNAI lines with reduced
GH3.9 expression had a long-root phenotype (Fig-
ure 4), which was not seen in gh3.1-1, gh3.2-1, ¢h3.17-1,
and gh3.5-1 loss-of-function mutants, nor the gain-of-
function dfl1-D mutant (Nakazawa et al. 2001; Staswick
et al. 2005). The failure to observe a root length pheno-
type in these mutants suggests that GH3.9 serves a dis-
tinct function in roots. The opposite root length pheno-
types in the dominant ydk1-D and the recessive gh3.9-1
suggest that these two GH3 genes may have overlap-
ping functions or expression patterns.

In primary literature and publicly available microar-
ray gene expression databases, six of the eight Group II
GH3 genes, GH3.1, YDK1 (GH3.2), GH3.3, GH3.4, GH3.5
(AtGH3a), and DFL1 (GH3.6), were reported to be in-
duced by exogenous (and presumably endogenous)
auxin (Nakazawa et al. 2001; Tanaka et al. 2002; Goda
et al. 2004; Takase et al. 2004; Staswick et al. 2005).
However, the two closely related Group II GH3 genes,
GH3.9, and GH3.17, do not appear to be auxin respon-
sive (Staswick et al. 2005). We investigated whether
steady-state GH3.9 transcript levels were altered in
seedlings treated with exogenous IAA and found that
GH3.9 was downregulated by exposure to low, physi-
ological concentrations of IAA (Figure 2a) (Ostin et al.
1998). Our results are consistent with publicly avail-
able microarray gene expression data indicating that
GH3.9 is repressed by exogenous IAA (Genevestiga-
tor; http://www.genevestigator.ethz.ch/ ). Moreover,
phylogenetic analyses indicate that AtGH3.9 and rice
OsGH3.11 are orthologues, and OsGH3.11 expression
was also unaffected or repressed by exogenous auxin
(Jain et al. 2006; Terol et al. 2006).

Repression by low auxin concentrations was some-
what surprising, because the GH3.9 upstream region
contains cis regulatory elements that confer auxin re-
sponsiveness: the auxin-response element (AuxRE:
TGTCTC) and SAUR element (CATATG) (Figure 1b).
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However, AuxREs function in auxin response when
they are adjacent to a constitutive or coupling element
to create composite AuxRE elements (Guilfoyle et al.
1998), and similar sequences were not detected in the
GH3.9 promoter region. ARFs (auxin-response factors)
bound to AuxREs interact with Aux/IAA repressor
proteins to keep auxin-responsive genes silenced when
auxin concentrations are low (Tian et al. 2004; Tiwari
et al. 2004). Some of these ARFs have been shown to be
posttranscriptionally cleaved by microRNAs to release
repression of certain GH3 genes (Mallory et al. 2005).
The ARFs that might bind to the GH3.9 promoter are not
known. Perhaps, they are not targets of these miRNAs,
or the miRNAs that target them do not accumulate in
response to auxin.

Some evidence exists that Group I GH3.11/JAR1/
FIN219 (which functions in JA conjugation) is induced
by auxin (Hsieh et al. 2000). Cross talk between the
signal transduction pathways regulated by various
plant hormones, such as auxins and jasmonates, is fur-
ther exemplified by the identification of an auxin resis-
tance 1 (axr1) allele in a mutant screen for MeJA resis-
tance (Tiryaki and Staswick 2002). Because we observed
short roots in the MeJA-resistant jarl-1 mutant (Fig-
ure 4), we also tested gh3.9-1 for sensitivity to MeJA. We
found that gh3.9-1 and the GH3.9 RNAI lines displayed
moderate resistance to MeJA compared to the control
jarl-1 (Figure 5). Because several GH3 genes are appar-
ently repressed by MeJA (Genevestigator; http:/ /www.
genevestigator.ethz.ch/ ), it would be interesting to de-
termine whether other loss-of-function mutants have
jasmonate-related phenotypes.

The lack of observable phenotype in tissues other
than roots is likely due to tissue- and development-
specific expression of GH3.9 and other Group II family
members. YDK1/GH3.2 that influences both hypocotyl
elongation and root development is expressed primar-
ily in flowers and roots (Takase et al. 2004). Whereas the
Northern blot was informative (Figure 2b), the GH3.9
promoter::GUS reporter construct provides a more de-
tailed picture. For example, the dominant expression in
siliques can primarily be attributed to expression in the
mature embryos (Figure 3b, c). The relatively low ex-
pression in other tissues is due to very specific tissue
localization.

Relating the observed expression patterns with re-
spect to auxin and root physiology offers some clues
as to the function of GH3.9 and the long-root pheno-
type. Free auxin levels are typically monitored by re-
porter genes driven by multimerized auxin-respon-
sive elements (DR5:GUS or DR5:GFP). The GH3.9
promoter::GUS expression patterns tend to be oppo-

site of those observed with these reporters. For exam-
ple, high free auxin levels are found at the tips of cot-
yledons and roots of mature embryos, the base of
trichomes, vasculature and hydathodes of leaves, the
primary root apex and emerging lateral roots (Sabatini
et al. 1999; Friml et al. 2002, 2003; Aloni et al. 2003; Ot-
tenschlager et al. 2003; Lin and Wang 2005). Our GH3.9
promoter::GUS expression is most evident in areas with
low free auxin, which might be explained by a combi-
nation of factors—the repression of GH3.9 by physio-
logical concentrations of auxin and the presumed func-
tion of the protein in conjugating free auxin. GH3.9
promoter-driven expression was present in the proxi-
mal region of the root where cell elongation and expan-
sion takes place, but noticeably absent in the root apex
where active cell division occurs, free auxin is maxi-
mum, and auxin-inducible genes predominate (Fig-
ure 3d). This pattern of expression in roots is consistent
with the pattern of auxin-related (not necessarily auxin-
responsive) gene transcript accumulation determined
by microarray-based transcriptome analyzes (Birnbaum
et al. 2003). Root elongation rates in the gh3.9-1 mutant
and RNAI lines are similar to wild-type seedlings in
the early stages of root growth and become accelerated
with time (Figure 4a, Table 2). These results are in agree-
ment with GH3.9 functioning in cells undergoing elon-
gation, where the GH3.9 promoter is active, as opposed
to in cells that are actively dividing. Exogenous IAA re-
pressed GH3.9 expression in the cell elongation and ex-
pansion zone and triggered lateral root tip expression,
a major perturbation in root auxin homeostasis in lat-
eral roots. Perhaps, the efflux proteins are redistributing
auxin in an attempt to maintain appropriate levels at the
root tip.

While much has been learned about GH3 gene fam-
ily function since the discovery of the enzymatic activ-
ity associated with these proteins, much remains to be
learned regarding the individual roles of these proteins
in plant development. For example, the phenotypic vari-
ability observed in loss-of-function mutants suggests
that we still need to explore how each gene is connected
to other hormone pathways involved in plant develop-
mental processes.

It is intriguing that GH3.9 is not induced by auxin
like other family members, and loss-of-function mutants
exhibit only moderate IAA sensitivity. The long pri-
mary root phenotype and the moderate MeJA resistance
have not been reported for mutations in any other fam-
ily members. This indicates that whereas GH3.9 shares
some of the features of its family members and might
be acting in pathways common to other GH3 genes, it
clearly has a divergent role in root development.
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