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e Background and Aims The hormone auxin and reactive oxygen species (ROS) regulate root elongation, but the
interactions between the two pathways are not well understood. The aim of this study was to investigate how
auxin interacts with ROS in regulating root elongation in tomato, Solanum lycopersicum.

o Methods Wild-type and auxin-resistant mutant, diageotropica (dgt), of tomato (S. Lycopersicum ‘Ailsa Craig’) were
characterized in terms of root apical meristem and elongation zone histology, expression of the cell-cycle marker
gene SI-CycBI; 1, accumulation of ROS, response to auxin and hydrogen peroxide (H,0,), and expression of
ROS-related mRNAs.

e Key Results The dgt mutant exhibited histological defects in the root apical meristem and elongation zone and dis-
played a constitutively increased level of hydrogen peroxide (H,0O,) in the root tip, part of which was detected in the
apoplast. Treatments of wild-type with auxin increased the H,O, concentration in the root tip in a dose-dependent
manner. Auxin and H,O, elicited similar inhibition of cell elongation while bringing forth differential responses
in terms of meristem length and number of cells in the elongation zone. Auxin treatments affected the expression
of mMRNAs of ROS-scavenging enzymes and less significantly mRNAs related to antioxidant level. The dgf mutation
resulted in resistance to both auxin and H,O, and affected profoundly the expression of mRNAs related to antioxidant
level.

e Conclusions The results indicate that auxin regulates the level of H,O, in the root tip, so increasing the auxin level
triggers accumulation of H,O, leading to inhibition of root cell elongation and root growth. The dg¢ mutation affects
this pathway by reducing the auxin responsiveness of tissues and by disrupting the H,O, homeostasis in the root tip.

Key words: Auxin, ROS, hydrogen peroxide, root elongation, tomato, Solanum lycopersicum, diageotropica, dgt.

INTRODUCTION

Plant root growth depends on production of new cells in the root
apical meristem and cell elongation once cells leave the meri-
stem. Cell expansion generally depends on turgor pressure and
modulations of the cell-wall extensibility. Plant organ growth
and cell length are targets of the hormone auxin, which seems
to act differentially depending on concentration, specific tissues
and growth conditions. For example, auxin promotes shoot
growth and root hair formation and elongation (Pitts et al.,
1998; Rahman et al., 2002) but strongly suppresses root growth
when applied even at relatively low doses. When applied at nano-
molar concentrations (30 nm and 100 nMm, respectively), the
natural auxin indol-3-acetic acid (IAA) and the synthetic form
I-naphthaleneacetic acid (NAA) have been reported to inhibit
root growth in Arabidopsis thaliana by reducing the length of
the root elongation zone (Rahman et al., 2007). However,
these treatments did not significantly decrease cell division in
the root apical meristem, as judged from expression level of

the cell-cycle marker construct At-CyclinB1;1:GUS (Rahman
etal.,2007). In contrast, when applied at micromolar concentra-
tions (10 pm for 40 h) NAA was shown to cause an almost
complete consumption of the tomato root apical meristem and
replacement of the meristem by developing lateral root primordia
(Ivanchenko et al., 2006). These examples illustrate the ability of
auxin to regulate root growth and development in a concentration-
dependent manner.

In addition to hormones, the regulation of root growth has been
strongly linked to the generation of reactive oxygen species
(ROS). The superoxide radical (O3 ), hydrogen peroxide
(H,0,) and the highly reactive and unstable hydroxyl radical
(*OH) are produced during normal plant metabolism and in re-
sponse to biotic and abiotic stresses (Neill ez al., 2002; Dietz
et al., 2006; Gapper and Dolan, 2006). Compared with other
ROS, H,0, is relatively more stable. H,O, is also able to
diffuse freely among cellular compartments and between cells
facilitated by movement through specific aquaporin membrane
channels (Henzler and Steudle, 2000; Bienert et al., 2007).
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Along the root, O3 ~ has been shown to localize predominantly in
the elongation zone whereas H,O, was found predominantly in
the differentiation zone and in root hairs (Dunand et al., 2007).
Normal ROS levels are maintained by ROS-scavenging enzymes,
superoxide dismutase (SOD), catalase (CAT), ascorbate perox-
idase (APX), glutathione peroxidase (GPX) and glutathione
transferase (GST) (reviewed by Mittler ef al., 2004). In plants,
H,0, is also scavenged non-enzymatically by the antioxidants
glutathione and ascorbate (reviewed by Ogawa, 2005). The
level of reduced (active) glutathione is regulated by the rate-
limiting biosynthetic enzyme gamma-glutamylcysteine synthe-
tase (GCS) and by glutathione reductase (GR), whereas the level
of ascorbate is regulated through oxidation by ascorbate oxidase
(AO) and by regeneration of oxidized ascorbate. Scavenging of
H,0, by ascorbate generates monodehydroascorbate and ultim-
ately dehydroascorbate, which is regenerated back to ascorbate
by dehydroascorbate reductase (DHAR) using glutathione as
an electron donor.

The importance of ROS and their spatial distribution along the
root for normal root growth has been demonstrated through
mutant analysis. In the upbeat 1 (upbl) A. thaliana mutant, the
level of O~ was increased and that of H,O, decreased in the
root tip, resulting in meristem enlargement, increased cell elong-
ation and generally increased root growth (Tsukagoshi et al.,
2010). The auxin and cytokinin responses of upbl proved
normal, suggesting that modulations of the ROS level in the
upb1 root tip did not dramatically affect the hormonal responses
involved in root growth (Tsukagoshi ef al., 2010). By contrast,
whether hormones regulate ROS level in the root tip and/or the
balance between different types of ROS thereby affecting root
growth is less understood.

The dgt tomato (Solanum lycopersicum) mutant was discov-
ered by Zobel in the early 1970s (Zobel, 1973a, b) and is fre-
quently studied in this plant species. It has been long known to
be auxin resistant and to exhibit abnormal expression of auxin-
related genes (Kelly and Bradford, 1986; Mito and Bennett,
1995; Nebenfiihr et al., 2000). Among other studies, dgt has ser-
ved as a model for investigating gravitropic response (Madlung
et al., 1999; Rice and Lomax, 2000), fruit development (Balbi
and Lomax, 2003; Mignolli er al., 2012), root branching
(Ivanchenko et al., 2006), adventitious root formation (Vidoz
et al., 2010; Lombardi-Crestana et al., 2012) and arbuscular
mycorrhiza initiation (Hanlon and Coenen, 2010). Cloning of
the DGT gene revealed that DGT encodes a homolog of human
cyclophilin-A, a protein known for affinity for the immunosup-
pressant drug cyclosporine-A but poorly understood at the cellu-
lar level due to protein redundancy in many species (Oh et al.,
2002, 2006). To date, no dgt-like mutant has been described in
A. thaliana, although similar mutants were recently reported
in rice (Oryza sativa) (Kang et al., 2013; Zheng et al., 2013)
and the moss Physcomitrella patens (Lavy et al., 2012) indicat-
ing that DGT-like proteins have conserved function in auxin
signalling.

Here we report interactions between auxin and H,O, in regu-
lating root elongation that were discovered through analyses of
the dgt tomato mutant. We found that H,O, was maintained at
a relatively low level in the wild-type tomato root tip but was
increased upon auxin treatment and apparently acted as a down-
stream component of auxin in reducing root cell elongation. The
dgt mutant was found to exhibit a constitutively increased level
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of H,O, in the root tip that contributed to dgt’s inability to
respond flexibly to auxin treatments. These findings suggest
that auxin regulates the H,O, level in the root tip in order to
control root growth and this pathway is disrupted by the dgt mu-
tation in tomato.

MATERIALS AND METHODS
Plant material and growth conditions

Tomato (Solanum lycopersicum) wild-type and dgtl-1 plants in
the ‘Ailsa Craig’ background (Ivanchenko et al., 2006) were used
in this study. Seeds were surface-sterilized in 20 % commercial
bleach for 30 min and rinsed four times for 10 min with sterile
water. Sterilized seeds were incubated at 4 °C for 2 d to en-
sure even germination and then planted on media containing
0-2 x Murashige and Skoog basal medium with vitamins (Phyto-
Technology; http:/www.phytotechlab.com), 1 % sucrose, 10 mm
MES buffer pH 5-7 and 0-8 % agar. Plants were grown on vertically
orientated 150-mm-diameter Petri dishes in a growth chamber at
21 °Cunder long day (16 hlight, 8 h dark) conditions and light in-
tensity of 26 wE m~ % s~ . For histological analyses, plants were
usually grown for 7 d on control medium and then transferred
to a new Petri dish containing the same medium (control) or
medium supplemented as indicated in the figure legends. IAA
and H,O, (Sigma-Aldrich; http:/www.sigmaaldrich.com) were
applied for 5 h (unless noted otherwise) after which plates were im-
mediately photographed, then roots were fixed and processed
for clearing and subsequent histological measurements. Media
contained 0, 5, and 25 nm TAA or 0, 0-25 and 1 mm H,O,. On
average, 10—12 seedlings were analysed per sample in at least
two independent experiments. For analyses of IAA effects on
H,0, level or gene expression, 7-d-old seedlings were treated
with the corresponding IAA concentrations in liquid medium
with gentle shaking for 12 h. On average, 50— 100 root tips were
collected from below the first root hair bulge per sample in three
independent experiments.

Analyses of root growth parameters and microscopy

Measurements of root growth increments were performed on
images taken from the plates using IMAGE-Pro Plus (Media
Cybernetics, http:/www.mediacy.com). For meristem, elong-
ation zone and cell morphology analyses, roots were fixed in
ethanol/acetic acid (3:1) for 24 h, cleared as described
(Malamy and Benfey, 1997) and then mounted in saturated
chloral hydrate solution containing 10 % glycerol. Root
samples were analysed under a Zeiss Axiovert microscope with
differential interference contrast (DIC) optics. Measurements
of the root zones lengths and cell lengths were performed
under a microscope using an ocular micrometer and the 20 x
or 40 x objective, respectively. Meristem length was measured
as the distance from the quiescent centre (QC)/central root cap
border to the region where cells started to progressively increase
in length as the result of rapid elongation and the elongation
zone length was measured from this point to the first root hair
bulge. Cell length was measured in the second exterior cortex
layer by measuring the length of the cell that was just below
the first root hair bulge. Digital images were taken using a
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SPOT CCD camera and software (Diagnostic Instruments; http:/
www.spotimaging.com/).

Staining for ROS and histological analyses

The superoxide radical (O3 ~) was detected based on Nitroblue
tetrazolium (NBT)-reducing activity as previously described
(Doke, 1983). Eight-day-old seedlings were immersed in a solu-
tion of 2.0 mm NBT (Sigma-Aldrich) in 20 mm MES buffer pH
6-1 for 5 min at room temperature after which the reaction was
stopped by transferring the seedlings into distilled water. Hydrogen
peroxide (H,O,) was detected with 3,3’-diaminobenzidine tetra-
chloride (DAB) reagent (Sigma-Aldrich) as described (Thordal-
Christensen et al., 1997). Seedlings were immersed in 0-05 %
DAB in PBS buffer pH 7-4 for 2h and the reaction was
stopped by transferring the seedlings into distilled water. After
staining, roots were fixed, cleared and processed for microscopy
as described above.

For histological sections, roots were fixed in 1-5 % (v/v) glu-
taraldehyde and 0-3 % (v/v) paraformaldehyde in 25 mm
PIPES (1,4-piperazinediethanesulfonic acid) and embedded in
Historesin (Leica Instruments GmbH, Heidelberg, Germany).
Sections 2 wm thick were stained using a Periodic acid-Schiff re-
action as described (Baum and Rost, 1996).

Imaging of extracellular ROS accumulation

Extracellular release of ROS was determined using the
fluorogenic reagent OxyBURST green H2HFF conjugated to
BSA (Invitrogen; http:/www.invitrogen.com) as described
(Monshausen et al., 2007). Wild-type and dgt seedlings were
grown on wet filter paper for 6 d and then mounted side by side
on agar in an experimental chamber for 5—-6 h as previously
described (Monshausen et al., 2007). Roots were then cut free
of agar and bathed in 100 pL low-salt nutrient medium con-
taining 0-3 mm KNOj3;, 0-2mm Ca(NOj3),.4H,O, 0-05 mm
MgS0,4.7H,0, 0-1 mm (NH4),PO, and 1 % sucrose for approxi-
mately 2min before adding 500 pL of 100 wg mL ™'
OxyBURST into the low-salt medium. Images were acquired
on a Zeiss LSM 510 microscope using a 10 x , 0-3 numerical
aperture objective. Fluorescence was excited with the 488-nm
line of the argon laser and emission was collected using a 488 di-
chroic mirror and 505-nm long-pass filter. Images were acquired
at 5-s intervals for 30 s prior to OxyBURST addition to deter-
mine background fluorescence and for 90 s subsequently.

Quantification of the IAA effect on H,O, accumulation in the root tip

To prepare root extracts, root tips excised from below the first
root hair bulge were ground on ice in 50 mm Na-KPO, buffer (pH
7-4) and cleared by centrifugation at 10 000g for 5 min at 4 °C.
H,0, accumulation was quantified using Amplex Red hydrogen
peroxide/peroxidase assay kit (Invitrogen) following the manu-
facturer’s instructions. Briefly, 50 pwL of cleared supernatant
was added to 50-pL reaction mixtures containing 100 pum
Amplex Red reagent and 0-1 U mL ™" horseradish peroxidase
in black-bottom microtitre plates (Corning Inc.; http:/www.corning.
com/index.aspx). After incubation for 30 min in the dark at room
temperature, fluorescence was measured using a Synergy Il microti-
tre plate reader (Biotek; http:/www.biotek.com/) with excitation and
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emission at 530 and 590 nm, respectively. Readings from samples
were calibrated against a standard curve prepared with known
H,0, concentrations. In both sample assays and standard curve
assays appropriate negative controls (only buffer or no-H,0,) were
used. H,O, content was expressed as wmol g~ ' f. wt.

Quantitative real-time PCR (qRT-PCR) for gene expression

Total RNA was extracted using TRIzol reagent (Invitrogen)
and purified by phenol/chloroform extraction and LiCl precipita-
tion followed by an RNeasy Mini kit (Qiagen; http:/
www.qiagen.com) with in-column DNAase treatment step
according to the manufacturer’s protocol. Synthesis of cDNA
was performed using QuantiTect Reverse transcription kit
(Qiagen) with a genomic DNA wipeout step when the RNA
yields were around 50 ng pL~' or higher. In samples with
lower RNA concentration, an iScript cDNA synthesis kit
(Bio-Rad; http:/www.bio-rad.com) was used according to the
manufacturer’s protocol. In both cases, the primers were vali-
dated for efficiency using a 10(~/*'°P®) — | method and slopes
were obtained between values of —3-23 and —3-18 (92—-94 % ef-
ficiency). Real-time PCR was performed in triplicate with iTaq
SYBR Green Supermix with a Rox reference dye (Bio-Rad) on
either an ABI StepOne Plus real-time machine or realplex ep”
Mastercycler (Eppendorf; http:/www.eppendorf.com) under
default thermal cycling conditions with an added melt curve.
Primers were designed using Primer Quest and obtained from
Integrated DNA Technologies (https:/www.idtdna.com). For
primer sequences, see Sugglementary Data Table S1. Data
were analysed using the 2~ **“T method and values normalized
to two housekeeping genes, RPL2 (Balbi and Lomax, 2003) and
Ubi3 (Rotenberg et al., 2006), which were found to be expressed
stably in roots and not affected by treatments and genotypes.

RESULTS

The dgt mutation of tomato causes quantitative histological defects
in the root tip

The dgt mutant has been previously reported to have shorter root
meristem and elongation zone compared with wild-type (Ivanchenko
et al., 2006) but these defects were not analysed in detail. We
observed that the dgf root tip was slightly wider, but did not display
any severe meristem disorganization (Fig. 1A, B). The wild-type
root apical meristem, estimated as the distance from the quiescence
center (QC)/root cap border to the site where cells show the first
evidence of fast elongation, was on average 0-86 + 0-03 mm long
containing 75 cells whereas the dgr meristem was on average
0-56 £+ 0-01 mm long containing 68 cells (Fig. 1B, D). The length
of the elongation zone was measured as the distance from the
first visible sign of cell elongation in the second exterior cortex
layer to the first root hair bulge in the epidermis. This distance was
on average 1-4 + 0-2 mm containing 25 cells in wild-type and
0-7 £+ 0-1 mm containing 14 cells in dgr (Fig. 1D). The length of
the elongated cortex cells at the site of the first root hair bulge was
on average 84 +4 pum in wild-type and 59 +2 pum in dgt
(Fig. 1D). Thus, dgt is unable to maintain normal meristem length,
elongation zone length and cell elongation, which correlated with
reduced root growth. qRT-PCR analyses of the cell-cycle-related
SI-CyclinBI;1 mRNA in the root tip below the root hair bulge
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Fi1G. 1. The dgt mutant of tomato displays reduced root growth correlated with reduced meristem length, number of cells in the elongation zone and elongated cell
length. (A) Images of 8-d-old wild-type and dgt seedlings. Two partially overlapping images were combined for each genotype by precisely aligning the contours of
overlapping cells. (B) Root meristem in wild-type and dgz depicted as the distance between the QC/root cap border and the beginning of cell elongation (dashed lines).
Inserts show beginning of cell elongation in the second exterior layer of the cortex. Scale bar = 122 um. (C) Expression level and IAA response of SI-CyclinB1;1
cell-cycle gene in wild-type and dgt root tips. Different letters indicate a statistically significant difference when analysed by one-way ANOVA and a multiple com-
parisonusing Tukey’stestat P < 0-05. Dataare combined mean + s.e. of two experiments performed in triplicate with 50— 100 root tips per sample. (D) Quantifications
of root meristem length, meristem cell number, elongation zone (EZ) length, elongation zone cell number and elongated root cell length in wild-type and dgt.
Quantitative values are combined mean + s.e. for two independent experiments with 11—12 roots per sample in each experiment. *P < 0-05, Student’s z-test.

showed that SI-CyclinBI;1 was upregulated by auxin in both
wild-type and dgt but its expression level remained much lower in
dgt even after the auxin treatment (Fig. 1C). Thus, the reduction of
dgt meristem length correlates with reduced cell division in the
root tip.

In addition to cell division, the length of the root apical meri-
stem also depends on the maintenance of a population of initial
cells. The QC serves as an organizer of the meristem and a reser-
voir of initial cells. The tomato QC can be recognized histologi-
cally as a ‘hemispherical mass of irregularly-shaped cells’ at the
root tip just above the central root cap border (Street et al., 1967).
These morphologically distinct cells show low labelling with
tritiated thymidine, confirming their low rate of cell division

and hence QC nature (Fusconi et al., 1999). Based on the cell-
shape criterion, we identified the QC region in wild-type and
dgt roots and determined that dgr QC was of normal height
(Fig. 2). A normal QC height indicates normal maintenance of
initial cells in the meristem (Barlow, 1997). However, the
number of QC cells appeared to be increased in the lateral direc-
tion, probably resulting from ectopic cell division (Fig. 2). This
ectopic cell division could result from auxin imbalance because
the auxin transport inhibitor N-naphthylphthalamic acid has
been shown to induce QC cell division in maize roots (Ponce
et al., 2005). Whether the abnormal mitotic activity of the dgt
QC region is somehow related to the reduction of dgt root
apical meristem length is at present unclear.
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F1G. 2. Histological comparison of the distal meristem region from a wild-type
and dgt root. The QC cell region is marked. Periodic acid-Schiff stain was used to
visualize cells in 8-d-old seedlings. Scale bar = 35 pm.

The dgt mutant shows an increased H,O, level in the root tip
and increased level of ROS in the apoplast

We also analysed the level of ROS in the dgt root tip. As a probe
for O3 ~, we used NBT, a reagent that forms an insoluble purple—
blue formazan precipitate upon interaction with O3~ (Bielski
et al., 1980). For H,O,, we used 3,3’-diaminobenzidine-HCl
(DAB), achromogen that produces a brown stain in the presence
of endogenous H,O, and peroxidases (Thordal-Christensen
etal., 1997). Consistent with earlier observations demonstrating
differential distribution of these radicals along the A. thaliana
root (Dunand et al., 2007), we observed differential distribution
in the wild-type tomato root with O3 ~ decreasing from root tip
toward differentiation zone and H,O, increasing from root
tip toward differentiation zone (Fig. 3A). There was no
visually obvious difference between wild-type and dgf root tips
in respect to O3 ~ stain (Fig. 3B). However, the H,O, stain was
increased in the dgt root tip compared with wild-type, especially
in the proximal (shootward) portion of the meristem and the
elongation zone (Fig. 3C). This demonstrates that H,O, is main-
tained at a relatively low level in the growing portion of the
wild-type tomato root and this balance is disturbed by the dgt
mutation.

The properties of the cell-wall continuum, known as the apo-
plast, are considered to play an important role during cell elong-
ation; loosening of the wall would allow cells to increase in
volume upon increases of turgor pressure whereas wall stiffening
would cause an opposite effect (Cosgrove, 1997). To visualize
extracellular ROS in dgt with high spatial and temporal reso-
lution, we used an imaging approach based on OxyBURST
green H2HFF [(dihydro-2),4,5,6,7,7)-hexafluorofluorescein], a
non-fluorescent reagent that becomes fluorescent upon oxida-
tion. OxyBURST was applied as a conjugate with BSA to retain
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Fi1G. 3. The dgt mutation increases the H,O, level in the root tip but has no
visible effect on the O3~ level. (A) Images of 8-d-old wild-type roots stained
for the superoxide radical (O3 ~) using Nitroblue tetrazolium (NBT) and for
H,0, using 3,3'-diaminobenzidine tetrachloride (DAB), respectively. Note that
the NBT signal increases toward the root tip whereas the DAB signal increases
in the opposite direction (arrows). (B) Comparison of wild-type and dgt root
tips stained for O3 ~. (C) Comparison of wild-type and dgt root tips stained for
H,0,. Scale bars = 122 pm.

itin the extracellular space. The intensity of OxyBURST fluores-
cence in this approach does not vary with environmental factors
such as changes in pH or ionic strength of the medium (Monshausen
et al., 2007). After addition of OxyBURST to the medium bathing
wild-type and dgr roots, ROS-dependent fluorescence quickly
developed along the surface of the meristem and elongation zone
of the dgt root whereas much lower levels of fluorescence were
observed along wild-type root tips (Fig. 4A, B).

OxyBURST is documented to react with only certain forms of
ROS showing strongest sensitivity for O ~ and, in the presence
of peroxidases, HO, (Haugland, 2005). Given that we did not
detect any strong increase of O ~ with the NBT stain in the dgt
root tip but detected a dramatic increase of H,O, with the DAB
reagent (Fig. 2B), we conclude that the OxyBURST signal prob-
ably detected an increased accumulation of H,O, in the apoplast
at the dgt root tip.

IAA treatment increases the level of H>O, in the wild-type root tip

We next quantified the effect of IAA on H,O, level in the root
tip of wild-type and dgt plants using samples from below the first
root hair bulge. When wild-type plants were incubated in
medium containing 5 or 25 nm TAA the level of H,O, in their
root tips increased in a dose-dependent manner (Fig. 5A). This
clear linear response revealed a relationship between auxin
level and H,O, level in the root tip. In comparison with wild-
type, the level of H,O, in untreated dgt root tips was much
increased and an inability to respond to TAA with increasing
the H,O, level was also evident (Fig. 5A). This could be due to
dgt’s auxin resistance. Alternatively, the auxin treatment did
not increase the H,O, level in dgt because it was already too
high in untreated dgr root tips and comparable with that in
TIAA-treated wild-type root tips (Fig. 5A).

IAA and H>0, both inhibit cell elongation and root growth
in wild-type in a dose-dependent manner

To examine the interaction between IAA and H,O, more
broadly, we compared their histological effects at the cellular
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for wild-type. Fluorescence quickly developed along the root surface of dgt, indi-
cating higher extracellular ROS accumulation compared with wild-type. Scale
bar = 500 wm. (B) Quantification of ROS-dependent OxyBURST fluorescence
in region 1 (black), region 2 (red) and region 3 (blue) as denoted in A. Average
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level at concentrations that comparably inhibited root growth
(Fig. 5B). Treatments of only 5 h were used in these comparisons
because the H,O, effect proved unstable with longer incubation
times. In the presence of 5 or 25 nm [AA, the length of the newly
formed wild-type root portion was reduced in a concentration-
dependent manner, on average from 3-5 + 1.0 mm in untreated
roots to only 0-3 + 0-1 mm in plants treated with the higher
IAA concentration. In the presence of 0-25 and 1-0 mm H,0,,
the length of the newly formed root portion was comparably
reduced, on average from 3-2 + 0-5 to 0-3 + 0-1 mm with the
higher H,O, concentration. Upon analysing the root tip histolo-
gically, it was evident that both IAA and H,O, reduced the elon-
gated cell length (Fig. 5B). However, IAA also reduced the
number of cells in the elongation zone and had no inhibitory
effect on meristem length whereas H,O, had little effect in the
elongation zone and reduced meristem length significantly
(Fig. 5B). Thus, IAA and H,O, probably interact to inhibit cell
elongation, but apparently also have differential effects in the
meristem and elongation zone.

In comparison with wild-type, the length of the newly formed
dgt root portion was less reduced in the presence of TAA, on
average from 1-2 + 0-1 mm in untreated roots to 0-7 + 0-2 mm
at the higher TAA concentration, consistent with dgt’s auxin re-
sistance. In the presence of H,0,, the length of the newly
formed dgt root portion was also less reduced compared with
the wild-type, on average from 0-7 4+ 0-1 to 0-5 + 0-1 mm with
the higher H,O, concentration. Histological analyses of the
root tip revealed that the dgr mutation reduced not only the
common effect of IAA and H,O, on elongated cell length, but
also their differential effects on meristem length and number
of cells in the elongation zone. Thus, dgf roots grew better than
wild-type roots in the presence of inhibitory concentrations of
either auxin or H,O,, demonstrating that dgt is resistant to both
compounds.

IAA and the dgt mutation affect expression of ROS-related mRNAs
in the root tip

To elucidate further the links between IAA, H,O, and the
effect of the dgr mutation, we next analysed how TAA affected
the expression of ROS-related mRNAs in the root tip by
qRT-PCR. Where information on the subcellular localization
of enzymes was available, we focused on cytosolic and apoplas-
tic isoforms as those were more likely to be expressed in the root
tip and affect root growth. Root-tip samples were collected from
below the first root hair bulge to avoid contamination with high
levels of mRNAs related to root hair development. IAA treat-
ments slightly reduced the level of SI-SOD mRNA and increased
those of SI-CATI, SI-APXI1, SI-GPX-like 1 (SI-GPXLI) and
SI-GST | GPX (Fig. 6). This suggested that simultaneously
with increasing the H,O, level in the root tip the IAA treatment

ROS-dependent fluorescence intensities were analysed by three-way ANOVA fol-

lowed by Tukey’s HSD, which showed a statistically significantly difference

between wild-type and dgr (P < 0-05 for regions 1 and 2, P < 0-01 for region 3).

Within wild-type there was no significant difference between regions or over

time, while in dgr a significant difference was recorded between region 1 and 3

(P < 0-01) and between 2 and 3 (P < 0-05). Data represent means =+ s.d. of six
independent measurements. a.u., arbitrary units.
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Fi1G. 5. Correlations between IAA level and response and H,O, level and re-
sponse in tomato seedlings. (A) Quantifications of the effect of IAA on H,0O,
level in root tips of 8-d-old wild-type and dgt seedlings that had received a
12-h TAA treatment. (B) Comparisons of the effects of IAA and H,O, on root
growth, meristem length, elongation zone (EZ) length, elongation-zone cell
number, and elongated cell length in 8-d-old wild-type and dgt seedlings after
5 h of treatment. Different letters indicate a statistically significant difference
between treatments in each genotype as well as between genotypes at P < 0-05
when analysed by two-way ANOVA followed by Bonferroni’s post-test. Data
in A represent mean + s.e.m. from three independent experiments (n = 3)
where each sample consists of 50—100 pooled root tips, and data in B represent
mean + s.e.m. of two independent experiments each performed with 10—11 in-
dividual roots per group (n = 20-22).
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also induced activation of H,O,-detoxifying pathways. The dgt
mutant showed an increased level of SI-CATI, SI-APX1 and
SI-GPXLI mRNAs but demonstrated normal response in terms
of TAA effect on the levels of these mRNAs (Fig. 6). Thus, pro-
tective feedback upregulation of ROS-scavenging enzymes is
probably induced upon IAA treatment to minimize the toxic
effect of accumulating H,O, in the root tip, but this response
does not seem to require intact DGT gene function.

In contrast to its effect on mRNAs of ROS-scavenging
enzymes, the effect of IAA on the expression of mRNAs
related to regulation of antioxidant levels was less profound
and did not display clear dose dependence, although the effect
of the dgt mutation on these mRNAs was dramatic (Fig. 6).
The levels of SI-GCS and SI-GR were reduced nearly two-fold
in the dgt root tip compared with wild-type whereas SI-DHAR
was increased. The level of SI-AO was also dramatically
increased in dgt and in addition showed an unusually strong upre-
gulation by TAA that was not detected in the wild-type root tip.
These observations revealed a defect in dgt in regulating the ex-
pression of antioxidant-related mRNAs.

We also analysed the expression of the DGT gene by qRT-PCR
(Fig. 6). The SI-DGT mRNA was down-regulated by IAA treat-
ment in the wild-type root tip in a dose-dependent manner but
was reduced and unresponsive to IAA in the dgf root tip. Thus,
there is apparently a feedback regulation between auxin level
and DGT gene expression in the root tip consistent with the par-
ticipation of DGT in auxin signalling.

DISCUSSION

H>0; probably acts as a downstream component of auxin
in inhibiting root growth

At the concentrations tested, we have observed that TAA
increased the H,O, level in the wild-type root tip in a dose-
dependent manner, which demonstrates that H,O, is under auxin
regulation in the growing portion of the root. Furthermore, addi-
tions of either IAA or H,O; to the growth medium clearly elicited
similar reductions of cell elongation and root growth, supporting
the hypothesis that H,O, is a component downstream of auxin in
inhibiting root elongation. IAA also reduced the number of cells
in the elongation zone whereas H,O, significantly reduced meri-
stem length, indicating that the two compounds have differential
effects in specific root zones. Another study reported recently
that TAA treatments decreased the H,O, level in tomato root
apices simultaneously with reducing root growth (Tyburski
et al., 2009). Potentially, differences in experimental design,
e.g. much higher auxin concentrations, longer exposure times
and not excluding root hair-containing portions, could lead to
results different from these reported here.

In addition to being increased by auxin, we also observed that
the spatial distribution of H,O, along the wild-type tomato root
was not random and the H,O, level increased gradually above
the meristem toward the differentiation zone of the root. It is
interesting to note that a recent study reported a similar gradient
in auxin distribution and response along A. thaliana and
S. Iycopersicum roots that was dependent on polar auxin trans-
port (Dubrovsky et al., 2011). Potentially, modulations of the



1114
_ ,plS0D L1 0nm
9] a a I 5nm 6
Q
<
Z 08 4
€
2
E 04 2
[0)
o
0 0
_ 3rAPX1
[ d
o [ 2
c
32 :
o b b
E [a 1L 2
R
© L
s
o
0 1 0 L
rGST/GPX
E’ d 1.2 GCS
o 2
<
zZ
T
o 1
=
kS|
[0
o
0
©
>
2@
<
pd
[
€
(0]
=
©
[0)
o
_ 1.2
23 a
f(’ T rob b b
% 5 0-8 b b
E -
2 1 04
k]
3 L
o
0 0 L
wt dgt wt agt

Fi1G. 6. Quantifications of the effect of IAA (as indicated in the key) on expres-
sion level of mRNAs of tomato ROS-scavenging enzymes (SI-SOD accession
M37151, SI-CATI accession M93719, SI-APXI accession DQ099420,
SI-GPXL accession NM_001247638, SI-GST/GPX accession NM_001247450),
mRNAs related to regulation of antioxidant balance (SI-GCS accession
NM_001247081, SI-GR accession FJ265823, SI-AO accession AY971876,
SI-DHAR accession AY971873) and DGT mRNA (accession M55019).
Different letters indicate a statistically significant difference at P < 0-05 when
analysed by two-way ANOVA followed by Bonferroni’s post-test. Data represent
combined mean + s.e. of three biological experiments performed in triplicate
(n=9) with 50—100 pooled root tips per sample.

auxin gradient in this part of the root through polar auxin trans-
port would affect the H,O, gradient and lead to modulations in
root growth and development.

Our results agree with observations made with the upbl
mutant of A. thaliana, showing that a decrease of the H,O,
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level in the root tip is associated with enlargement of the meri-
stem, increase of cell elongation and general increase of root
growth (Tsukagoshi et al., 2010). Furthermore, gravistimulated
maize seedlings have been reported to display accumulation of
H,0, on the lower non-expanding side of the root, suggesting
that H,O, acts downstream of auxin in gravitropic root bending
(Joo et al., 2001). How could TAA reduce root cell elongation
by increasing the H,O, level in the root tip? The mechanisms
through which auxin regulates cell elongation remain poorly
understood. In shoots, auxin probably promotes growth by in-
creasing the acidification of the cell wall, which should facilitate
expansin-induced cell-wall loosening (Cosgrove, 1997). However,
auxin may act through a different mechanismin roots. At micromo-
lar concentrations auxin treatment was reported to inhibit root
elongation in maize seedlings in a manner that was independent
of changes in the external pH, and hence of cell-wall acidification
(Biintemeyer et al., 1998). As we observed that increases in the
level of H,O, upon IA A treatment were accompanied by decreases
of cell elongation and an increase of apoplastic H,O, in the tip of
the dgt mutant marked with reduced cell elongation, we speculate
that accumulation of H,O, in the root tip might lead to reductions in
the cell-wall extensibility of developing root cells.

Simultaneously with increasing the H,O, level, auxin upregulates
transcription of mRNAs of ROS-scavenging enzymes

Major ROS-scavenging enzymes in plants, SOD, CAT, APX,
GPX and GST, have been well characterized at the transcription-
al level, although their subcellular localizations are still poorly
understood (reviewed by Mittler er al., 2004). SOD catalyses
the conversion of O ~ to H,O, whereas peroxidases of different
types participate in H,O, elimination. Because H,O, diffuses
freely among subcellular compartments and among cells
(Henzler and Steudle, 2000; Bienert et al., 2007), its increase
in the root tip would probably affect root elongation regardless
of the subcellular site of its generation.

Atleasttwo tomato SODs are expressed in leaves: a potentially
cytosolic form (accession M37150) and a form showing similar-
ity to a chloroplastic tobacco SOD (accession M37151)
(Perl-Treves, 1988). We could not amplify the M37151 acces-
sion in root tips but we were able to analyse M37151. The
tomato catalase CATI gene (accession M93719) investigated
here seems to be involved in H,O, detoxification as trans-
genic tomato plants harbouring this sequence in antisense orien-
tation demonstrated a two-fold increase in levels of H,O,
(Kerdnaimongkol and Woodson, 1999). The APX gene family
of tomato has been reported to comprise three cytosolic forms
(APX1-3) (Najami et al.,2008) of which we analysed APX] (ac-
cession DQ099420) as it was well expressed in roots. Tomato
GST/GPX (accession NM_001247450) analyaed here has
been reported to enhance resistance to H,O,-induced oxidative
stress when overexpressed in yeast (Kampranis et al., 2000).
A glutathione peroxidase-like (GPXLI) gene (accession
NM_001247638) has been suggested to encode either a plasma
membrane-localized or cytosolic enzyme (Depege et al.,
1998). In qRT-PCR analyses, we observed that the expression
of SI-SOD was slightly decreased upon auxin treatment whereas
those of SI-CAT1, SI-APX1, SI-GST/GPX and SI-GPXLI1 were
significantly increased, supporting the hypothesis that these
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enzymes participate in a feedback response related to detoxifica-
tion of [AA-induced H,O, accumulation in the root tip.

We also analysed SI-GCS for which a sequence was available
(accession NM_001247081), SI-GR (accession FJ265823) as it
has been reported to be induced by abiotic stress in roots
(Goupil et al., 2009), as well as SI-AO (accession AY971876)
and SI-DHAR (accession AY971873) as these sequences have
been cloned and partially mapped (Zou et al., 2006). Dose-
dependent responses of these mRNAs to auxin treatments were
less obvious compared with the responses observed with
mRNAs of ROS-scavenging enzymes analysed here.

The dgt mutation increases the H,O, level in the root tip in part due
to misregulation of antioxidant-related mRNAs

The gRT-PCR analyses demonstrated that, in comparison
with wild-type, the dgf mutation caused decreased expression of
mRNAs related to glutathione synthesis and regeneration,
SI-GCS and SI-GR, and increased expression of mRNAs related
to ascorbate metabolism and regeneration, SI-AO and SI-DHAR.
The observed decreases in SI-GCS and SI-GR expression and the
increased expression of SI-AO are likely to account, at least in
part, for the increased level of H,O, in the dgt root tip as the anti-
oxidants regulated by these genes are involved in non-enzymatic
elimination of H,O, (reviewed by Ogawa, 2005). The IAA treat-
ment did not affect these mRNAs in wild-type root tips.
However, both the expression levels and IAA responses of
SI-GCS, SI-GR and SI-DHAR were affected profoundly by the
dgt mutation, suggesting that antioxidant levels are auxin regu-
lated. In support of this, an earlier study reported an increase of
the AO mRNA in cultured maize roots after 2 d of treatment
with the synthetic auxin 2,4-D (Kerk and Feldman, 1995).

In addition to response (a term generally defined as the direct
effect of auxin on gene expression), a mutant can also be deficient
in auxin distribution. The dgz mutant shows an increased accumu-
lation of free (active) auxin and an abnormal auxin gradient in the
root as judged from direct auxin measurements (Ivanchenko ez al.,
2006). This abnormally increased auxin accumulation could con-
tribute to the increase of H,O, in the dgf root tip that is reported
here. Note that plants permanently inactivate IAA by ring oxida-
tion to oxIAA, especially in the presence of an oxidative environ-
ment (reviewed by Woodward and Bartel, 2005). A recent study
performed in A. thaliana reported that treatment with the phyto-
toxic atmospheric pollutant ozone, which can increase the produc-
tion of ROS, caused auxin signalling to be transiently suppressed
(Blomster et al., 2011). Thus, we cannot rule out that the high
H,0, level affects the IAA/oxIAA balance in the dgt root tip.

In conclusion, the results reported here suggest that auxin
increases the H,O, level in the root tip of tomato (S. Lycopersicum
‘Ailsa Craig’), leading to adecrease of cell elongation and inhibition
of root growth. A relatively low level of H,O, in the proximal
portion of the meristem and elongation zone of the wild-type root,
regulated by the DGT gene, is essential for flexible auxin-induced
increases of H,O, in control of root growth.
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