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Introduction

Summary

o Lateral root (LR) positioning and development rely on the dynamic interplay between auxin
production, transport but also inactivation. Nonetheless, how the latter affects LR organogen-
esis remains largely uninvestigated.

¢ Here, we systematically analyze the impact of the major auxin inactivation pathway defined
by GRETCHEN HAGEN3-type (GH3) auxin conjugating enzymes and DIOXYGENASE FOR
AUXIN OXIDATION1 (DAO1) in all stages of LR development using reporters, genetics and
inhibitors in Arabidopsis thaliana.

e Our data demonstrate that the gh3.7/2/3/4/5/6 hextuple (gh3hex) mutants display a
higher LR density due to increased LR initiation and faster LR developmental progression, act-
ing epistatically over dao7-7. Grafting and local inhibitor applications reveal that root and
shoot GH3 activities control LR formation. The faster LR development in gh3hex is associated
with GH3 expression domains in and around developing LRs. The increase in LR initiation is
associated with accelerated auxin response oscillations coinciding with increases in apical mer-
istem size and LR cap cell death rates.

e Our research reveals how GH3-mediated auxin inactivation attenuates LR development.
Local GH3 expression in LR primordia attenuates development and emergence, whereas GH3
effects on pre-initiation stages are indirect, by modulating meristem activities that in turn
coordinate root growth with LR spacing.

priming and subsequent PBS formation is highly dependent on
canonical auxin signaling in the stele (Xuan ez 4/, 2015), suggest-

The plant hormone auxin is a major activating signal for lateral
root (LR) development. Its local accumulation in xylem-pole
pericycle (XPP) cells is the rate-limiting event that controls the
onset of LR formation (De Smet et al, 2007; Dubrovsky
et al., 2008; De Rybel ez al., 2010). The nuclear auxin signaling
reporter DR5::Luciferase (DR5::LUC), together with the expres-
sion of many other genes, was found to oscillate in a region proxi-
mal to the meristem, designated as the oscillation zone. These
oscillations have been demonstrated to position root prebranch
sites (PBS) along the primary from which future LRs may arise,
thereby controlling LR spacing (Moreno-Risueno ez al, 20105
Xuan et al., 2020). While not every PBS develops into a LR, each
LR derives from a PBS, suggesting that the efficiency with which
priming is translated to a PBS is a further major factor determin-
ing root branching (Van Norman et al, 2013). Interestingly,
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ing that it is the oscillatory auxin signal that determines the root
branching pattern. This notion is supported by the observation
that the amplitude of the oscillatory DR5::LUC needs to be suffi-
ciently high for it to translate into a stable PBS (Xuan
et al., 2015). This implies that weak auxin oscillations are dissi-
pated and forgotten, while stronger ones are memorized for sub-
sequent formation of a PBS with intense auxin signaling.
Modeling work suggests that the amplitude of auxin oscillations
depends on overall root tip auxin availability (van den Berg
et al., 2021), and that sufficient oscillation amplitude as well as
local auxin biosynthesis contribute to successful PBS formation
(Laskowski & ten Tusscher, 2017; Santos Teixeira et al., 2022).
Additionally, auxin availability is known to promote LR devel-
opment, also beyond the PBS stage. The first morphological
hallmark of subsequent LR development is the coordinated
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asymmetric cell division of XPP cells, followed by periclinal cell
division to start building the LR primordium (LRP). Within the
incipient LRP, auxin signaling levels set the pace for its develop-
ment (Guseman et al., 2015). During its development, auxin gra-
dients emerge to organize the cell identities and establish a
functional new meristem (Benkova ez af, 2003). At the same
time, auxin signaling is activated in the tissues that overlay a
LRP, to facilitate LRP emergence (Stoeckle er al., 2018). These
examples demonstrate the importance of auxin homeostasis in all
stages of LR development.

Auxin biosynthesis, transport, reversible conjugation and irre-
versible catabolism make up a set of complex mechanisms that
jointly control the auxin distribution patterns that regulate plant
growth and development.

Glycosylation, amino acid conjugation and methylation are
the main pathways for inactivating indole-3-acetic acid (IAA;
Casanova-Saez et al.,, 2021). Each of these reactions is reversible,
and thus allow for flexible release of auxin without the need for
de novo auxin biosynthesis. A subgroup of Gretchen Hagen3-type
(GH3) acyl acid amido synthases (group II) can conjugate IAA
to amino acids (Staswick ez al, 2005). Of the eight Group II
GH3 proteins in Arabidopsis (Arabidopsis thaliana) acting as
auxin-inactivating enzymes, GH3.1 to GH3.6 conjugate
IAA preferentially to aspartate (Asp) while GH3.9 and GH3.17
have a preference for conjugating IAA to glutamate (Glu) to
attenuate the auxin response (Staswick er al, 2005; Ludwig-
Muller, 2011; Sugawara et al, 2015). Consistently with this
enzymatic preference, gh3.1/2/3/4/5/6 mutants lost the ability to
form IAA-Asp, but not IAA-Glu (Porco et al, 2016), while
gh3.17 mutants display a strong reduction in IAA-Glu, but not
in IAA-Asp (Zheng er al., 2016). Octuple gh3.1/2/3/4/5/6/9/17
mutants completely lost the ability to form IAA-Asp and had
strongly reduced IAA-Glu levels (Casanova-Saez er al., 2022;
Guo et al., 2022).

Release of IAA from IAA-amino acid conjugates is catalyzed by
endoplasmic reticulum-localized ILR/ILLs (IAA-Leu-Resistantl/
ILR-likes; Sanchez Carranza et al, 2016). Recently, it was found
that DIOXYGENASE FOR AUXIN OXIDATION1 (DAO1) is
required for the irreversible oxidative degradation of TAA, as indi-
cated by the severe reduction or even complete loss of 2-oxindole-
3-acetic acid (oxIAA) in daol loss-of-function alleles (Mellor
et al., 2016; Porco et al, 2016; Takehara ez al., 2020). Instead of
the originally proposed direct oxidation of IAA to oxIAA, it seems
that DAOI1 preferendally oxidizes IAA-amino acids (Hayashi
et al., 2021; Miiller ez al, 2021). This explains why IAA-Asp and
IAA-Glu levels are increased while oxIAA-Asp and oxIAA-Glu are
absent in daol-1 (Hayashi ez al, 2021; Muller et al, 2021). The
reduction in oxIAA in gh3.1/2/3/4/5/6/17 and gh3.1/2/3/4/5/6/9/17
and precursor feeding experiments (Hayashi ez al, 2021;
Casanova-Saez ¢t al,, 2022) further support a model in which
GH3-mediated IAA-amino acid conjugation is an important entry
point for irreversible auxin degradation, acting upstream of DAO1
(Hayashi ez al, 2021).

Since their identification, GH3 proteins have been proposed as
part of an important auxin attenuation mechanism, based on
their auxin conjugating enzymatic activity and gain-of-function
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phenotypes (Takase er al., 2004; Staswick ez al., 2005; Nakazawa
et al., 2008). Single mutant phenotypes in Arabidopsis have only
been described for GH3.17, in the context of shade avoidance
responses in the hypocotyl (Zheng ez al., 2016) and meristem size
through cytokinin-regulated expression in the lateral root cap
(LRC; Di Mambro ez al., 2019). Single mutants in gh3.5 and
gh3.6 display longer meristems, similar to gh3.17 (Pierdonati
et al., 2019), and gh3.3, gh3.5 and gh3.6 develop more adventi-
tious roots in etiolated seedlings (Gutierrez ez al., 2012). None of
the single mutants in group II gh3 were found to have strong root
growth or LR phenotypes (Gutierrez er al, 2012; Xuan
et al., 2015; Guo er al., 2022). Recently, LR development of a
gh3.15/gh3.9 double mutant in tomato was reported to be less
sensitive to inhibition of auxin transport (Ai et 4/, 2023). In Ara-
bidopsis, hextuple, septuple and octuple group II gh3 mutants
have progressively more prominent root phenotypes (Mellor
et al., 2016; Porco et al., 2016; Zhang ez al., 2016; Casanova-Saez
et al, 2021; Hayashi et al, 2021; Guo et al, 2022),
highlighting their importance in root development. The avail-
ability of higher order mutants and selective inhibitors of group
IT GH3s, such as kakeimide (KKI; Fukui ez 2/, 2022), allows to
overcome group II GH3 functional redundancy and explore their
role in plant development.

Here, we use these tools to determine how GH3 and DAO1
activities contribute to the dynamic changes in active auxin pools
in the plant that drive LR development. Genetic interaction
revealed epistatic interactions of gh3hex over daol-1 in various
stages of LR development. Using a systematic approach, we could
demonstrate that localized GH3 activities control not only the
speed of LR development and emergence, but also the initiation
of new LRs via increasing the frequency of oscillation amplitudes
related to meristem size changes without dramatically increasing
root growth rate. Grafting revealed that GH3-controlled pools of
auxin in the shoot contribute to LR development. Jointly, these
data reveal an intricate connection between GH3 activities and
control of LR development at multiple levels.

Materials and Methods

Plant materials and growth conditions

Arabidopsis (Arabidopsis thaliana (L.) Heynh.) seeds were
surface-sterilized for 15 min in 10% bleach, washed four times
with sterile water and plated on Vi-strength Murashige &
Skoog medium (¥2MS) with 0.8% agar. Plants were stratified
at 4°C for 2 or 3d in darkness and then transferred to a
growth chamber at 21°C under continuous illumination (light
intensity 120 pmol m™*s™"). Arabidopsis thaliana ecotype Col-0
was used as wild-type (WT) control. The following lines/seeds/
constructs were used in this study: daol-1 (SALK_093162;
Porco et al, 2016), gh3.1-6 (Porco et al, 2016), auxI-21
(CS9584; Swarup et al., 2004), DR5rev:3 x VENUS-N7 (Heisler
et al., 2005), DR5::LUC (Moreno-Risueno et al., 2010), GH3.1-
pro::NLS-GFP/GUS,  GH3.2pro::NLS-GFP/GUS, GH3.3pro::
NLS-GFP/GUS, GH3.4pro::NLS-GFP/GUS, GH3.5pro::NLS-
GFP/GUS and GH3.6pro::NLS-GFP/GUS lines were generated
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through Agrobacterium-mediated floral dip transformation

(Clough & Bent, 1998).

Genotyping

Crosses were made among daol-1, gh3hex, aux1-21, DR5::LUC
and DR5rev:3 x VENUS-N7 reporters. The genotypes were
determined by PCR and sequencing (Swarup et al., 2004; Porco
et al., 2016). DNA was extracted from a single leaf of young seed-
lings using CTAB DNA extraction as described previously
(Clarke, 2009).

GUS staining and microscopy

The R-glucuronidase (GUS) assays were performed as previously
described (Beeckman & Engler, 1994). For microscopic analysis,
samples were cleared by mounting in lactic acid (Acros Organics,
Geel, Belgium) or as described previously (Malamy &
Benfey, 1997). In brief: incubate seedlings in acetone 90%
overnight at 4°C or until completely white. Transfer seedlings to
a new plate containing phosphate buffer (0.5M, pH7.0) for
30 min at 37°C. Replace phosphate buffer by Solution I (2 ml
HCL, 20% Methanol in 100 ml of water) and incubate 45 min
at 60°C. Replace by Solution II (7% NaOH and 60% EtOH)
and incubate 15 min at room temperature. Wash with 40%,
20% and 10% of EtOH 5 min, respectively. Mount seeding with
50% glycerol on slides for microscopic analysis. All samples were
analyzed using a BX53 Olympus microscope (EVIDENT Europe
GmbH, Hamburg, Germany).

Phenotyping and statistics

For analyzing stages of LRP development, plant material was
cleared following the protocol as described (Malamy & Ben-
fey, 1997). LRP density was calculated as the ratio of the total
number of LRP over the sum of root length. The counting of
LRP was performed in the direction from root tip toward the
root base. Root lengths were analyzed using IMAGE] software
(Schneider ez al., 2012). For macroscopic root phenotyping, the
number of emerged LRs was determined using a stereomicro-

scope. Statistical analysis was performed by two-tailed #test, one-
way ANOVA in Graph Pad and two-way ANOVA in
Graph Pad.

Confocal microscopy

For auxin distribution of DR5rev:3 x VENUS-N7, Zeiss LSM
710 confocal microscope with a x20 objective with GFP settings
(excitation 488 nm, emission 507 nm) was used to identify
and analyze DR5rev:3 x VENUS-N/-positive signals in the root
tip. Cell walls were stained with propidium iodide (PI)
(10 pg ml™; Sigma).

For meristem size assays, roots of Pl-stained seedlings were
analyzed by confocal microscopy (Zeiss LSM 710) and the num-
ber of nonelongated cortex cells in median plane of the meristem
was counted.
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Cloning
To construct GH3pro::NLS-GFP/GUS, a GH3 promoter region

(£2.2-kb upstream of translational start) was amplified with
using GH3.1_pr F GGGGACAACTTTGTATAGAAAAG
TGGTAATGAGAACCTAACTCATAATC, GH3.1_pr_R GGG
GACTGCTTTTTTGTACAAACTTGTATGTTTTAGCTATT
TG, GH3.2_pr F GGGGACAACTTTGTATAGAAAAGTGG
TACCGTGCGATTAGCC TCTTCCT, GH3.2_pr R GGGG
ACTGCTTTTTTGTACAAACTTGTATTTGTTTTTT TTI
CTAAAAGAAAAAGTG, GH3.3_pr F GGGGACAACTTTG
TATAGAAAAGTG GTATCTTACCAAGATACCACCGTAT,
GH3.3_pr_R GGGGACT GCTTTTTTGTACAAA CTTGTG
ATTAAAATGGTATTTGTAAGTG, GH34_ pr F GGGG
ACAACTTTGTATAG AAAAGTGGTATAGCGTTCCACAC
AGACGACGCCA GH3.4_pr_R GGGGACTG CTTTTTTG
TACAAACTTGTGATTTATCGAATGTTTTTGTG GH3.5_
pr_F GGGGACA ACTTTGTATAGAAAAGTGGTAAGATG
TGCGACAGTTGAAACTACTG GH3.5_pr R GGGGACTG
CTTTTTTGTACAAACTTGTGGTTTAAGAGAAAGAGAG
AAGTC; GH3.6_pr_F GGGGACAACTTTGTATAGAAAAG
TGGTACCATTAACAGCAGACGTT ATCT; GH3.6_pr_R G
GGGACTGCTTTTTTGTACAAACTTGTCGTTTAGGTTT
TG TGTT and cloned into pDONR™P4-PIR. GH3pro in
pDONR™P4-PIR was sub-cloned into pEX-K7SNFm14GW to
construct GH3pro::NLS-GFP/GUS with the Multisite Gateway
two-fragment vector construction kit (Invitrogen).

Agrobacterium and Arabidopsis transformation

Agrobacterium tumefaciens strain GV3101 was transformed with
the relevant binary plasmids via the freeze—thaw procedure (Wei-
gel & Glazebrook, 2006). For each construct, an individual,
PCR-confirmed, Agrobacterium colony was used to start a cul-
ture for floral dip (Clough & Bent, 1998). Transformants were
selected and single locus lines were selected based on their segre-
gation ratios of the T2 generation.

Luciferase activity imaging and expression analysis

The luminescence emitted by the DR5::LUC plants was detected
using charge-coupled device (CCD) cameras integrated either in
a Lumazone recording unit (Xuan e# /., 2018) or a Nightshade
LB985 (Berthold Technologies, Bad Wildbad, Germany) ima-
ging environment. The Nightshade LB985 system was used to
monitor the changes of DR5::LUC expression overtime, in newly
grown root regions above the apex. To do so, the luminescence
was captured every 15 min, with an exposure time of 10 min,
during ¢. 22 h. Before imaging, the 3DAG seedlings were trans-
ferred to new plates with or without chemical and then were
sprayed with 1 mM D-luciferin solution (Duchefa Biochemie,
Haarlem, the Netherlands). After imaging, the picture series were
saved as 8-bit images in TIFF format for further analysis. To
quantify the amplitude and frequency of DR5::LUC expression
peaks in the oscillation zone, we followed the kymograph analysis
method described in Xuan e a2/ (2018) and van den Berg
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et al. (2021). The analysis was performed in IMAGE] (Schneider
et al., 2012). In brief, the DR5::LUC expression in the oscillation
zone was quantified as the gray value of the corresponding pixel
region. To visualize the changes of expression in the oscillation
zone, we first traced a segmented line, fitting the primary root at
the last time point, then generated a kymograph (hetp://www.
embl.de/eamnet/html/body_kymograph.html). This allows to
display in a two-dimension graph the temporal changes of DR5::
LUC expression at each position along the primary root. In a
kymograph, the oscillatory changes in DR5::LUC expression are
typically distributed along a diagonal line (Xuan er 4/, 2018).
Second, a plot profile was produced along that line to reveal the
periodic expression peaks. The oscillation amplitude of each peak
was calculated as the difference between the maximum gray value
and the minimum preceding it. The periodicity of the DR5::
LUC oscillations was calculated by recording the time interval
between consecutive expression peaks.

The Lumazone system was used to assess the pattern of DR5::
LUC expression along the whole primary root in order to count
the PBS number. To achieve this, 6-d-old seedlings, WT or
mutant individuals harboring the DR5::LUC construct were
sprayed with D-luciferin and the emitted light captured with a
20-min exposure time. Static DR5::LUC expression sites that
were visible along the primary root outside the oscillation zone
were counted as PBS.

Polar auxin transport measurements

Shoot-to-root (acropetal) polar auxin transport (PAT) measure-
ments allowing to simultaneously quantify >H-IAA and '*C-BA
transport were essentially performed as described (Lewis &
Muday, 2009). Five percent agarose beads containing each
100 nM *H-TAA (specific activity 20 Ci mmol™!; American
Radiolabeled Chemicals Inc., St Louis, MO, USA) and “C-BA
(specific activity of 50 Ci mmol~'; American Radiolabeled Che-
micals Inc.), respectively, were placed in close proximity above
the shoot tip of seedlings aligned on vertically oriented ¥2MS
plates supplemented with 30 uM kakeimide (KKI), or on control
14MS plates containing the solvent (DMSO) only. After 18 h,
the ultimate 10-mm root tip segments were excised, pooled and
incubated for 12 h in 5 ml scintillation cocktail, and the amount
of radioactivity was determined by liquid scintillation counting.
Four biological replicates with each 20 seedlings per replicate
were assayed on identical plates containing both WT and mutant
seedlings.

Arabidopsis thaliana grafting

We used the previously reported procedure for reciprocal
grafting (Turnbull, 2010). In brief, seeds were grown on ¥2MS
plates (1% agar) under long-day condition (100 pumol m s
at 21°C for 5 d. Seedlings with elongated hypocotyls and similar
size were cut in the hypocotyl with a sterile microsurgical blade.
After the graft unions were established, the grafted plants were
examined under a stereoscopic microscope. Healthy grafted
plants without adventitious roots were transferred to new plates
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under long-day condition. Ten days after grafting, the LR num-
ber and primary root length of the seedlings were examined.

Results

GH3 are negative regulators of lateral root formation

To address the role of group II GH3s in LR formation, we ana-
lyzed the concentration-dependent effects of the GH3 inhibitor,
KKI that competitively inhibits IAA conjugation (Fukui
et al., 2022). Three-day-old seedlings were exposed for 7 d to dif-
ferent KKI concentrations. With increasing concentrations, both
the total number of LR and the primary root length were gradu-
ally reduced. Due to the stronger root length decrease, the net
result was a gradual increase in LR density (Supporting Informa-
tion Fig. S1) and is consistent with reported effects of KKI on the
root (Fukui ez al., 2022).

For comparison, we also explored the phenotypes of the hex-
tuple gh3.1/2/3/4/5/6 (gh3hex) mutants. Unlike the KKI treat-
ment, the gh3hex mutants produced more LRs, with a slight
increase in primary root length and a higher LR density than
WT (Fig. la—d). Of the two group II GH3s that are not
mutated in gh3hex, GH3.17 was proposed to play a prominent
role in root meristem size and root growth regulation together
with GH3.5 and GH3.6 (Di Mambro et al, 2019; Pierdonati
er al., 2019; Guo er al, 2022). Consistently, gh3.5/6/9/17,
gh3.1/2/3/4/5/6/7 and  gh3.1/2/3/4/5/6/9/17 mutants display
short root phenotypes (Hayashi e al, 2021; Casanova-Saez
et al, 2022; Guo et al, 2022). Therefore, the discrepancy
between the root phenotypes of the gh3hex mutant and KKI
treatment is consistent with KKI targeting the entire group II
of the GH3 family, including GH3.9 and GH3.17 (Fukui
et al., 2022).

The strong increase in LR density without root growth penalty
highlighted gh3hex as an excellent tool to start unraveling the
contribution of auxin conjugation in LR development.

In contrast to gh3bex, reported single, double and triple
mutants did not show obvious LR phenotypes (Gutierrez
et al., 2012; Xuan et al., 2015). We further explored the func-
tional redundancy among these six GH3s by generating addi-
tional quadruple (gh3.1/2/3/5; gh3.1/3/4/6; and gh3.2/4/5/6) and
quintuple (gh3.1/2/3/4/5; gh3.1/2/3/5/6; gh3.1/2/4/5/6; gh3.1/3/4/
5/6; and gh3.2/3/4/5/6) mutant combinations. Each of these
mutants displayed root phenotypes that were intermediate
between WT and gh3hex (Fig. S2). This illustrates extensive func-
tional redundancy between each of these GH3s in controlling LR
development.

Given that amino acid conjugation of IAA precedes DAO-
mediated irreversible oxidation, we also addressed the genetic
interaction between gh3hex and daol-1 (Ludwig-Muller, 2011;
Porco et al., 2016; Hayashi et al., 2021). We found that daol-1
only had a minor increase in LR density and did not aggravate
the gh3hex phenotypes in daol-1/gh3hex after crossing (Fig. la—
d), demonstrating that gh3bex is epistatic to daol-1 in LR density
control. This is consistent with the proposed model of DAO1
acting downstream of GH3 for auxin inactivation (Hayashi
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Fig. 1 GH3s are negative regulators of lateral root (LR) formation. (a) Root phenotype of wild-type (WT) Arabidopsis thaliana (Col-0), dao1-1, gh3hex

and dao7-1/gh3hex seedlings grown on %2-strength Murashige & Skoog medium (%2MS) (10 d after germination; DAG). Bar, 1 cm. (b—d) Quantification of
the LR number (b), primary root length (c) and LR density (d) of WT, dao7-17, gh3hex and dao7-17/gh3hex in (a). Error bars represent SD (n>30). P <0.05
by one-way ANOVA followed by Tukey's multiple comparisons test. Letter code labels the significant differences. (e) Analysis of DR5::LUC expression and
quantification of the number of prebranch sites (PBS), in WT, dao7-1, gh3hex and dao7-7/gh3hex seedlings grown on 2MS (6 DAG). Bar, 1 cm. (f-h)
Quantification of the PBS number (f), primary root (g) and prebranch site density (h) of WT, dao7-7, gh3hex and dao7-1/gh3hex depicted in (e). Error bars
represent SD (n > 20). P<0.05 by one-way ANOVA followed by Tukey's multiple comparisons test. Letter code labels the significant differences between

the genotypes.

et al., 2021). Jointly, these data support the notion that GH3.1-6
are negative regulators of LR development.

Shoot-derived auxin contributes to the increased lateral
root formation in gh3hex

Because group II GH3s and DAOI are implicated in auxin
homeostasis, we crossed the luminescent auxin signaling reporter
DR5::LUC into daol-1, gh3hex and daol-1/gh3hex. This
reporter is not only active in morphologically detectable LR pri-
mordia, but also in preinitiation stages of LR formation
(Moreno-Risueno ez al., 2010; Xuan ez al., 2020). A spot along
the primary root showing a static DR5::LUC expression is thus
referred as a PBS. Consistent with the macroscopic root pheno-
types, we found a significant increase in PBS density in daol-1
and gh3hex compared with WT (Fig. le-h). Moreover, there
were no significant differences between gh3hex and daol-1/gh3hex
at the level of PBS densities, corroborating their epistatic relation-
ship. These findings suggest that at least a part of the increase in
LR density results from an increase in pre-initiation events.

In analyzing the gh3hex x DR5::LUC, it became clear that also
the auxin homeostasis of the shoot is affected, as illustrated by a
very strong increase in DR5::LUC activity in the hypocotyl

New Phytologist (2023) 240: 19001912
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(Fig. 1e). This suggests that GH3-mediated auxin conjugation in
the shoot can attenuate the level of root branching. To address
the specific contribution of shoot-expressed GH3.1-6 to LR
development, we performed grafting experiments between WT
and gh3hex. Grafting gh3hex shoots (= cotyledons, shoot apical
meristem and leaf primordia) with WT roots resulted in
enhanced LR formation (Fig. 2a,b). Also, grafting gh3hex roots
with WT shoots resulted in significantly increased LR formation
(Fig. 2a,b). Notably, neither of the heterologous grafts performed
equally well as the gh3hex/gh3hex graft, demonstrating that
knocking out both root- and shoot-expressed GH3s contribute to
the gh3hex LR phenotypes.

Therefore, to explore how GH3 activities in the shoot could
contribute to the LR development, we applied KKI specifically to
the shoot and monitored effects on root development after 3 d
(Fig. 2¢). Strikingly, this localized treatment was sufficient to
enhance not only DR5::LUC luminescence in the root, but also
to increase the PBS density (Fig. 2d,e). We assume that shoot-to-
root transport of the locally applied KKI is limited, given that
root growth was not significantly affected (Fig. 2d,e), as com-
pared to the major effects of KKI applied directly to the root
application (Fig. S1). This indicates that GH3 activities in the
shoot inhibit LR formation.

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

519917 SUOLIWIOD SAIERID 8|0l e BU) Aq PeULBA0B 812 SOILE YO ‘98N JO'SONI 10} ARIGITBUIIUO AB|IM UO (SUONIPUOD-PUB-SLLLBILLICO" A8 1M A0 [BU|UO//SANU) SUONIPUOD PUE WL 1 41 885 [£202/TT/ST] U0 AIqI aulluo A8 *Aleiai ] AYSIBAIIN 108NN Ad ¥8Z6T UdU/TTTT OT/I0pA0D™ 5|1 AJRIqIpUIIUO"dU// Sy LLOJJ POpeOIUMOQ 'G ‘E20Z *ZET8BIYT



New
Phytologist

(a) (b)

Lateral roots density (no. per seedling)

Primary root length (cm)

Research

Lateral root density (no. cm™)

Root stock S ) 254 a a 81 a 6 ?
b
b
61 . b g < 3
b . . 44
44 i i
24 d o

24 1. .

0 T T T 0 rﬁ T T T
gh3hex WT gh3hex @ @ @ @
gh3hex gh3hex WT @ @ @ @

(e)
o * Control
g & KKI 30 pM
£ a * NPAIOEM
g b £e ¢ KKI30pM+NPA 10 uM
5
]
2
‘B
=
<9
£
g
Normal §
A WT d6pko/1/3
4 a ab o
e . . cd
= de de e e S o8 .
= 3- 3
lhg) :.0 P ®
= 5 24 ST s . <
S g .
z
< 1
E
el
A n
v 1
WT dépk0/1/3
(f)
e = WT-control
SH-TAA, “C-BA — = 1000 “contro
Treatment zone £ 2000 ns g_ ns zz WT-KKI
S S =3 gh3hex-control
— 1500 ns +
= g ot ns 22 gh3hex-KKI
S 3 | ' °g ¢
T & 1000f{ !nms ns & 5 F 500 r |
o c < c
Z 8 58
S 2 500 be) 2 ns ns ns
<
%< o Z L
k L OFn r=Sa oren

=1
r——> Measurement zone
—

Fig.2 GH3 activity in the shoot impacts on lateral root (LR) development. (a) The LR phenotype of different combinations grafting between wild-type
(WT) Arabidopsis thaliana (Col-0) and gh3hex at 13 d after germination (DAG). The dashed lines indicate the graft junction. Bar, 1 cm. (b) The quantifica-
tions of LR number, primary root (PR) length and LR density in seedlings depicted in (a). Error bars represent SD (n>7). P <0.05 by two-way ANOVA ana-
lysis followed by Tukey's multiple comparisons test. Letter code labels the significant differences between the genotypes. (c) Schematic representation of
the shoot-specific application of kakeimide (KKI) and N-1-naphthylphthalamic acid (NPA). Dashed line indicates border between treatment and normal
2-strength Murashige & Skoog medium (%2MS). (d) Analysis of DR5::LUC expression of the number of prebranch sites (PBS), in WT, dépk0/1/3 with KKI
(30 uM), NPA (10 M) and a combination thereof. Treatments were applied to the shoot at 6 DAG for 3 d as depicted in (c). Bar, 1 cm. (e) Quantification
of the PBS density and primary root length of genotypes depicted in (d). Error bars represent SD (n > 30). P <0.05 by two-way ANOVA analysis followed
by Tukey's multiple comparisons test. Letter code labels the significant differences between the genotypes. (f) Shoot-to-root auxin transport assays. Radi-
olabeled IAA (®H-1AA) and BA ('*C-BA) were applied to the shoot (treatment zone), and accumulation of radioactivity in the indicated root section (mea-
surement zone) was determined 18 h after treatment (see scheme). Graphs depict the quantification of accumulation of IAA (3H-1AA) and BA ("*C-BA) in
the root tip, 18 h after application to the shoot in WT and gh3hex treated with mock (dimethyl sulfoxide; DMSO) or KKI (30 uM). (Student's t-test, n=4,

P <0.05). ns, nonsignificant.
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Conversely, PBS formation was abolished by shoot application
of the auxin transport inhibitor NPA (/V-1-naphthylphthalamic
acid), and this could be partially reverted by co-application of
KKI in WT, suggesting shoot application of NPA and KKI have
opposing effects on PBS formation. We envision that the excess
auxin levels under KKI treatment stimulates PIN-mediated auxin
transport (Adamowski & Friml, 2015) and reduces the efficacy
of NPA to inhibit PINs (Ung ez al, 2022). Lastly, we analyzed
the effects of KKI on d6pk0/1/3 mutants that are defective in
rootward auxin transport and lack LRs (Zourelidou ez 4., 2009,
2014; Tan et al., 2020). Under control conditions, this mutant
was devoid of PBS (Figs 2d,e, S3a). Application of KKI to the
shoot of d6pk0/1/3 could intensify the DR5::LUC signal in
the shoot, but could not restore PBS formation (Fig. 2d,e), sug-
gesting that the effect of shoot-applied KKI on LR development
depends on D6PK-regulated auxin transport. By contrast, regu-
larly spaced PBS were formed in d6pk0/1/3 when also the roots
were exposed KKI (Fig. S3). This indicates that the LR spacing
mechanism was not affected in 46pk0/1/3, but that the endogen-
ous, root auxin levels in d6pk0/1/3 are too low to convert oscilla-
tions into PBSs. By applying KKI to the root, a critical threshold
to achieve this conversion is surpassed and PBSs are formed.
Jointly, these data indicate that shoot-to-root auxin transport
contributes to PBS formation.

To further validate the involvement of auxin transport, we
compared shoot-to-root transport of *H-IAA and '*C-benzoic
acid (BA) in WT and gh3bex in the presence or absence of KKI
(Fig. 2f). No significant differences were observed between WT
and gh3bex, but a significant increase in shoot-to-root transport
was detected between control and KKI treated gh3hex (Fig. 21),
possibly due to inhibition of the nonmutated group II GH3s
(GH3.9 and GH3.17) in gh3hex (Fukui ez al., 2022). This effect
on transport rates was specific to IAA, as no significant differences
were observed for the diffusion control (BA; Fig. 2f). Jointly,
these data indicate that GH3 activities in the shoot inhibit the
pool of auxin that contributes to LR development.

GH3 in lateral root primordia and overlaying tissues
attenuates lateral root emergence

To dissect the effects of GH3 and DAOL1 in LR development in
more detail, we determined the distribution of different LR
developmental stages in daol-1, gh3hex and daol-1/gh3hex. The
density of different LRP stages from stage I to stage VIII was very
similar between all genotypes, while the number of emerged LRs
was significantly higher in gh3hex and daol-1/gh3hex than in WT
and daol-1 (Fig. 3a). Again, no significant differences were
observed between gh3hex and daol-1/gh3hex (Fig. 3a). These data
suggest that the density of emerged LR is enhanced due to a faster
developmental progression of LRP in the gh3hex background. To
confirm this, we used a gravistimulation-based LR synchroniza-
tion assay to monitor LR developmental progression over time
(Lucas et al., 2008; Peret et al., 2012; Voss et al., 2015). Gravisti-
mulation predictably induced a new LR in the outer bend of the
reorienting root (Fig. 3b). At each analyzed time point, we found
a shift in distribution to more progressed stages of LR
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development in root bends of gh3hex, daol-1/gh3hex compared
with WT and daol-I (Fig. 3c), suggesting that GH3.1-6 are
negative regulators of the LRP development and emergence. The
lack of shifts in LRP developmental stages, despite a faster devel-
opmental progression, indicates compensatory effects at the level
of LR initiation.

To investigate a putative temporal differential expression of
the GH3s in regulating the transition between LRP stages, we
generated GH3 promoter NLS-GFP/GUS reporters (GH3pro::
NLS-GFP/GUS) and determined their expression patterns.
The reporters of GH3.1/2/5/6 were expressed within developing
LRP, with GH3.1 and GH3.5 also being prominently expressed
in LRP overlaying tissues (Figs 3d, S4). The reporter for GH3.3
was only active in late-stage LRPs, while the reporter for GH3.4
was not expressed in LRPs (Figs 3d, S4). To assess the relevance
of these expression patterns for auxin distribution during
LR development, we analyzed the auxin output response
marker  DR5rev::3 x VENUS-N7 in  gh3hex mutants at
different LR developmental stages. Consistent with the
combinatorial GH3 reporter expression pattern, we found
stronger DR5rev::3 x VENUS-N7 expression within stage I and
stage V LRPs as well as in LRP overlaying tissues when compar-
ing gh3hex to WT (Fig. 3e,f).

Auxin signaling in and around a developing LRP is known to
be an important determinant of the rate of its developmental pro-
gression (Swarup et al, 2008; Guseman er al, 2015; Stoeckle
et al., 2018). Our data are consistent with this model, considering
that GH3 expression attenuates auxin activities within developing
LRP as well as in their overlaying tissues, thereby putting a brake
on LRP developmental progression and emergence.

GH3s negatively regulate lateral root priming frequency

PBS derive from stabilized maxima of the oscillating DR5::LUC
signal that can be detected close to the meristem (Moreno-
Risueno et al., 2010; Santos Teixeira et al, 2022). Given the
increase in PBS, we analyzed DR5::LUC dynamics in the elonga-
tion zone in the root tip of different genotypes over 22 h. The
oscillation period in gh3hex and daol-1/gh3hex was significantly
shorter than WT (Fig. 4a,b; Video S1), suggesting a significant
speedup of oscillations. In contrast to expectations based on the
high-auxin phenotypes of gh3hex, the amplitude of DR5::LUC
oscillations was significantly weaker in gh3bex than in WT and
daol-1 (Fig. 4a,c; Video S1). Interestingly, the DR5::LUC ampli-
tude was restored in daol-1/gh3hex to WT levels (Fig. 4a,c
Video S1). Under the assumption that auxin accumulation is
required for triggering PBS formation and that gh3hex and daol-
1/gh3hex have similar LR phenotypes, we propose that IAA levels
in the oscillation zone in gh3hex are inefficiently translated into a
DR5::LUC output and that this is antagonized by daoI-1. Similar
to gh3hex, the DR5::LUC expression levels in the oscillation zone
were also reduced upon KKI treatment (Fig. $3a), suggesting that
this response is linked to impaired GH3 activity.

These data indicate that gh3hex has faster auxin oscillations,
and that DR5::LUC oscillation amplitude is not strictly linked
with PBS formation.

© 2023 The Authors

New Phytologist © 2023 New Phytologist Foundation

BSUBD17 SUOWILIOD SANERID 3|t jdde au) AQ peusAob a8 S9N YO 18N 0 S3INI J0J A%Iq 1T BUIIUQ AB]IA UO (SUORIPUCD-PLE-SULBILIOD AS | 1M A1 1[BUI|UO//SANY) SUORIPUOD PUe SWS L L1 89S *[£202/TT/ST] Uo ARigiTauliuo Ao ‘Al AIseAIN 149N AQ ¥826T Udu/TTTT 0T/10p/wod Ao 1M ARiq Ul juo yduy/sdny woij papeojumod 'S ‘€202 ‘LET869YT



New
Phytologist
(@ wm WI ®m daol-1 wm gh3hex WM daol-l/gh3hex () L ns EILRP B Endodermis
15 Cortex il Epidermis
T
£
© aa
g 104 VIl
= N
7] ba
2 .
Y 0§ dFd
7
= lidilisg |
0 i iﬁ i RS T IXTT1 IR T FX 271 YT X TP (d) I-11 IV-VI VII-E Mature LR
1 | 1 1 1 1 1 1 1
I 11 III 1A% \'% VI VII VIII E Total
(c) T
13 h 18 h 24 h 48 h &) 1
g . ™ E ‘
- i VI
= -V |
S .
S . VI =
&n &}
g 1 Y
S I [ I8\Y
D
&~ || @~
I | BT ¢
] hY ] E e
& % o & B
W mo g
&8 4
oe\' 2,
¥ S|~
S|
| &
T
(© ® S|°
159 « Wr
.Z\. : gh3hex A -
|} < ha)
: : C g
N 5
ol S
g =
& = °
= Stage 1 E
Q ag 3
Stage | Stage V

Fig. 3 GH3 expression in lateral root (LR) primordia and their overlaying tissues attenuates LR development and emergence. (a) Quantification of lateral
root primordium (LRP) density wild-type (WT) Arabidopsis thaliana (Col-0), dao7-1, gh3hex and dao7-1/gh3hex seedlings at 7 d after germination (DAG).
Roman numerals indicate the developmental stage of LRP, and E representing emerged LR. Total is the sum of LRP and emerged LR. Error bars represent
SD (n=13). P<0.05 by one-way ANOVA followed by Tukey's multiple comparisons test. Letter code labels the significant differences between the geno-
types per developmental stage. (b) Schematic representation of LR synchronization via a 90° gravitropic stimulus inducing LRP at the root bend, with indi-
cation of the different LRP stages in roman numerals. (c) Distribution of developmental stages of gravistimulation-induced LRP in WT, dao7-17, gh3hex and
dao1-1/gh3hex at 13, 18, 24 and 48 h after gravistimulation. LRP stages as defined in (b). (d) Expression pattern for GH3pro::NLS-GFP/GUS reporters for
GH3.1, GH3.2, GH3.3, GH3.4, GH3.5 and GH3.6 in different LRP stages. LRP stages as defined in (b). Bar, 50 um. (e) The expression level of

DR5rev:3 x VENUS-N7 in LRP in 3 DAG WT and gh3hex seedlings. LRP stages as defined in (b). Bar, 50 um. (f) Corresponding quantifications of
DR5rev:3 x VENUS-N7 signal in the LRP (n > 15). LRP stages as defined in (b). P <0.05 by one-way ANOVA followed by Tukey's multiple comparisons

test. Letter code labels the significant differences between WT and gh3hex.

Coordination of growth and root meristem activity
determines lateral root density

The oscillatory behavior of DR5::LUC can be explained by pulses
of auxin derived from cell death in the LRC (Xuan ez 2/, 2016),
and the interplay between cell division activities and auxin
reflux in the meristem (van den Berg ez al, 2021). Therefore,

© 2023 The Authors
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both models suggest a link between oscillation frequency and
meristem size.

First, we analyzed cell death rates in the LRC of gh3bex as esti-
mated based on the period of disappearance of stripes of
DR5rev::3 x VENUS-N7-positive LRC cells (Xuan ez al., 2016).
The gh3hex had not only more DR5rev::3 x VENUS-NY stripes,
but also showed a shorter period of DR5rev::3 x VENUS-N7
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Fig. 4 Increased meristem size and lateral root cap turnover correlates with pace of auxin oscillations in gh3hex. (a) Kymograph of DR5::LUC intensity
along the primary root of wild-type (WT) Arabidopsis thaliana (Col-0), dao7-1, gh3hex and dao7-1/gh3hex seedlings at 3 d after germination (DAG).
DR5::LUC luminescence intensity is color coded (see color code in the bottom left corner of the panels) and plotted following the primary root elongation
(y-axis) and time (x-axis). The dashed lines indicate the position of the oscillation zone (OZ) over time. (b, c¢) Boxplots showing the quantification of the
oscillation frequency (b) and amplitude (c) of DR5::LUC at 3 DAG. Error bars represent SD (n>12). P <0.05 by one-way ANOVA followed by Tukey's mul-
tiple comparisons test. Letter code labels the significant differences between the genotypes. (d) Macroscopic view of the root meristem of

DR5rev:3 x VENUS-N7 in 4 DAG WT and gh3hex. White arrows indicate stripes of signal derived from the lateral root cap (LRC). Bars, 50 um. (e, f) Quan-
tification of number of DR5 stripes (e) and the period of their disappearance (f) in WT and gh3hex shown in (d). Error bars represent SD (n > 30). P<0.05
by Student's t-test. (g) Meristem phenotype of WT, dao7-7, gh3hex and dao7-1/gh3hex in 3 DAG seedlings. White arrows indicate the quiescent center
(QQ) and first elongated cortex cell. Bar, 50 um. (h) Quantification of meristem size of WT, dao7-17, gh3hex and dao7-1/gh3hex at 3 DAG, as defined by
the number of nonelongated cortex cells. Error bars represent SD (n > 15). P <0.05 by one-way ANOVA followed by Tukey's multiple comparisons test.
Letter code labels the significant differences between the genotypes. (i) Confocal image of DR5rev:3 x VENUS-N7 expression in WT, dao7-1, gh3hex and
dao7-1/gh3hex at 3 DAG. Red represents propidium (PI) staining; green represents VENUS-N7 signal. Bar, 50 um. (j) Quantification of

DR5rev:3 x VENUS-N7 signal intensity in root tip (n > 15). P <0.05 by one-way ANOVA analysis. Letter code labels the significant differences in 3 DAG
WT, dao7-1, gh3hex and dao7-1/gh3hex seedlings.
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stripe disappearance (Fig. 4d—f), which matched the increased
oscillation frequency in gh3hex (Fig. 4a,b). To functionally con-
nect the increased LRC cell death rates with LRC-derived auxin
in this oscillation, we used auxI-21, a mutant that is defective in
auxin transport in the LRC, that is required for gravitropism and
LR priming oscillations (Swarup ez al., 2005; Xuan ez al., 2016).
The auxi-21/gh3hex strongly reduced the LR density of gh3hex
(Fig. S5), confirming the importance of LRC-derived auxin in
the GH3-regulated LR density.

The increase in number of DR5rev::3 x VENUS-NY7 stripes in
gh3hex suggested an increased LRC size and associated expansion
of the meristem. Indeed, meristem sizes of daol-1, gh3hex and
daol-1/gh3hex were increased, with the most pronounced effects
in gh3hex and daol-1/gh3hex (Fig. 4gh). The transcriptional
reporters of GH3.I-6 were active in the root cap and epidermis
of the root meristem (Fig. S6). The reporters for GH3.2 and
GH3.3 were active in the stem cell region and columella, and the
GH3.1 reporter was active throughout the columella, and young
epidermis (Fig. S6). With exception of GH3.4, all reporters dis-
played auxin inducibility in the root, with a prominent auxin sen-
sitivity in the root elongation zone (Fig. S6a). This suggests
GH3.1-6 could contribute to the auxin homeostasis in the root
meristem. Consistently, DR5rev::3 x VENUS-N7 intensity was
increased in the root apical meristems of gh3hex and daol-1/
gh3hex (Fig. 4i,j). This indicates an increased auxin content,
which could explain their enlarged root meristems (Mahonen
etal., 2014).

Therefore, the increased auxin oscillation frequency in gh3hex
and daol-1/gh3hex, could thus be explained by an increased auxin
content of the root apical meristem that causes expansion of the
meristem and the LRC. Previous modeling work predicts that an
increase in meristem size results in not only an increase in auxin
oscillation frequency but also a decrease in priming site density
(number of priming sites relative to the number of cells the meris-
tem produces; van den Berg ez al, 2021). Siill, here we observed
an increase rather than a decrease in PBS density expressed as PBS
per unit root length. While this increase in PBS density likely
partly arises from an enhanced success rate with which auxin oscil-
lations are translated into PBS (Santos Teixeira ez 2/, 2022), differ-
ences may also arise due to differences in cell size.

Interestingly, the increased meristem size in gh3hex and daol-
1/gh3hex was associated with a reduced elongation zone, and
shorter mature cell lengths (Fig. S7). As a consequence of this
compensatory reduction in elongation, root growth rates are not
greatly enhanced by the enlarged meristems, as reflected in the
limited increase in root length (Fig. 1¢). Additionally, the result-
ing shorter cells contribute to a higher density of PBS when
expressed per unit length. Therefore, the faster oscillation in
combination with shorter elongated cell length and a higher oscil-
lation result in faster production of more densely spaced PBS and

LRs in gh3hex and daol-1/gh3hex.

Discussion

Ever since their discovery, GH3s have been famous for their
auxin inducibility, explaining a tight link with auxin-regulated
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developmental processes. In transcriptome analyses to identify new
regulators of early phases of LR development, group II GH3s were
always found among the top candidates (Vanneste et al, 2005; De
Smet et al, 2007; Xuan et al., 2015). Given the enzymatic activity
of group II GH3s on auxin inactivation via conjugation (Staswick
et al., 2005; Hayashi er al., 2021; Guo et al., 2022), it was thus pro-
posed that their expression at sites of organogenesis represents a
negative feedback mechanism that ensures that only strong auxin
signals translate into the activation of a developmental response
(Vanneste & Friml, 2009). However, evaluation of this hypothesis
has been hampered by extensive functional redundancy. We
avoided the complexity associated with the pleiotropic root pheno-
type seen in higher order gh3 mutants (Casanova-Saez et al, 2021;
Guo ¢t al, 2022), by analyzing GH3 function in LR development
in the gh3hex mutant. This mutant background was selected
because it had a clear increase in LR density in combination with a
relatively normal root length.

The analysis of the expression patterns of GH3.1-6 confirmed
a tight association with developing LR primordia, suggesting
these GH3s attenuate auxin levels in developing LRPs and over-
laying tissues. Auxin signaling intensity in the developing LRP
was found to be rate-limiting for the speed of LRP development
(Swarup ez al., 2008; Guseman et al., 2015), while auxin signal-
ing in the endodermis and cortex activates mechanisms to accom-
modate emergence of the developing LRP (Swarup et al., 2008).
Correspondingly, the increased auxin signaling levels in these tis-
sues in gh3hex were matched by a faster developmental progres-
sion of LRPs.

In addition to the faster LRP development, the increased LR
density was also associated with an increased density of PBS per
unit of root length. We found an increased frequency for the
auxin transcriptional oscillator in gh3hex. This increased oscilla-
tion frequency could in turn be explained by an enlarged meris-
tem and associated increased turnover of LRC cells, jointly
explaining the strong increase in LR density in gh3bex.

A network of auxin transporters installs a reverse fountain of
auxin transport in the root meristem that ensures the re-
establishment of a stable auxin gradient in the meristem after a
perturbation (Motte et al., 2019). Therefore, increases or reduc-
tions in root auxin content do not destroy the auxin gradient, but
rather change the overall auxin concentrations across the gradi-
ent, resulting in spatial shifts in auxin responses and PLT
gradients that instruct the zonation of the root meristem (Grie-
neisen et al., 2007; Mahonen ez al, 2014). Consistent with the
auxin-inactivating function of GH3, gh3hex had an enlarged root
meristem that correlated with increased auxin signaling. Adher-
ing to the principles outlined above, the auxin levels in the cells
in the elongation zone are expected to also increase, thereby
becoming supra-optimal or even inhibitory for cell elongation (Li
et al., 2021). The enlarged meristem seem to be partly compen-
sated for by reduced cell elongation resulting only in a modest
growth stimulation in gh3bex. In absence of further changes, an
increased oscillation frequency would be expected to lower the
LR density, however combined with a decrease in cell elongation
and the enhanced development of oscillations into PBS and PBS
into LRs, we can explain the observed increase in LR density.
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The expression domain of the GH3 reporters was restricted to
the outer tissues of the root meristem, including the columella,
LRC and epidermis, suggesting an impact on the auxin content
of the shoot ward auxin flux. Disruption of this shoot ward auxin
flux by introgression of the auxI-21 mutant greatly attenuated
the effect of gh3hex on LR density. However, the LR density was
still higher than in aux1-21 mutant, suggesting the involvement
of additional GH3-controlled auxin sources, such as the shoot.
The latter is supported by grafting experiments showing that
GH3 activities in the root and the shoot contribute to the gh3hex
LR phenotype. Moreover, local application of the GH3 inhibitor
KKI could increase PBS formation in an auxin transport-
dependent manner. The dependence on D6PK kinases indicates
the involvement of PIN-mediated auxin transport (Zourelidou
et al., 2014). Interestingly, the inability of d6pk0/1/3 mutant to
form discrete PBS could be restored by application of KKI to the
root, suggesting that its strong LR defect is due to a lack of auxin
for converting auxin oscillations into PBS.

Recently, it was proposed that DAO acts downstream, rather
than parallel, of GH3-mediated auxin conjugation in the inacti-
vation of auxin (Hayashi ez 4/, 2021). Consistently, we demon-
strated epistasis of gh3hex over daol-1 in LR density, PBS
density, auxin oscillations and meristem size. The limited effects
of daol-1, compared with gh3hex, on each of these phenotypes
indicates that the irreversible oxidative degradation of IAA is of
limited importance for auxin-dependent LR development. Con-
trary to expectations, in gh3hex the DR5::LUC amplitude was not
increased, but reduced. This is unlikely to be an artifact of the
gh3hex genetic background, as we observed a similar shift in
DR5::LUC amplitude after KKI treatment. Interestingly, this
reduction was restored to WT levels in the daol-1/gh3bex
demonstrating epistasis of daol-1 over gh3hex for DR5::LUC
amplitude control, and thus, that the change in DR5:
LUC amplitude reflects auxin-independent effects of GH3 and
DAOI. Consistent with the observed pattern of DR5:LUC
amplitude, JA levels are increased in gh3 mutants due to JA inac-
tivating activities of GH3s (Gutierrez ez al., 2012; Casanova-Saez
et al., 2022), while JA levels are reduced in dao mutants in rice
and Arabidopsis (Zhao er al, 2013; Lakehal ez al, 2019). The
resulting JA level changes could then reduce the DR5::LUC oscil-
lation amplitude, in example via effects on Aux/IAA stability
(Ishimaru ez al., 2018), but not auxin content. The high success
rate in gh3hex of PBS formation in the absence of a high DR5::
LUC oscillation amplitude indicates that oscillation amplitude is
not a strict determinant of PBS formation.

Jointly, we clearly describe how GH3-mediated local auxin
homeostasis exerts major control over all major steps in LR devel-
opment. Locally expressed GH3s control the rate of LR develop-
ment and emergence via suppressing auxin levels in and around
developing LRP. Earlier in LR development, GH3 expression in
shoot and root controls auxin levels in the root meristem, affect-
ing the success rate with which priming oscillations become
translated into stable PBS. Additionally, through auxin levels
impacting meristem size and growth dynamics also oscillation
frequency and hence the very first step in LR formation is modu-
lated by GH3 Together, this allows for the integration of a wide
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variety of signals, shoot and root localized, systemic and local, in
LR development.
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Fig. S2 Group II GH3 genes display extensive functional redun-
dancy in the root.

Fig. 83 Kakeimide application to the entire seedling restores pre-
branch sites formation in d6pk0/1/3.

Fig. S4 GH3 reporters are expressed at multiple stages of lateral

root development.

Fig. S5 gh3hex lateral root phenotype is partially dependent
on AUXI.

Fig. §6 Overall expression pattern of GH3 reporters in Arabi-
dopsis seedlings.

Fig. S7 Root meristem zonation is altered in gh3hex.

Video S1 Time-lapse imaging of DR5::LUC signal in wild-type,
daol-1, gh3hex and daol-1/gh3bex.
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