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Summary

¢ Root hairs (RHs) function in nutrient and water acquisition, root metabolite exudation, soil
anchorage and plant-microbe interactions. Longer or more abundant RHs are potential
breeding traits for developing crops that are more resource-use efficient and can improve soil
health.

¢ While many genes are known to promote RH elongation, relatively little is known about
genes and mechanisms that constrain RH growth.

¢ Here we demonstrate that a DOMAIN OF UNKNOWN FUNCTION 506 (DUF506) protein,
AT3G25240, negatively regulates Arabidopsis thaliana RH growth. The AT3G25240 gene is
strongly and specifically induced during phosphorus (P)-limitation. Mutants of this gene, which
we call REPRESSOR OF EXCESSIVE ROOT HAIR ELONGATION 1 (RXR1), have much longer
RHs, higher phosphate content and seedling biomass, while overexpression of the gene exhibits
opposite phenotypes. Co-immunoprecipitation, pull-down and bimolecular fluorescence com-
plementation (BiFC) analyses reveal that RXR1 physically interacts with a RabD2c GTPase in
nucleus, and a rabd2c mutant phenocopies the rxr7 mutant. Furthermore, N-terminal variable
region of RXR1 is crucial for inhibiting RH growth. Overexpression of a Brachypodium dis-
tachyon RXR1 homolog results in repression of RH elongation in Brachypodium.

¢ Taken together, our results reveal a novel DUF506-GTPase module with a prominent role in

repression of plant RH elongation especially under P stress.

Introduction

Under phosphorus (P) limiting conditions, plants develop shal-
lower primary/basal roots, longer and more lateral roots, longer
root hairs (RHs), or cluster roots to improve P foraging and
acquisition (Lynch, 2011; Lambers ez al., 2015). RHs alone can
contribute 70% or more to the total root surface area and can be
responsible for up to 90% of phosphate uptake (Bates & Lynch,
2001; Jungk, 2001; Haling etal, 2013; Tanaka etal, 2014;
Miguel ez al., 2015). The combination of long RHs and shallow
basal roots in the soil’s P-enriched top layer results in a synergistic
effect on P acquisition, and translate into massive increases in
biomass in cultivars with both traits (Miguel ez al., 2015). There-
fore, RHs are potential breeding targets for improving nutrient
uptake efficiency in agriculturally important crops (Nestler &
Wissuwa, 2016; Rongsawat ez al., 2021).

RHs are single cell projections that originate from epidermal
cells of roots called trichoblasts. They elongate through a process
called tip growth. During tip growth, cell expansion is restricted
to the cell apex leading to a cell that is cylindrical in shape (Bas-
com etal., 2018). RHs development includes RH initiation, tip
growth and tip growth termination (Grierson ez al., 2014). These
steps of RH growth and development are tightly regulated by
numerous genes, encoding transcription factors (TFs), and
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proteins involved in cell wall remodeling, cytoskeletal dynamics
and vesicle trafficking. Furthermore, hormones such as auxin,
ethylene, jasmonic acid or cytokinin and other signaling
molecules including reactive oxygen species (ROS), cytoplasmic
calcium ion (Ca*") and phosphoinositides play pivotal roles in
modulating RH development (Pitts eral, 1998; Kusano et al,
2014; Mendrinna & Persson, 2015; Mangano ez al., 2017; Kato
etal., 2019; Han ez al., 2020; Tian et al., 2020; Wendrich ez al.,
2020).

The genetics and molecular mechanisms of RH development
have been extensively studied (Parker ezal., 2000; Schiefelbein,
2000; Cho & Cosgrove, 2002; Bruex etal, 2012; Lin eral,
2015; Salazar-Henao ezal., 2016; Hwang eral., 2017), leading
to the identification of a number of key genes crucial to this
process. RH DEFECTIVE6 (RHDG), a basic helix-loop-helix
(bHLH) TF, plays central roles in RH development (Masucci
& Schiefelbein, 1994). RHDG6-LIKE4 (RSL4), which is func-
tionally conserved in higher plants, regulates expression of vari-
ous genes involved in RH outgrowth through direct binding to
specific cis-elements (RH elements; RHEs) in their proximal
promoter regions, and consequently controls RH elongation (Yi
et al., 2010; Datta et al,, 2015; Kim & Dolan, 2016). The MYB
TF PHOSPHATE STARVATION RESPONSE1 (PHR1) and
its homolog PHRI-LIKE (PHLI), play central roles in the P

New Phytologist (2022) 233: 1153-1171 1153
www.newphytologist.com

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.


https://orcid.org/0000-0002-9964-2825
https://orcid.org/0000-0002-9964-2825
https://orcid.org/0000-0001-6115-9670
https://orcid.org/0000-0001-6115-9670
https://orcid.org/0000-0002-3740-2949
https://orcid.org/0000-0002-3740-2949
https://orcid.org/0000-0003-4363-4196
https://orcid.org/0000-0003-4363-4196
http://creativecommons.org/licenses/by-nc-nd/4.0/

starvation response of Arabidopsis (Rubio ezal, 2001; Bari
etal., 2006; Bustos etal, 2010; Rouached eral, 2011; Sun
etal., 2016; Barragin-Rosillo ez al., 2021). Overexpression (OX)
of PHRI significantly increases RH length, whereas in the phril
phl1 double mutant, RHs are much shorter in P-limiting condi-
tions (Bustos eral, 2010). Conversely, the P-stress responsive
TFs WRKY75 and bHLH32 negatively affect RH growth
(Chen etal, 2007; Devaiah etal., 2007). Previous studies have
also shown that the phytohormones auxin and ethylene syner-
gistically regulate RH growth and differentiation through upreg-
ulation of a similar set of genes (Pitts ezal, 1998; Bruex eral.,
2012; Zhang eral, 2016). Auxin and ethylene reciprocally
influence each other’s biosynthesis and distribution, suggesting
that complex interactions contribute to developmental outcomes
(Ruzicka et al., 2007; Stepanova ez al., 2007). Two models illus-
trate the roles of auxin and ethylene in the modulation of RH
elongation when exposed to low external P (Song eral., 2016;
Bhosale ezal., 2018). For instance, in P-limiting conditions, the
endogenous auxin level is significantly elevated in the root apex,
which leads to activation of AUXI-mediated auxin transport
and following the induction of ARF19, eventually stimulating
RSL2 and RSL4 to enhance RH elongation (Bhosale eral,
2018). In parallel, ethylene promotes RH growth through tran-
scriptional complexes consisting of EIN3/EIL1 and RHDG6/
RSLI as the key regulators of RH initiation and elongation
(Feng etal., 2017).

Genetic factors that limit the rate of RH elongation and bal-
ance the stimulating effect of auxin, ethylene and RSL2/RSL4 are
less well known. Only few genes involved in termination of RH
growth have been identified (Hwang ez al., 2016; Shibata & Sugi-
moto, 2019). Here we show that P-limitation strongly induces a
gene encoding a domain of unknown function 506 (DUF5006)
protein and that it is a strong repressor of RH growth. OX or
knockout of the gene results in strong inhibition or stimulation
of RH elongation growth, respectively. The gene and its response
to P-limitation is conserved in monocot and dicot species. More-
over, the function of DUF506 in RH elongation growth is con-
served in Brachypodium distachyon, suggesting that knockout or
knockdown of DUF506 may be applied to promote RH growth

in species of economic value.

Materials and Methods

Plant material, growth and treatment

Arabidopsis thaliana (ecotype Col-0) seeds were sterilized accord-
ing to Ying eral. (2012) and placed on half-strength Murashige
and Skoog (MS) medium =+ phosphate (Caisson Labs, Smith-
field, UT, USA), supplemented with 1% (w/v) sucrose, 0.5 mM
MES-KOH (pH 5.7) and solidified with 0.4% (w/v) Gelzan™
CM (MilliporeSigma, Burlington, MA, USA). The plated seeds
were stratified for 3 d at 4°C in the dark before placing the plates
vertically in a growth chamber (22°C, 120 pmol s~ light
intensity, 16 h:8h, light:dark cycle). Macronutrient depriva-
tion treatments were done as described previously (Scheible ez al.,
2004; Bldsing ez al., 2005; Morcuende ez al., 2007; Bielecka ez al.,
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2015). Plant materials were harvested by rinsing twice in dem-
ineralized water, gently blotting on tissue paper and snap-
freezing in liquid nitrogen (N,) before storage at —80°C until
further use. The 7l (SALK_048882) and rabd2c
(SALK_054626) T-DNA insertion mutant lines were obtained
from ABRC. Homozygous mutant plants were identified using
the protocol available at htep://signal.salk.edu/.

Identification and phylogenetic analysis of DUF506
proteins

To identify DUF506 proteins from different plant species, a
BrLasTP search was conducted on the PHYTOZOME v.12.1.6 website
using the RXR1 domain 3 signature peptide (Fig.2) as query
sequence. DUF506 protein sequences with low £ value (<0.001)
were downloaded and aligned using the MUsCLE algorithm with
the MEGA X software (Kumar ezal., 2018). Sequence alignment
was grayscale colored according to sequence conservation. Phylo-
genetic rooted tree was constructed with MEGa X software by
using the UPGMA (unweighted pair group method with arith-
metic mean) algorithm with the default settings. Bootstrapping
was performed 1000 times. The inferred trees were visualized
using ITOL (Letunic & Bork, 2021).

Quantitative reverse transcription polymerase chain
reaction

Total RNA was isolated using the RNeasy”™ plant mini kit (Qia-
gen, Hilden, Germany). Complementary DNA (cDNA) was syn-
thesized from 1 pug of DNase-treated RNA using SuperScript™
III reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Quan-
titative reverse transcription polymerase chain reaction (qRT-
PCR) was performed using an Applied Biosystems (Bedford,
MA, USA) 7900HT real-time PCR system. Gene-specific
primers were designed using PRIMERQUEST software and their
sequences are listed in Supporting Information Table S1. Results
were analyzed with Sps software v.2.4 (Applied Biosystems). The
Arabidopsis GAPDH (Atlgl3440) gene was used as reference.
Experiments were repeated at least three times using cDNAs pre-
pared from independent biological replicates.

Measurements of root hair length

Seedlings were germinated vertically for 3 d on half-strength MS
plates containing 0.4% Gelzan™ CM, and then transferred to
plates containing either 0 (—P) or 675 uM (+P) phosphorus, 10
or 100 nM TAA (indole-3-acetic acid; MilliporeSigma), 100 nM
or 1pM ACC (l-aminocyclopropanecarboxylic acid; Milli-
poreSigma). Three days after transfer, RH images were captured
using a Nikon SMZ1500 fluorescence stereomicroscope (Tokyo,
Japan). RH length was determined by an automatic measurement
system in MATLAB (Notes S1). At least 700 RHs, located 2—6 mm
from the tip of the primary root of 8-10 individual plants from
each line or condition, were measured. The correctness of auto-
matic measurements was checked by comparison to manual mea-
surements of 50 randomly selected RHs.

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation


http://signal.salk.edu/

New
Phytologist

Generation of overexpresser and complementation lines

Full-length (FL) coding regions of A#3¢25240/RXRI or
Bdi2¢58590 were amplified from Arabidopsis and Brachypodium
seedling cDNA, respectively, using Phusion® High-Fidelity
DNA polymerase and cloned into GATEWAY® entry vector
pENTRTM/SD/D—TOPO® (Invitrogen).  Sequence-confirmed
vector was used for recombination into destination vector
pMDCS83 (Curtis & Grossniklaus, 2003) or pANIC6B (Mann
etal., 2012). For rxrl complementation, a 1461 bp PCR frag-
ment containing the RXRI promoter and coding region was
amplified and ligated into destination vector pMUG4 which is
based on pPZP200 (Hajdukiewicz ez al., 1994). For rabd2c com-
plementation, a 233-bp promoter fragment of the RabD2c gene
and its 609-bp coding region were fused into pMUG64 via Gibson
assembly strategy (Gibson eral, 2009). For histochemical -
glucuronidase (GUS) analysis, a 588-bp promoter fragment of
RXRI was amplified from Arabidopsis genomic DNA and cloned
into vector pBGWEFS7 (Karimi ez al., 2002). For calcium oscilla-
tion analysis, the UBQI10::GCAMP3 construct was transformed
into 7xrl mutant (Kwon etal, 2018). Constructs were intro-
duced into Agrobacterium tumefaciens strain GV3101 (for Ara-
bidopsis) or AGL1 (for Brachypodium) using a freeze—thaw
procedure and were transformed into Arabidopsis (Col-0, and
mutants) by floral dipping (Zhang ez al., 2006), or Brachypodium
(BD21-3) by embryogenic calli infection (Alves ezal., 2009).
Transformants were selected on 0.8% (w/v) agar plates contain-
ing half-strength MS medium and 25 pgml™" hygromycin
(Omega Scientific, Tarzana, CA, USA).

Histochemical B-glucuronidase (GUS) staining and green
fluorescent protein (GFP) imaging

GUS activity was analyzed according to Jefferson eral (1987).
Briefly, tissues were incubated in a GUS staining solution contain-
ing 100 mM sodium phosphate (pH 7.0), 1 mM EDTA, 0.05%
(v/v) Triton X-100, 1 mM potassium ferricyanide/ferrocyanide,
and 0.5 mg ml™! X-glucuronide (Goldbio, Ann Arbor, MI, USA)
at 37°C for 1 to 3 h. After removal of the staining solution, tissues
were cleared in 70% (v/v) ethanol. Images were acquired using
Nikon SMZ1500 stereomicroscope. Green fluorescent protein
(GFP) fluorescence in pRXRI::RXRI-GFP plants was detected and
imaged with a Leica TCS SP8 confocal laser-scanning microscope
(excitation (Ex): 488 nm; emission (Em): 507 nm). Propidium
iodide (PI, 1 ug ml™") was applied to visualize the cell shape.

ATH1 gene-chip expression analysis

Seven-day-old Arabidopsis root tissues were conducted to
microarray analysis as described previously (Raman ez al., 2019).
Two biological replicates were performed for each sample. Total
RNA was isolated using RNeasy™ plant mini kit, quantified and
evaluated for purity using a Nanodrop Spectrophotometer ND-
100 (Thermo Fisher Scientific, Waltham, MA, USA) and Bioan-
alyzer 2100 (Agilent, Santa Clara, CA, USA). Briefly, 100 ng of
total RNA was used for the expression analysis of each sample
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using the Affymetrix Gene Chip® Arabidopsis Genome ATH1
Array (Affymetrix, Santa Clara, CA, USA).

Co-immunoprecipitation (Co-IP)

Co-immunoprecipitation experiments were performed using
the GFP—Trap®*M kit (ChromoTek, Planegg, Germany).
Proteins were extracted by grinding roots of 10-d-old
Arabidopsis  seedlings  expressing  pCAMV35S5:GFP  or
PpRXRI::262268845RXR1-GFP in liquid N,, followed by
homogenization of the powdered material in two volumes of ice-
cold buffer containing 25 mM HEPES-KOH (pH 7.5), 1 mM
EGTA, 1mM EDTA, 20% (v/v) glycerol, 10mM
MgCl,, 25 mM NaF, 0.1% (v/v) Triton X-100, 0.1% (w/v)
polyvinylpolypyrrolidone, 1 mM phenylmethylsulfonyl fluoride
(PMSF, MilliporeSigma), and 10 pugml™" cOmplete™ EDTA-
free protease inhibitor cocktail (MilliporeSigma). Homogenates
were centrifuged at 4°C and 16 000 g for 10 min, and the super-
natant re-centrifuged for 5 min and filtered through a layer of
Miracloth (MilliporeSigma). Clarified extracts were incubated
with pre-washed GFP-Trap®™_M magnetic beads on an end-to-
end tube rotator at 4°C for 1h, and the beads subsequently
washed according to manufacturer instructions. Bound protein
was eluted with 200 mM glycine (pH 2.5) and immediately neu-
tralized with 1 M Tris (pH 10.4). Composition of the eluates was
analyzed by liquid chromatography—mass spectrometry (LC—
MS) at the Charles W. Gehrke Proteomics Center (University of
Missouri, Columbia, MO, USA).

Bimolecular fluorescence complementation (BiFC) assay

The bimolecular fluorescence complementation analysis was per-
formed as previously described (Waadt eral, 2014; Kudla &
Bock, 2016). Briefly, FL or truncated RXRI was fused to the N-
terminal EYFP in the pSITE-nEYFP vector, whereas RabD2c
were fused with the C-terminal part of EYFP in pSITE-cEYFD.
These vectors were co-transformed into Nicotiana benthamiana
through agro-infiltration (Li, 2011). Forty-eight hours after infil-
tration, fluorescence was detected and imaged using a Leica TCS
SP8 confocal laser-scanning microscope (Ex: 514 nm; Em:

527 nm).

Pull-down assays and Western blotting

For heterologous expression of RXRI, its FL ¢cDNA was sub-
cloned into pMAL™-c5X vector (NEB, Ipswich, MA, USA) car-
rying an N-terminal MBP (maltose binding protein) tag. A C-
terminally truncated (residues 1-165; 1-165) and two N-
terminally truncated (residues 127-245; and residues 166-245)
RXRI versions were also constructed and sub-cloned into the
pMAL™-c5X vector. For recombinant protein production, con-
structs were separately introduced into the Escherichia coli
(Express Competent cells C2523H; NEB). The purification was
performed using amylose resin (NEB) according to the manufac-
ture’s instruction. Protein concentration was quantified using

Pierce™ rapid gold BCA protein assay kit (Thermo Fisher
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Scientific), and finally stored in —80°C. For the generation of
Hisg-RabD2c¢, FL ¢cDNA of RabD2c were ligated into a pRSETA
vector (Thermo Fisher Scientific). The proteins were heterolo-
gously expressed in E. coli (One Shot™ BL21 DE3 pLysS cells,
Thermo Fisher Scientific), purified using Ni-NTA Agarose (Qia-
gen) and stored in —80°C.

For semi in vivo pull-down assays, the proteins were extracted
from 10-d-old Arabidopsis pRXRI::RXRI-GFP seedling root tis-
sue as described earlier. Protein extract (1 mg) was incubated with
Hisg-RabD2c¢ (1 pg) and Ni-NTA agarose for 1h at 4°C. The
beads were washed three times with phosphate buffered saline
(PBS; MilliporeSigma). Proteins bound to beads were dissociated
by incubation in 100 pl of Novex™ Tris-glycine sodium dodecyl
sulfate (SDS) sample buffer (2x, Thermo Fisher Scientific) at
85°C for 2 min. Proteins were separated by Novex™ 10-20%
Tris-glycine gel (Thermo Fisher Scientific) and transferred to an
Immobilon-P PVDF membrane (0.45 uM; MilliporeSigma).
Western blotting was performed using 5000-fold diluted mono-
clonal mouse anti-GFP antibody conjugated to horseradish per-
oxidase (HRP) (Meltenyi Biotec, Auburn, CA, USA), and was
visualized using the ECL™ Prime Western Blotting System (Mil-
liporeSigma).

For in vitro pull-down assays, Hisg-RabD2c (1 pg) was pre-
treated at 22°C for 15 min in 200 pl of PBS buffer containing
1 mM of GTP-v-S or GDP (MilliporeSigma), before incubation
with Ni-NTA agarose for 30 min at 4°C. Then the mixture was
incubated with MBP-RXR1 or its truncated versions (1 ig) on a
rotator for another 2 h at 4°C. The resin was washed five times
with PBS, and bound proteins were denatured, separated and
transferred as described earlier. Western blotting was performed
using 5000-fold diluted monoclonal mouse anti-MBP antibody
conjugated to HRP (MiltenyiBiotec).

In vitro GTPase activity assay

The assay was performed as described in Pan ez 4l (2006). Inor-
ganic phosphate released by GTPase activity was quantified using
the EnzChek Phosphate Assay Kit (Invitrogen) by measuring the
increase in absorbance at A =360 nm (As) caused by produc-
tion of 2-amino-6-mercapto-7-methylpurine. All assays were
replicated at least three times and representative results are
shown.

Graphs and statistical analysis

Graphs were produced and statistical analyses were performed
using GRAPHPAD PrisM 9 (GraphPad Software Inc., La Jolla, CA,
USA).

Accession numbers

Sequence data from this article can be found in the Phytozome 12
online genomic resource under the following accession numbers:
AtRXRI  (Ar3¢25240), ArRabD2c (Ardgl7530), Arabidopsis
DUF506 gene family members (Atlgl12030, Atlg62420,
Atlg77145, Atlg77160, Ai2g20670, Ar2638820, Ar2g39650,
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Ar3¢07350, At3¢22970, At3g54550, Ardgl4620 and Ardg32480),
AtRXRI  closest homologs  Bradi2g58590, Medtr7¢053310,
Pavir.8KG231400, Sevir.5G431800 and TraesCS3B02G600900.

Results

Expression of AT3G25240 is strongly and specifically
induced by P-limitation

AT3G25240 is a member of a gene family encoding proteins
containing DUF506. In an RNA-sequencing (RNA-Seq) dataset
from P-limited Arabidopsis, we found that the A73G25240 tran-
script was strongly upregulated (Fig. S1; Methods S1). The
strong induction of A73G25240 during P-limitation was con-
firmed by qRT-PCR experiments, which showed that transcript
levels increased nearly 1000-fold following P deprivation and
decreased after P re-addition to liquid culture-grown Arabidopsis
seedlings (Fig. 1a,b), indicating a direct response of this gene to
plant P-status. A73G25240 transcript abundance was inversely
correlated with media P concentration (Fig. 1¢), and induction
during P-limitation was attenuated in phrl and phrl phll double
mutants (Fig. 1d), indicating dependence on these major tran-
scriptional regulators of P-starvation responses. Consistent with
this observation, three PHR1-binding sites (P1BS) are present in
the AT3G25240 promoter (Fig.S2a). In contrast, to the P-
limitation response, the response of A73G25240 transcript to
sulfur, nitrogen or sugar limitation was minor (Fig. le). Strong
induction of GUS activity during P-limitation in cotyledons and
along the main root was detected in Arabidopsis seedlings express-
ing GUS under control of the A73G25240 promoter (Fig. S2b),
and GFP fluorescence was evident in P-limited seedlings express-
ing an AT3G25240-GFP fusion protein under the control of the
endogenous promoter (Fig. 1f~m). The 62kD fusion protein
was easily detected by Western blotting in samples from P-
limited seedlings (Fig. 1f, left panel). A faint signal was also
detectable in samples from P-replete seedlings, but required
much longer exposure of the Western blot (Fig. 1f, right panel).
To examine whether the weak signal under P-replete conditions
was caused by rapid degradation via proteasome, we incubated
seedlings in P-replete liquid medium containing 50 uM MG-132
for 6h. We found the AT3G25240 protein remained unde-
tectable (Fig. S3). During P-limitation GFP signal in live plants
was predominantly and highly visible in nuclei of root cells in the
RH-forming zone, but not, or much less, in the root tip/expan-
sion zone and the mature, differentiated root (Fig. 1g—j). Closer
observation further revealed the presence of the GFP signal in
nuclei and the cytoplasm of RH-forming cells (trichoblasts)
(Fig. 1k), and in nuclei of differentiated RHs (Fig. 11,m) and the
cytoplasm between the nucleus and RH tip (Fig. 1m).

Occurrence of DUF506 family in plants

Genes encoding DUF506 proteins are present in monocot and
dicot plants species and in green algae, e.g. Chlamydomonas rein-
hardtii, (Fig. 2¢), but not in animals. DUF506 proteins harbor
two highly conserved 9 and 11 amino acid (aa) motifs (M1, M2)
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Fig. 1 Expression analysis of At3g25240 transcript and protein. (a) Change of At3g25240 transcript abundance, as measured by quantitative reverse
transcription polymerase chain reaction (QRT-PCR), in phosphorus (P)-deprived vs P-replete Arabidopsis seedling shoots (sh) and roots (ro). (b) Change of
At3825240 transcript abundance in liquid culture grown Arabidopsis seedlings during a P deprivation/re-addition time course; 3R indicates a 3 h re-
addition of 675 pM phosphate. (c) At3g25240 transcript abundance in Arabidopsis seedlings grown on agar plates with various phosphate concentrations
[Pi]. (d) At3g25240 transcript abundance in P-deprived wild-type (WT), phr1 mutant or phr1 phl1 double mutant seedlings, relative to seedlings grown in
P-replete conditions. (e) At3g25240 transcript abundance in P-, nitrogen (N)-, sulfur (S)- or carbon (C)-deprived Arabidopsis seedlings. (a—€) Error bars
indicate SD (n = 3). (f) Western blot analysis of P-status dependent abundance of DUF506-GFP fusion protein expressed under control of the endogenous
promoter. Coomassie-stained RuBisCO protein is shown as loading control. Short exposure time (1 min, left panel) easily reveals DUF506-GFP in extracts
from P-limited (—P) seedlings. Longer exposure time (20 min; right panel) also reveals low DUF506-GFP protein (marked with red arrowhead) in P-
sufficient (+P) conditions. (g—m) Detection of green fluorescent protein (GFP) signal in roots of Arabidopsis plantlets expressing pAt3g25240::At3g25240-
GFP. (g) Absence and (h) nuclear/cytosolic presence of GFP signal (excitation (Ex): 488 nm; emission (Em): 507 nm) in main root under +P and —P
conditions, respectively. Bar, 50 um. (i, j) GFP signal in the root hair (RH) forming zone of the main root. (k) GFP signal in RH forming trichoblasts, (I, m)
GFP signal in RH nuclei and in the cytoplasm at the RH tip. Bars: (g, h, k-m) 20 um; (i, j) 100 um.

and a conserved ¢. 80 aa domain (D3) in the C-terminal half, as P-limitation of related DUF506 protein-coding transcripts from
well as two variable regions at the N- and C-termini (Fig. 2a,b). different plant species is conserved as well (Fig. 2e).

A phylogenetic tree constructed using DUF506 protein
sequences from Arabidopsis thaliana, Medicago truncatula, Setaria
viridis and B. distachyon (Fig. 2d) shows clearly defined, higher
order branches containing proteins from all four species and sub- ~ To explore the biological function(s) of A73G25240, OX lines
branches that reflect the monocot/dicot divide. The response to were generated and a homozygous transfer DNA (T-DNA) mutant

AT3G25240/RXR1 represses root hair elongation
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Fig.2 Structure, conservation, phylogeny and distribution of domain of unknown function 506 (DUF506) proteins in plants. (a) Graphical depiction of the
general one-dimensional structure of DUF506 proteins. (b) Sequences of the conserved motifs (1, 2) and domain (3) in the 13 Arabidopsis DUF506
proteins. (c) Number of DUF506 proteins found in 15 plant species as well as the green algae Chlamydomonas reinhardtii. (d) Rooted phylogenetic tree of

DUF506 proteins from Arabidopsis thaliana (red), Medicago truncatula (blue)

, Brachypodium distachyon (green) and Setaria viridis (black). UPGMA

(unweighted pair group method with arithmetic mean) tree inferred from the MUSCLE alignment (Bootstrap, 1000 repetitions). The green algae
Chlamydomonas reinhardtii DUF506 protein (Cre15.g634750, purple) was used to root the tree. The higher the bootstrap value for a particular branch,
the higher the size of the blue circle. (e) Induction of At3g25240 transcript and its closest homologs from Brachypodium distachyon (Bradi2g58590),
Medicago truncatula (Medtr7g053310), Panicum virgatum (Pavir.8KG231400), Setaria viridis (Sevir.5G431800) and Triticum aestivum

(TraesCS3B02G600900) during phosphorus (P)-limitation in shoots and roots
results from the different species originate from different experiments.

was isolated (Fig. S4). A construct expressing AT3G25240-GFP
under control of the A73G25240 gene promoter (Fig. 1f~m) was
introduced into the T-DNA mutant for complementation, bio-
chemical and subcellular analysis. Roots of 6-d-old OX seedlings
displayed shorter RHs while mutant roots had longer RHs when
compared to wild-type (Figs 3a, S5). Mutant seedlings expressing
AT3G25240-GFP had RHs comparable in length to the wild-type,
indicating functional complementation, thus linking A73G25240
to the long RH phenotype. Quantification of RH length distribu-
tion revealed that OX RHs were shorter than 200 um, with a
median length of 65 um (Fig. 3b). Wild-type RHs ranged from
<50 pm to sometimes up to 600 um, with a median length of
196 um. RHs of the mutant, subsequently named 7xr! (repressor of

New Phytologist (2022) 233: 1153-1171
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. The levels of induction are not expected to be quantitatively comparable as

excessive root hair elongation 1), were rarely <100 pm, but ¢ 17%
were longer than 600 um. The 77/ median RH length was
421 um, i.e. more than twice that of wild-type. The RH-length dis-
tribution plot of the complemented 7x#/ mutant was comparable to
wild-type. We further investigated RH growth rates for rxr!
mutant, OX and wild-type in a single blind study (Fig. 3c). Such
analyses revealed that mutant RHs elongate ¢. 50% faster and OX
RHs ¢ 25% slower than wild-type RHs. Furthermore, considering
that RH tip cytoplasmic Ca®" dynamics have reported to positively
correlate to RH polar growth (Brost ¢z al, 2019), we monitored the
[Ca®"] oscillations frequency by transforming wild-type and 771
mutants with the pUBQI10:GCAMP3 construct. The faster RH
growth of 7xr/ mutant was accompanied by a ¢ 25% higher
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Fig. 3 Effect of RXR1/At3g25240 overexpression or knockout on Arabidopsis root hair (RH) growth, phosphate content, biomass and frequency of [Ca

OX WT Comp mut

0T
WT  mut

2+]

oscillations. Three-day-old seedlings were transferred to half-strength MS agar (0.8% w/v) medium containing sufficient phosphate (675 pM), then grew
vertically for 2 d (a and b) or 7 d (d and e). (a) Representative images showing the effect of RXR7 on RH elongation. (b) Violin plots of RH lengths in wild-
type (WT), RXR7 overexpression (OX), rxr1 mutant (mut), and complemented rxr7 mutant (Comp). The plot illustrates kernel probability density in which
the width represents distribution of data points. Dash lines indicate 25" and 75" percentiles and horizontal red line is the median value. Between 787 and
819 RHs from 10 seedlings were measured for each genotype and numbers at bottom indicate median values (in millimeters) for each genotype.

*kkP < 0.001 indicates statistical significance as determined by one-way ANOVA analysis; ns, no significance. (c) Time course of RH growth rate in RXR7
OX (blue), WT (gray) and rxr1 mutant (red). Data represent mean values = SEM (n = 8). (d, e) Box plots of shoot phosphate (Pi) content (d) or fresh
biomass (e) of 10-d-old RXR7 OX, WT, rxr1 mutant (mut) and complemented rxr7 mutant (Comp) seedlings (n = 3). Horizontal line is the median and
whiskers display minimum and maximum values. Statistical significance of differences was tested by one-way ANOVA analysis (P < 0.01) and is indicated
by lowercase letters. (f) Box plot of [Ca®'] oscillations frequencies in RHs of rxr7 mutant (orange) and WT (gray) over 600 s. Box limits indicate 25™ and
75" percentiles, horizontal line is the median, and whiskers display minimum and maximum values. Each semitransparent dot represents individual
measurements from 7 to 11 RHs per group from four to six plants. **P < 0.01 indicates statistical significance as determined by Student's t test.

frequency of cytosolic [Ca®'] oscillations when compared to that of
wild-type (Fig. 31).

Given the induction of RXRI during P-limitation and the
importance of RHs for phosphate uptake (Bates & Lynch, 2001),
we checked whether shorter and longer RH length in RXRI OX
and 7xr] mutant correlated with seedling phosphate content.
Indeed, RXRI OX seedlings consistently displayed reduced shoot
phosphate and 7x7/ mutant increased shoot phosphate contents
(Fig. 3d), whereas the complemented mutant had a phosphate
content more similar to that of wild-type. RH length also posi-
tively correlated with seedling fresh weight. For instance, rxrl
mutant seedlings were 35% heavier than wild-type seedlings,
whereas RXRI OX seedlings had a biomass only 50% that of
wild-type (Figs 3e, S6). This suggests that longer RHs not only
enable higher phosphate acquisition but also that higher phos-
phate acquisition results in better growth.

Previous studies have demonstrated the risk of unexpected
phosphate contamination in different batches of agar, which
might lead to mistaken interpretations of phenotypes (Jain ezal.,

© 2021 The Authors
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2009). Thus, we used 0.4% Gelzan (w/v) instead of 0.8% agar
(wlv) as gelling agent to re-examine those RH, phosphate content
and aboveground growth phenotype, especially under P-deficient
condition. The RH length, as well as the phosphate content and
biomass, exhibited similar results as those observed in seedlings
grown on agar plates. However, differences among genotypes
were not as dramatic as those grown on agar plates. For instance,
RH median length of 7xr/ mutant was 316 pm, which was 25%
shorter than growing on P-replete agar plates (Fig. 4a). Under P-
deprived conditions, the RH lengths of all genotypes were ¢. 20%
longer than P-replete seedlings. Nevertheless, the shorter or
longer RH phenotypes of RXRI OX or rxrl mutant were consis-
tent with what was observed on agar plates (Fig. 4b). phosphate
content and biomass of 7x7/ mutant also showed significant ele-
vation under both P-replete or deprived condition (Fig. 4c,d).
Hydroponic system, as an alternative, was recommended for
dissecting morphophysiological and molecular responses of Ara-
bidopsis to different nutrient deficiencies (Jain ezal, 2009).
Recently, another solid-phase buffered P system was proven to

New Phytologist (2022) 233: 1153-1171
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Fig. 4 Effect of RXR7 overexpresser or knockout on Arabidopsis root hair (RH) growth, phosphate content and biomass under phosphate deficient
condition. Three-day-old seedlings were transferred to half-strength MS Gelzan (0.4% w/v) medium containing sufficient (675 uM) or deficient (O uM)
phosphate, then grew vertically for 2 d (a, b) or 7 d (c, d). (a) Representative images showing the effect of RXR7 on RH elongation under phosphate
sufficient (top panel) or deficient (bottom panel) condition. (b) Violin plots of RH lengths in wild-type (WT), RXR7 overexpression (OX) and rxr7 mutant
(rxr1). The plot illustrates kernel probability density in which the width represents distribution of data points. Dash lines indicate 25" and 75™ percentiles
and horizontal black line is the median value. Between 1206 and 1332 RHs from 10 seedlings were measured for each genotype and numbers at bottom
indicate median values (in millimeters) for each genotype. ***P < 0.001 indicates statistical significance as determined by one-way ANOVA analysis. (c, d)
Box plots of shoot phosphate (Pi) content (c) or fresh biomass (d) of 10-d-old RXR7 OX, WT and rxr7 mutant (rxr7) seedlings (n = 3). Horizontal line is the
median and whiskers display minimum and maximum values. Statistical significance of differences was tested by one-way ANOVA analysis (P < 0.01) and
is indicated by lowercase letters.

simulate the soil grow condition for studying P-starvation  showed two- to three-fold induction of many of these transcripts
response of plants (Hanlon eral, 2018). Thus, we employed (Yi et al., 2010).
both of the aforementioned systems to verify the RXRI-related When re-examined by qRT-PCR, the repression of the gene

RH phenotype. Irrespective of P supply or the nature of the  transcripts in RXRI OX root samples was confirmed, and ¢. two-
medium, the 7x/ mutant showed the long RH phenotype, while fold induction of a few of the RHS gene transcripts (PER7,
RXRI OX RHs were consistently the shortest, and virtually — RHSIS5, IRT2, At3¢07070, At5¢04960) was observed in rxrI root
absent in liquid medium (Fig. S7). Taken together, our results samples (Fig. 5). In comparison, RSL4 OX roots show ¢. 10-fold
suggested that RXR1 functions as a repressor to inhibit RH elon-  induction of PER7 when examined with qRT-PCR (Yi ezal,
gation, regardless of P-status. 2010). Collectively, the results show that RXR1, despite having
longer RHs, only mildly affects expression of RH-specific gene
transcripts. This suggest that RXR1 participates in other path-
ways rather than having a predominant function as a transcrip-
tional regulator to control RH growth.

Repression of root hair-specific gene transcripts in RXR1
overexpressers

Due to the nuclear localization of RXR1, gene-chip transcript
profiling was performed with RXRI! OX, wild-type and rxrl

mutant roots. Although the transcriptional changes in RXRI OX RXR1 affects root hair elongation independently of auxin

. or ethylene
and 7vr] mutant roots compared to wild-type roots were overall y

minor, a set of more than 20 root hair specific (RHS) gene tran-  Auxin and ethylene are plant hormones known for their role in
scripts were found to be slightly (c. two-fold) repressed in RXRI ~ RH development and elongation under P-limitation (Nacry
OX root samples (Fig. 5; Table S2). No induction of these gene etal., 2005; Song etal., 2016; Feng etal., 2017; Bhosale et al.,
transcripts was found in 7x7] mutant roots. By contrast, previous ~ 2018). The qRT-PCR analyses indicated that expression of RXRI
gene-chip profiling of RSL4 OX roots, which had with long RHs, =~ gene was not affect by IAA/auxin or ACClethylene treatment
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(Fig. 6¢). To further test whether RXR1 and auxin (IAA) interact
during RH elongation, RXRI OX, wild-type and 7xr/ mutant
were grown in £100nM IAA medium (Fig. 6a,b; also cf.
Fig. S8a for £10 nM IAA). In all three genotypes, 100 nM IAA
significantly stimulated median RH length by 160-170 pm
(Fig. 6b). Moreover, when growing on P-deprived medium sup-
plemented with auxin transporting inhibitor (NPA) or biosynthe-
sis inhibitor (Yucasin), OX and 7x7/ mutant displayed shorter
and longer RHs, respectively (Fig. S8b). This observation indi-
cates that loss or OX of RXRI does not affect auxin sensitivity or
perception.

Similar results were obtained with ethylene/ACC (Fig. 6¢,d,
also cf. Fig. S8a for £100 nM ACC). Addition of 1 pM ACC to
Gelzan plates increased median RH length strongly in OX, wild-
type and 7x7/ mutant (261, 229 and 198 um respectively;
Fig. 6¢,d). Additionally, OX and 7xrI mutant also did not differ
from wild-type in the classical response of dark-grown hypocotyls
to increasing ACC doses (Fig. 6f).

Lastly, we monitored the expression changes of RXRI gene
transcript in those mutants of well-characterized auxin or
ethylene signaling pathway, such as 75/4, arf19, auxI, or taal of
auxin pathway, and ein3 or ctrl of ethylene pathway (Fig. 6g).
The induction of RXRI transcript (—P vs +P) exhibited no con-
spicuous difference among those in mutant backgrounds. In par-
allel, the transcript abundancies of those major genes involved in
either auxin or ethylene signaling were unaffected in RXRI OX
or mutant (Table S3). Thus, we conclude that RXR1 acts inde-
pendently of auxin or ethylene in modulating RH elongation.

RXR1 interacts with a Rab GTPase

To identify RXRl-interacting proteins,
immunoprecipitation (IP) experiments followed by mass spec-

two independent

trometry (MS) analysis of tryptic protein digests were conducted
using the RXR1-GFP complemented 7xrl line (cf. Fig. 3).
Table 1 summarizes the proteins identified in both experiments

(cf. Tables S4, S5 for more details). A Rab GTPase (RabD2c/

© 2021 The Authors
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At4g17530) showed the highest sequence coverage. Because of
the known roles of Rab GTPases in directional growth processes
(Preuss etal., 2004; Szumlanski & Nielsen, 2009; Peng ez al,
2011), the interaction of RXR1 and RabD2c was investigated
further in vitro and invivo (Fig. 7). GFP-tagged RXR1 protein,
expressed under its native promoter, was successfully immuno-
precipitated in samples generated from P—limited seedlings using
recombinant Hisg-tagged RabD2C protein (Fig. 7a). Similar to
previous results (Fig. 1f), no RXR1-GFP protein was detectable
after short (1 min) exposure in samples prepared from P-
sufficient seedlings, nor was GFP itself immunoprecipitated by
Hisg-tagged RabD2C (Fig. 7a).

Rab GTPases are active and interact with specific effector pro-
teins in the GTP-bound state (Stenmark, 2009). Hydrolysis of
GTP converts the active back to the inactive conformation and
leads to dissociation of the effector protein(s). To test GTP-
dependency of RXR1-RabD2c interaction, both proteins were
produced in bacteria with MBP and Hiss-tags, respectively, and
incubated together either in the presence of GDP or GTP-y-S (a
nonhydrolysable analog of GTP), followed by IP with Anti-Hisg
antibody and Western detection with Anti-MBP antibody.
RXR1-RabD2c interaction was undetectable in the presence of
GDP, but was evident with GTP-y-S (Fig. 7b). Considering the
three conserved motifs/domains of DUF506 proteins (Fig. 2a),
we generated additional three MBP tagged truncated variants of
RXR1, to check for inwvitro interaction with and activity of
RabD2c (Fig. 7d,e). Only the RXR1 domain 3-containing vari-
ants could interact with RabD2c, suggesting that the conserved
domain 3 is critical for interaction of RabD2c GTPase.

To elucidate the RXR1 and RabD2c interaction iz vivo, we
performed BiFC assays by infiltration of RXR1"Y, RXR1'¢¢-24
(domain 3 only) or RXR1 7165 (ho conserved domain)-YFPN
and RabD2c-YFPC into N. benthamiana leaves. Nuclear yellow
fluorescence was respectively detected from leaf samples that were
introduced with RXR1™*-RabD2c or RXR1'°*2%_RabD2c con-
structs (Fig. 7¢, left and middle), whereas no fluorescence signal
was present when RXR1''®>-RabD2c were co-injected (Fig. 7c,

New Phytologist (2022) 233: 1153-1171
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Fig. 6 Effect of auxin and ethylene on
Arabidopsis root hair (RH) growth of RXR17
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right). The BiFC results confirmed that RXR1 domain 3 medi-
ated the interaction of RabD2c.

Next, we isolated the homozygous T-DNA mutant of RzbD2c,
and generated the 7xrl rabd2c double mutant by crossing. Under
P-replete condition, the RH length and distribution of rabd2c
and rxrl rabd2c mutants were similar to those of 7xI mutant. By
contrast, when exposed to P-limitation, r2b42¢ mutant exhibited
slight but significant (< 0.05) shorter RH compared to 7xrI or
rxrl rabd2c double mutant (Fig. 7f,g), implicating that beside
RabD2c, additional P-inducible interactor(s) might also simulta-
neously associate with RXR1 and inhibit RH growth.

To learn more about molecular and functional features of
RabD2c gene, we examined the transcript changes against P-
limitation by qRT-PCR experiments. RzbD2c transcript was
insensitive to P-stress and was not regulated by RXRI (Fig. 8a,b).
Additionally, the transcript level of RabD2c was stably expressed
in auxin signaling related mutants (Fig. 8c). The RH of rabd2c
mutant grew ¢. 20% faster compared to wild-type, similar to rxr!
(Fig. 8d). Moreover, endogenous promoter driven RabD2c gene
complemented the RH phenotype of rabd2c (Fig. 8f,i), whereas
OX of RabD2c¢ could not alter RH growth (Fig.8g,j). In

New Phytologist (2022) 233: 1153-1171
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significance as determined by one-way
ANOVA analysis. (e) Change of RXR1
transcript abundance, as measured by
quantitative reverse transcription polymerase
chain reaction (RT-PCR), in the absence of
phosphorus (—P), or in the presence of

100 nM IAA or 1 uM ACC. (f) Hypocotyl
length of RXR7T OX (blue), WT (gray), and
rxr1 mutant (red) in the presence of various
ACC concentrations (n = 16). (g) Change of
RXR1 transcript abundance, as measured by
gRT-PCR, in P-deprived vs P-replete
Arabidopsis seedling of WT, rs/4, arf19,
aux1, taat, ein3 and ctr1 mutants. (e, g)
Error bars indicate SD (n = 3).
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complemented line, RabD2c was clearly observed in developing
or mature RH nucleus (spindle-shape, white arrow) and apex
cytoplasm (Fig. 8e). In order to examine the genetic epistatic rela-
tionship between RXRI and RabD2c, we crossed the RXRI OX
with 7abd2c¢ mutant (Figs 8h,k, S9). Relative to rabd2c mutant,
significant reduction of RH length was observed in the epistatic
over-expresser (RXR1 OX rabd2c), suggesting that RXR1 domi-
nated the inhibitory function in RXR1-RabD2c¢ complex.

Conserved regions of RXR1 are not sufficient to inhibit root
hair elongation growth

Since aas 127-245 of RXR1, comprising the conserved motifs 1/2
and domain 3, were sufficient for interaction with and activity of
RabD2c (Fig. 7d,e), their biological function was further investi-
gated by transforming Arabidopsis wild-type with RXR1'%7 2%
GFP driven by the CaMV35S promoter. OX of the 46 kD fusion
protein (OXA) was detected in stably transformed lines (Fig. 9a,
b) and localization of RXR1'****-GFP in RH nuclei (Fig. 9¢)
was similar to FL RXR1-GFP (Fig. 11,m). However, OX of trun-
cated RXR1'7772% po longer reduced RH elongation growth

© 2021 The Authors
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Table 1 RXR1-interacting proteins.

AGI Annotation Molecular mass (kD) Unique peptides (IP1/1P2) Coverage (%) (IP1/1P2)
At1g12000 Phosphofructokinase 61 3/3 8.0/8.1
At1g64440 UDP-glucose 4-epimerase 38 3/2 8.9/7.2
At1g74960 Beta-ketoacyl-ACP synthetase 2 58 2/3 3.9/7.0
At1g78850 Mannose binding lectin 1 49 1/2 3.0/6.6
At2g46520 Exportin-2 109 6/4 7.3/55
At3g05970 Long-chain acyl-CoA synthetase 6 77 5/6 10.1/12.7
At3g62530 ARM repeat superfamily protein 25 4/3 18.6/16.7
At4g17530 GTPase homolog RabD2C 22 2/4 11.4/30.2
At4g23850 Long-chain acyl-CoA synthetase 4 75 3/5 5.7/7.7
At5g11720 Alpha-glucosidase 101 3/4 4.0/5.6
At5g42150 Glutathione S-transferase 36 2/7 5.1/25.7

RXR1-GFP was immunoprecipitated with green fluorescent protein (GFP) antibodies from roots of phosphorus (P)-limited plants expressing pPRXR7:RXR1-
GFP, and co-precipitated proteins were identified by mass spectrometry. Two independent experiments (IP1, IP2) were performed. Proteins identified in
samples from RXR1-GFP expressing plants in both experiments, but not in samples from plants expressing GFP, are listed. Using BLasT-P, protein
identification probability for each protein was 100% in each of the two experiments. AGl, Arabidopsis Gene Identifier. Coverage (in %) is defined as the
number of amino acids covered by the identified peptides divided by the total number of amino acids of the protein.

(Fig. 9d,e), as well as phosphate content and seedling biomass
(Fig. 9f,g). Furthermore, when overexpressing RXR1 1272245 GFp
in 7xrl mutant (OXA #nxrl), the long RH phenotype was not
compromised (Fig. 9h). These results indicate that elements out-
side of the conserved motifs/domain of RXR1 are required to
repress RH elongation.

A close RXR1 homolog reduces root hair elongation in
Brachypodium

AtRXRI has close P-limitation induced homologs in other species
(Fig. 2¢). To test if the closest Brachypodium homolog
(Bdi2g58590), besides being P-limitation induced, also affects
RH length, we initially infilerated a CaMV35S driven
Bdi2¢58590-GFP construct into N. benthamiana leaves to exam-
ine its subcellular localization. Similar to AtRXR1, Bdi2g58590-
GEFP preferentially localized to the nucleus (Fig. 10a). Then, we
introduced the maize ubiquitin promoter directed Bdi2¢58590
construct into Brachypodium BD21-3 to generate stable OX lines.
The qRT-PCR analysis indicated the OX led to at least 100-fold
higher expression of Bdi2¢58590 (Fig. 10b). Similar to OX of
AtRXRI, Bdi2g58590 OX exhibited reduced RH length
(Figs 10c, S10), while RH density and main root diameter
(Fig. 10d) were not noticeably changed. The RH length and two-
dimensional RH convex envelope of the OX1 line was 50%
reduced compared to wild-type (Fig. 10e,f) suggesting that OX1
roots have a much smaller (<25%) rhizosphere than the wild-
type. Moreover, the biomass of Bdi2¢58590/BdiRXRI1 OX plants
significantly reduced (Fig. 10g,h). Because of the high similar
phenotypes between ArRXRI and BAiRXRI OXs, we conclude
that Bdi2¢58590 and AtRXRI are orthologous genes.

Discussion

In this work, we identified the P-limitation specifically induced
DUF506-protein RXR1 and its interacting RabD2¢c GTPase as
repressors of RH elongation in Arabidopsis (cf. Fig. 11) as well as

© 2021 The Authors
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B. distachyon. By doing so, we attributed biological functions to
the first DUF506-protein coding genes as well as a not well char-
acterized Rab GTPase. RXRI gene was chosen for research
because of its transcriptional response to P-limitation, the pres-
ence of potential orthologs in dicot and monocot plant species
(Fig. 2¢,d), and the general lack of information for the DUF506
gene family.

Rab GTPases are well-known for intracellular vesicle traffick-
ing and the contribution of RabA GTPases to polar-tip cell wall
deposition, that significantly influence elongation of pollen tubes
and RHs, have been comprehensively investigated (Preuss ez al.,
2004; Blanco ez al., 2009; Szumlanski & Nielsen, 2009; Ovecka
etal, 2010; Berson etal, 2014). The discovered interaction of
RXR1 and RabD2c spurred subsequent work because RabD2c
GTPases are known to affect pollen tube tip growth (Szumlanski
& Nielsen, 2009; Peng etal., 2011; Wang et al., 2012). Pollen
tubes and RHs are similar in terms of their highly polarized ‘tip
growth” where cell expansion occurs at the very apex of the cell,
and is supported by a tip-focused delivery of membrane and cell
wall components (Szumlanski & Nielsen, 2009). It was proposed
that members of the RabD2 subclades provided overlapping but
functionally distinct activities in Arabidopsis (Pinheiro ezal,
2009). For instance, Golgi-localized RabD2c¢ and its closest
homolog RabD2b (At5g47200) were found to have overlapping
functions in vesicle trafficking during pollen tube growth (Peng
etal.,, 2011). However, the role for nuclear RabD2c in RH devel-
opment was unknown until now (Figs 8¢, S11).

For the interaction with and activity of RabD2c in the pres-
ence of GTP, the conserved DUF506 regions of RXR1, especially
domain 3, are required and sufficient (Fig.7), suggesting that
other DUF506 proteins may interact, as so-called effector pro-
teins (Nielsen, 2020), with Rab GTPases in a GTP-dependent
manner as well. Noteworthy, overexpressing the conserved
regions (domains 1, 2 and 3) of RXR1 (i.e. RXR1'?772% OXA)
in 7xr/ mutant could not rescue the long RH phenotype
(Fig. 9h), and RXR! OX in rabd2c mutant led to reduced RH
(Fig. 8h,k), hinting that N-terminal variable sequences are

New Phytologist (2022) 233: 1153-1171
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(c) Bimolecular fluorescence complementation in Nicotiana benthamiana. Arrows point to nuclei showing yellow fluorescence as a result of full length

(RXR1™) or truncated RXR1 (RXR1'%6724%) and Rab GTPase (RAB) interaction. Bar, 20 um. (d) Immuno-pull down of Hiss-tagged Rab GTPase with partial/
truncated MBP-tagged RXR1 proteins and Anti-MBP antibody. (e) Rab GTPase activity assay in the absence or presence of the four RXR1 protein versions
depicted in (d). (f) Representative images showing the root hair (RH) phenotype of wild-type (WT), rxr7 and rabd2c single mutants, and rxr7 rabd2c
double mutant under phosphorus (P)-sufficient (top panel) or -deficient (bottom panel) condition. Bar, 1 mm. (g) Violin plots of RH lengths in WT, rxr7 and
rabd2c single mutants, and rxr7 rabd2c double mutant grown on Gelzan plates as described in Fig. 4(a). The plot illustrates kernel probability density in
which the width represents distribution of data points. Dash lines indicate 25" and 75" percentiles and horizontal black line is the median value. Between

1032 and 1316 RHs from 10 seedlings were measured for each genotype and numbers at bottom indicate median values (in millimeters) for each
genotype. ***P <0.001, or *P < 0.05 indicates statistical significance as determined by one-way ANOVA analysis; ns, no significance.

required for RXR1 to repress RH elongation, supposedly through
interaction with other proteins.

The extraordinary response of RXRI transcript to P-limitation,
its dependence on PHR1/PHL1 (Fig. 1), and lack of response to
other environmental and developmental factors observed in
RNA-Seq databases such as eFP browser (Winter ez al., 2007) or
GENEVESTIGATOR, suggests an important and specific role

New Phytologist (2022) 233: 1153-1171
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for RXR1 during P-limitation. However, despite almost unde-
tectable transcript, RXR1 protein is present at a low level and
functional in P-replete conditions, as indicated by the long RHs
of P-fed 7xr! mutants (Figs 1, 3). Given that the RH length dis-
plays no difference between 7xrI and rabd2c mutant under P-
replete condition (Fig. 7f,g), it is tempting to speculate that
RXR1-RabD2c interaction is sufficient to restrict the RH
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values (in millimeters) for each genotype. ***P < 0.001 indicates statistical significance as determined by one-way ANOVA analysis; ns, no significance.
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elongation. Additional unknown interactors which we cannot
investigate due to the low protein abundance of RXR1, or post-
translational modification, e.g. SUMOylation by SIZ1 (Miura
etal., 2005), might stabilize the association to prevent protea-
some mediated degradation. However, more RXR1 protein may
be needed during P-limitation to counteract a strong inducing
effect of auxin (Bhosale ez 4/, 2018) and balance RH elongation
growth. RXR1 may also possess other biological functions, as
suggested by its spatial expression during P-limitation (Fig. S2)
and by the existence and nature of RXRI-interacting proteins

New Phytologist (2022) 233: 1153-1171
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(Table 1). In this context, UGE4, also known as RHD1 (RH
Defectivel), could co-localize with FL but not truncated RXR1
in cytoplasm (Fig. $12), which supports the notion that the N-
terminal variable region is indispensable for additional interac-
tion and repressing RH growth.

Here, we substantiate that RXR1 acts as a novel P-inducible
repressor of RH elongation, to retain the homeostasis of RH
growth and energy consumption under P-deficiency. Numerous
genes affecting RH initiation, growth and shape have been identi-
fied in Arabidopsis (Salazar-Henao eral, 2016; Shibata &

© 2021 The Authors
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Fig. 10 Overexpression of a close RXR17
homolog in Brachypodium distachyon.

(a) Syringe-infiltration of a pCaMV35S::
BdiDUF506-GFP construct into Nicotiana
benthamiana leaves results in nuclear (arrow)
and partial cytosolic localization of the fusion
protein. Bar, 50 um. (b) Abundance of
BdiDUF506 transcript in stable
overexpression (OX) lines of Brachypodium
distachyon. Error bars indicate SD (n = 3). (d)

(c) Representative images showing the root 400+
hair (RH) phenotype of Brachypodium wild- a

type (BD21-3) and two stable overexpression a 2
lines (OX1 and OX2). Bar, 1 mm. (d)
Quantification of main root width.

(e) Example for determination of RH convex
envelope as defined by the sum of areas
between the yellow and cyan lines. The cyan
lines are the averages of the magenta lines
that connect RH tips. Bar, 1 mm. (f) Relative
RH convex envelope area (wild-type =
100%) for the genotypes shown in (c).

(g) Growth aspect of the genotypes shown in
(c) at an age of 6 wk, and (h) shoot fresh and
dry weights of the genotypes at an age of 8
wk. Data in (d) and (h) represent mean
values & SEM (n = 10). Statistical significance
of differences was tested by one-way
ANOVA analysis (P < 0.01) and is indicated
by lowercase letters.

w
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Sugimoto, 2019) and other species (Marzec ez al., 2015; Kim &
Dolan, 2016; Kim ez al., 2017). However, mutations in relatively
few genes, such as PCaP2 (Kato etal., 2019), Lotus japonicas
ROOT HAIRLESS LIKE4/5 (LRL4/5) (Breuninger et al., 2016),
RHSI10 (Won etal, 2009), GT-2-LIKEI (GTLI) and its
homolog DFI (Shibata ez al., 2018) resulted in longer RHs. Sim-
ilar to 7xrl and rabd2c RHs, pcap2 RHs elongate at a higher rate,
resulting in RHs that are ¢. 50% longer than wild-type RHs
(Kato ez al., 2019). RHS10 was identified 77 silico as gene harbor-
ing RH-specific cis-elements in its promoter (Won ez al., 2009).
RHS10 encodes a proline-rich receptor-like kinase that localizes
to the plasma membrane and exhibits association with RH cell
walls (Hwang ezal, 2016), which is very different to RXRI’s
localization. Moreover, 74510 mutant RHs elongate at the same
rate as wild-type RHs, but the tip-growing period is extended,
resulting in ¢. 35% longer RHs, whereas 7xr/ and rabd2c RHs
elongate faster and ultimately are 75 to > 100% longer than wild-
type RHs (Figs 3b, 7g). Furthermore, auxin or ethylene do not
rescue RHS10-inhibited RH growth (Hwang ezal., 2016), but
they still function in 77! mutant and RXRI OX, again indicating
a mechanistic difference. The trihelix TFs GTL1 and DFI
repress RH growth by direct binding to the RSL4 promoter (Shi-
bata et al., 2018). Similar to 7hs10 or RSL4 OX (Yi etal., 2010;
Hwang et al., 2016), but in contrast to 7xr1, rabd2c or pcap2, gtll
dfl double mutant RHs also elongate at the same rate as wild-
type RHs, but their tip-growing period is prolonged, resulting in
¢. 50% longer RHs. In summary, these results suggest that
RHS10, GTL1 and DF1 are involved in termination of the tip-
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growth process, while RXR1/RabD2c¢ and PCaP2 negatively
affect the rate of tip-growth. The phenotypic similarity of 7xrl,
rabd2c and pcap2 RH growth may indicate a closer connection
between RXR1/RabD2c and phosphoinositides, although a gen-
eral role of RXR1/RabD2c in RH lipid metabolism, vesicle trans-
port and/or peroxisomal energy production is also possible.
Mutants without RHs show reduced phosphate uptake and
compromised growth on soils when phosphate availability is lim-
ited (Gahoonia ezal, 2001; Brown etal, 2012; Tanaka etal.,
2014). The same was observed with RXRI overexpressers in Ara-
bidopsis and Brachypodium, which had substantially shorter RHs,
lower phosphate contents and reduced biomass irrespective of
medium type or P-supply (Figs 3, 4, 10). Vice versa, common
bean genotypes with longer RHs have significantly higher phos-
phate acquisition and shoot biomass (Miguel ez a/., 2015), similar
to our results with the Arabidopsis 7x»/ mutant (Figs 3, 4). Inter-
estingly, in transgenic Brachypodium lines constitutively overex-
pressing RSL2 or RSL3 bHLH TFs, there was no consistent
relationship between long RHs, increase in phosphate uptake and
higher biomass (Zhang ez al., 2018). This led to the conclusion
that increasing RH length through biotechnology can improve P
uptake efficiency only if pleotropic effects, caused by transgene
insertions or associated genomic rearrangements, on plant
biomass are avoided. Nontransgenic knockout of RXR! and
potential functional homolog(s) may help in this regard, and may
prove to be an effective approach to develop crops with longer
RHs that are more resource-use efficient and can improve soil

health.
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Fig. 11 Working model for molecular function of RXR1/RabD2c in plants.
RXR1/RabD2c is a novel module that represses root hair (RH) elongation
independently of the stimulating effect of the phytohormone auxin and its
downstream signaling pathway (Bhosale et al., 2018). When
environmental phosphorus (P) nutrient is limiting, PHR1/PHL1-dependent
RXR1 expression and protein strongly increase. RXR1 interacts with GTP-
bound RabD2c through its conserved DUF506 domain (indicated in dark
gray), whereas RXR1-specific sequences (in light gray) are required to
inhibit RH elongation growth. Biochemical and co-localization evidence
further suggest RXR1 might interact with UGE4, through RXR1-specific
sequences. RXR1 interaction with other proteins may modulate additional
P-limitation responses. Solid line, experimentally supported; broken line,
hypothetical. Blunt-ended line, inhibition; arrow, activation.
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