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Abstract

Aims Buckwheat (Fagopyrum esculentum) exhibits
high Al tolerance, but only a few genes have been
functionally characterized. We previously characterized
a half-type ABC transporter, Fagopyrum esculentum
sensitive to Al rhizotoxicityl (FeSTAR1), in buckwheat
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Altolerance. This study aims to investigate whether and
how another half-type ABC transporter (FeSTAR2)
plays role in Al tolerance in buckwheat.

Methods The expression of FeSTAR2 and complemen-
tation test in Arabidopsis a/s3 mutant was examined.
The interaction between FeSTAR1 and FeSTAR2 and
subcellular location were analyzed by bimolecular fluo-
rescence complementation (BiFC) and yeast two-hybrid
(Y2H) assays.

Results Al rapidly and specifically induced FeSTAR2
expression. Having transmembrane domains, FeSTAR2
localizes to membrane. BiFC and Y2H assays showed
that FeSTAR2 could interact with FeSTAR1 which con-
tains only nucleotide binding domain. Intriguingly, in-
teraction between FeSTAR1 and FeSTAR? altered their
locations. Both heterologous expression of FeSTAR2 in
als3 and exogenous UDP-glucose rescued its Al hyper-
sensitivity of als3 mutant, suggesting that involvement
of FeSTAR?2 in Al tolerance requires UDP-glucose.
Furthermore, Al-induced inhibition of xyloglucan
endotransglucosylase (XET) activity in both atstarl
and als3 mutants could be restored by UDP-glucose.
Conclusion Our results indicate that FESTAR? interacts
with FeSTAR1 to form an ABC transporter to regulate
Al tolerance by vesicular transport of UDP-glucose
which affects hemicellulose metabolism by regulating
XET activity.

Keywords Aluminum toxicity - Cell wall - Protein
interaction - UDP-glucose - Xyloglucan
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Introduction

Buckwheat (Fagopyrum esculentum Moench) is highly
tolerant to Al stress which is one of the major factors
limiting plant productivity on acid soils (Kochian et al.
2004; Ma et al. 1997). During the last two decades,
considerable progresses have been made toward
unraveling the physiological mechanisms of Al tolerance
in buckwheat. Upon Al exposure, root tip of buckwheat
could secrete oxalate and citrate rapidly to chelate
rhizospheric Al (Klug and Horst 2010; Zheng et al.
1998, 2005; Lei et al. 2017b). A portion of rhizospheric
ionic Al can be taken up actively by root tip of buckwheat
to further reduce apoplastic Al concentrations (Ma and
Hiradate 2000). Once entered into cytoplasm, Al is com-
partmentalized into vacuoles and chelated with oxalate at
a 1:3 Al-oxalate ratio (Ma et al. 1998). As an Al-
accumulating plant species, buckwheat is able to transport
Al from the roots to the shoots in the form of Al-citrate
complex (Ma and Hiradate 2000). After reaching leaves,
Al can be compartmentalized into leaf vacuoles and com-
plexed by oxalate and citrate (Shen et al. 2002, 2004).
Recent progress in genome sequence greatly facili-
tates the cloning and characterization of genes involved
in buckwheat Al tolerance (Yokosho et al. 2014; Zhu
et al. 2015; Chen et al. 2017; Xu et al. 2017). For
example, an ATP-binding cassette (ABC) transporter-
like gene FeALS3 (Fagopyrum esculentum
ALUSMINUM SENSITIVE 3), which is also known as
FeSTAR2 (Fagopyrum esculentum Sensitive to
Aluminum Rhizotoxicity2; Zhu et al. 2015; Xu et al.
2017; Che et al. 2018), has been reported to be involved
in Al resistance (Reyna-Llorens et al. 2015), but its
biological functions has to be investigated. ALS3 in
Arabidopsis was for the first time reported to be involved
in Al tolerance possibly functioning to redistribute accu-
mulated Al away from sensitive tissues (Larsen et al.
2005). Later, rice OsSTAR2 displaying sequence simi-
larity with Arabidopsis ALS3 was characterized being
implicated in Al tolerance by forming a complex protein
with OsSTAR1 (Huang et al. 2009). FelREGI
(Fagopyrum esculentum IRON REGULATED 1) is a
tonoplast-localized transporter involved in vacuolar se-
questration of Al into root cells (Yokosho et al. 2016).
However, FeIREGI is only expressed in roots but not in
leaves. Recently, Lei et al. (2017a) identified two half-
size ABC transporter genes, FeALSI.I (Fagopyrum
esculentum ALUSMINUM SENSITIVE 1.1) and
FeALS1.2, encoding tonoplast-localized transporters for
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Al sequestration. Both FeALS1.1 and FeALS1.2 are
homologous to rice OsALS1 (Huang et al. 2012). Sub-
sequently, two MATE (Fagopyrum esculentum Multi-
drug and Toxic Compound Extrusion) genes were further
identified by Lei et al. (2017b). Members from MATE
gene family have been demonstrated to be responsible for
Al-induced citrate secretion in a number of plant species
(Furukawa et al. 2007; Magalhaes et al. 2007; Yang et al.
2011a; Liu et al. 2018). Lei et al. (2017b) reported that
FeMATETI is responsible for Al-induced citrate secretion
from roots, while FeMATE2 is probably related to trans-
port citrate into golgi system for the internal detoxifica-
tion of Al. More recently, FeSTAR1 was functionally
characterized with respect to Al tolerance in buckwheat
(Che et al. 2018; Xu et al. 2018). FeSTAR1 has a similar
function as AtSTAR1 because introduction of FeSTAR1
into atstar! mutant rescued its sensitivity to Al (Huang
et al. 2010; Xu et al. 2018). However, FeSTAR1 was
found to be localized at cytoplasm and nucleus, and
contains only nucleotide binding domain (Xu et al.
2018). It seems that FeSTAR1 alone is insufficient to
modify cell wall properties under Al stress.

In rice, the complex protein of OsSTAR1 and
OsSTAR?2 is localized to vesicles and is able to transport
UDP-glucose to the apoplast presumably for modifying
the Al-sensitive part of cell walls (Huang et al. 2009).
However, Dong et al. (2017) reported that the complex
protein of Arabidopsis AtSTARI and ALS3 is mainly
localized to tonoplast. Although the complex protein of
AtSTAR1 and ALS3 mediates anion efflux, it is not able
to transport UDP-glucose (Dong et al. 2017). The latest
report indicated that FeSTARI could interact with
FeSTAR2 when introduced both proteins in onion epider-
mal cells (Che et al. 2018). Furthermore, the localization
of FeSTARI was changed to the membrane from its
original cytoplasmic location (Che et al. 2018). It is there-
fore very likely that FeSTAR1 works with FeSTAR2 to
modify cell walls in response to Al stress. However, how
FeSTAR?2 is involved in Al tolerance remains unclear.

On the basis of comparative transcriptomic analysis
of'the root apex and the leaves of buckwheat in response
to Al, we identified five transporter genes, FeMATE],
FeALS1, FeSTARI, FeSTARZ2, and a divalent ion trans-
porter gene being up-regulated by Al in both roots and
leaves (Chen et al. 2017; Xu et al. 2017). In the present
study, we investigated the expression pattern, subcellu-
lar localization, and function of FeSTAR2. We also
examined the interaction between STAR1 and STAR2
proteins from different plant species. Our results showed
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that FeSTAR2 seems to be localized to vesicles. How-
ever, its subcellular location was altered by forming a
complex protein with FeSTAR1. FeSTAR2 could com-
plement the Al-sensitive phenotype of als3 mutant when
exposed to Al stress. We further demonstrated that
UDP-glucose is involved in STAR2-mediated Al resis-
tance by regulating the XET activity.

Materials and methods
Plant materials and treatments

The buckwheat (Fagopyrum esculentum Moench. cv.
Jiangxi) seeds were germinated at 26 °C in the dark after
sterilization with 5% (v/v) NaClO for 10 min and soak in
water overnight. The geminated seeds were cultured in
0.5 mM CaCl, solution (pH 4.5) for subsequent Al stress
treatments. For dose-response experiment, 3-day-old
seedlings were subjected to 0.5 mM CaCl, solution
(pH 4.5) containing 0, 10, 20, 40, or 60 uM AICl; for
24 h. For time-course experiment, 3-day-old seedlings
were exposed to 0.5 mM CaCl, solution with 20 uM
AICI; for 0, 3, 6, 12, or 24 h. For specificity analysis, 3-
day-old seedlings were exposed to 0.5 mM CaCl, solu-
tion containing 20 pM AlCl;, 1 pM CuCl,, 20 uM CdCl,
or 20 uM LaClj; for 24 h. All the above experiments were
carried out in an environmentally controlled growth room
with a 14 h/26 °C day (light intensity of 300 pmol
photons m 2 s ') and a 10 h/22 °C night regime.

The Arabidopsis mutant als3 (SALK _004094) was
kindly provided by Dr. Dong Liu (Tsing Hua University,
China). The genetic background of Arabidopsis mate-
rials used in our study was Col-0 ecotype. For root
growth analysis, the seeds were germinated and grown
on 1/2 MS medium (Pi concentration reduced to
100 uM, pH 4.5, solid with 0.8% agar) containing 0 or
300 uM Al for a week. Then the primary root length was
measured with a ruler after treatment. For investigate the
effects of exogenous UDP-glucose on Al-induced root
growth inhibition in both wild type and the mutants
atstarl and als3, 500 uM sterilized UDP-glucose
(sigma) were added or not added to the 1/2 M'S medium
containing 0 or 300 uM Al and then the seeds were
germinated and grown on the plates for a week. The
Arabidopsis were cultured in a plant incubator with a
daytime 16 h/24 °C (light intensity of 300 mmol pho-
tonsm 2 s ') and 8 h/22 °C night regime.

RNA extraction and RT-PCR analysis

RNA isolation from buckwheat and Arabidopsis were
carried out by respectively using RNeasy Mini Kit
(Qiagen) and MiniBEST Universal RNA Extraction
Kit (TAKARA). Both real-time quantitative RT-PCR
analysis of FeSTAR2 expression in buckwheat under
Al stress and semi-quantitative RT-PCR assay of deter-
mining FeSTAR2 expression level in transgenic
Arabidopsis lines were performed as described by Xu
et al. (2018). Primers used for RT-PCR were listed in
supplemental Table S1.

Transgenic Arabidopsis lines construction

The amplified FeSTAR?2 coding sequence with or without
the stop codon was cloned in-frame in front of the GFP
coding region in the modified pCAMBIA1300 vector,
thus obtaining 35S.:FeSTAR2, 35S::FeSTAR2-GFP. The
vectors were respectively introduced into Arabidopsis
wild-type (Col-0) and als3 mutant by agrobacterium-
mediated transformation to generate FeSTAR2OE (for
gene function characterization), 35S::FeSTAR2-GFP
(for subcellular localization) and 35S::FeSTAR2/als3
transgenic lines (Comp#1 and Comp#2).

A 1968 bp promoter sequence of FeSTAR2 was obtain-
ed by genome walking using the Genome Walker Univer-
sal Kit (Clontech Laboratories) with primers listed in
supplemental Table S1 according to Xu et al. (2018).
The 1968 bp 5"-upsream regions of FeSTAR2 was ampli-
fied from genome of buckwheat, then cloned to
pCAMBIA1301 vector and introduced into Arabidopsis
wild-type (Col-0) plants by agrobacterium-mediated trans-
formation to result in FeSTARZ2p::GUS transgenic lines.

[3-Glucuronidase analysis

Seedlings of transgenic GUS reporter lines treated with
or without 7 uM Al according to Xu et al. (2018). GUS
staining was performed according to previous report
(Jefferson et al. 1987).

Subcellular localization

FeSTAR2-GFP fusion over-expressed transiently in to-
bacco (N. benthamiana) leaves or stably in Arabidopsis
for FeSTAR2 subcellular localization analysis.
FeSTARI-GFP fusion and FeSTAR2-mCherry fusion
(cloned into the modified pCAMBIA 1300 vector with
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a mCherry tag) together over-expressed transiently in
N. benthamiana leaves for interaction analysis. GFP or
mCherry fluorescence signals were observed using con-
focal laser scanning microscopy (LSM710; Carl Zeiss,
Jena, Germany).

Bimolecular fluorescence complementation (BiFC)
assay

The full-length coding sequences of FeSTARI
andFeSTAR2 were amplified, and cloned into p2YN or
p2YC as a fusion with the N-terminal or C-terminal frag-
ment of YFP (Zhong et al. 2017), resulting in FeSTAR1-
YFPN, and FeSTAR2-YFP. The resulting constructs
were transiently transformed into N. benthamiana leaves
by Agrobacterium tumefaciens GV3101 infiltration. For
co-localization analysis, endoplasmic reticulum (ER)
marker, ER-rk CD3-960 and tonoplast marker, vac-rk
CD3-975 were included for co-transformation (Nelson
et al. 2007). YFP fluorescence was observed and
photographed by confocal microscopy (LSM710; Carl
Zeiss, Jena, Germany) at 48—72 h after infiltration. Primers
used for construction of BiFC vectors were listed in
supplemental Table S1.

Split-ubiquitin yeast two-hybrid (Y2H) analysis

The Y2H assay was carried out using the DUAL mem-
brane System (Biotech Dualsystems). The full-length cod-
ing sequence of FeSTAR2, OsSTAR2 and ALS3 were
amplified and then fused with the C-terminal half of
ubiquitin (Cub) to generate the constructs FeSTAR2-
Cub, OsSTAR2-Cub and ALS3-Cub as the preys. The
coding regions of FeSTARI, OsSTARI and AtSTARI were
amplified and fused with the mutated N-terminal half of
ubiquitin (NubG), resulting in the constructs FeSTARI-
NubG, OsSTAR1-NubG and AtSTAR1-NubG as the
baits. Different combinations of preys and baits were co-
transformed into NMY51 yeast cells. The transformants
were selected on dropout medium without Leu and Trp.
Then the protein-protein interactions were assessed by the
growth of yeast colonies on synthetic medium lacking
Leu, Trp, His, and Ade at 30 °C for 3 days.

XET activity assay
The XET action of xyloglucan endotransglucosylase/
hydrolases (XTH) was determined according to

Vissenberg et al. (2000). Seven-day-old seedling roots
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were incubated in a 6.5 pm XGO-SR mixture (XLLG-
SR > XXLG-SR > XXXG-SR; for nomenclature, see
Fry et al. 1993; for the synthesis, see Fry 1997) dis-
solved in 25 mM MES buffer at pH 5.5 for 1 h. The
assay was followed by a 10-min wash in ethanol:formic
acid:water (15:1:4, v/v/v) to remove any remaining
unreacted XGO-SRs; a further incubation overnight in
5% formic acid was performed to remove apoplastic,
non-wall-bound XGO-SRs. Samples were mounted on
glass slides and examined with a laser-scanning confo-
cal microscope (LSM 510; Zeiss) using excitation light
of 540 nm.

Phylogenetic analysis

We constructed neighbor-joining (NJ) trees using
the MEGA software (version 7.0) (http://www.
megasoftware.net) (Kumar et al. 2016) with the
following parameters: Poisson correction, pairwise
deletion, and bootstrap (1000 replicates; random
seed). This was performed as previously described
by Wang et al. (2015).

Statistical analysis

Statistical analyses were conducted by Tukey’s test
among treatments or one-way ANOVA test between
genotypes (P <0.05) with DPS 11.0 edition for win-
dows (Tang and Zhang 2012).

Results

Isolation and sequence analysis of FeSTAR2
in buckwheat

Based on the sequence information from previous
transcriptomic analysis of buckwheat (Xu et al. 2017),
we designed gene-specific primers to check the accura-
cy of FeSTAR2 cDNA by sequencing the PCR product.
The FeSTAR?2 coding region is 795 bp in length, and
encodes a protein of 264 amino acids (GenBank acces-
sion no. MH827970; Fig. la). To examine the evolu-
tionary relationship among STAR2 proteins from vari-
ous plant species, we performed a sequence alignment.
The result showed that FeSSTAR2, ALS3 and OsSTAR2
display a high sequence similarity (Fig. 1a). Topological
surveys based on the HMMTOP program (http://www.
enzim.hu/hmmtop) indicated that STAR2 proteins have
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Fig. 1 Sequence analysis of FeSTAR2. a Amino acid sequence
alignment of STAR2 proteins from buckwheat (FeSTAR2), rice
(OsSTAR2; LOC _0s05g02754), and Arabidopsis (ALS3;
At2g37330). b Phylogenetic analysis of FeSTAR2 and its 20 close

7 transmembrane domains, suggesting that they are
membrane-localized proteins (Fig. 1a). Phylogenetic
relationship analysis indicated that FeSTAR2 was more
closely related to Arabidopsis ALS3 than rice OsSTAR2
(Fig. 1b).

Expression pattern of FeSTAR?2

Time-course experiment showed that the expression of
FeSTAR?2 was dramatically induced by Al stress after 3 h
of exposure and maximized at 6 h. Thereafter, the ex-
pression of FeSTAR?2 dropped down, but there remained
more than 100-fold increase after 24 h of exposure
(Fig. 2a). In a dose-response experiment, the expression
of FeSTAR? increased with increasing Al concentrations
after 6 h of exposure (Fig. 2b). Other metals could
induce FeSTAR?2 expression slightly, but the induction
was significantly lower than that induced by Al stress
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homologs. The numbers under the branches refer to the bootstrap
value of the neighbor-joining phylogenetic tree. The length of the
branches is proportional to the amino acid variation rates. The
scale bar indicates the number of amino acid substitutions per site

(Fig. 2c¢). We next examined spatial expression of
FeSTAR?2 with or without Al stress. Consistent with
our previous RNA-seq analysis, the expression of
FeSTAR2 was responsive to Al not only in roots but
also in leaves (Fig. 2d).

To further investigate the tissue-specific localization
of FeSTAR? expression, a 1968-bp DNA sequence up-
stream of the translation start codon (ATG) was isolated
from buckwheat (Fig. S1). This promoter fragment was
fused to a GUS reporter gene and transformed into
Arabidopsis wild-type (WT) plants. As shown in Fig.
S2, GUS activity was observed in the whole plants in the
absence of Al stress. In root tip, GUS activity was
predominately observed in root cap and elongation re-
gion but not in meristem and transition zone between
meristem and elongation zone. However, Al stress in-
duced GUS activity strongly at both meristem and tran-
sition zone (Fig. S2).

@ Springer
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Subcellular location of FeSTAR2

To examine the subcellular location of FeSTAR2, we
first transiently expressed FeSTAR2-GFP fusion protein
in N. benthamiana leaves. The GFP fluorescence
appears punctiform, ellipse, and columnar in epi-
dermal cells of N. benthamiana (Fig. 3a). We next
stably expressed FeSTAR2-GFP fusion protein in
Arabidopsis. Similar pattern of GFP signals was ob-
served in transgenic Arabidopsis roots (Fig. 3b). Al-
though it is hard to precisely locate FeSTAR2, it can
be deduced that FeSTAR?2 is located at biomembranes
because it contains 7 transmembrane domains (Fig. 1a).

Interaction between FESTAR1 and FeSTAR2
OsSTAR1 and OsSTAR2 proteins in rice and AtSTARI1

and ALS3 proteins in Arabidopsis could interact with
each other (Huang et al. 2009; Dong et al. 2017). We
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therefore wonder whether FeSTAR1 and FeSTAR2
could form a complex protein. To test this possibility,
we carried out a split-ubiquitin Y2H analysis. STAR1
protein could interact with its respective STAR2 protein
from each plant species (Fig. 4). Interestingly, STAR1
and STAR2 proteins could interact with each other in
spite of their origins (Fig. 4). The present result suggests
that STAR1 and STAR?2 proteins are structurally and
functionally highly conserved among different plant
species.

Interaction of STAR1 and STAR2 changed
their subcellular locations

FeSTARI is a soluble protein and localized to cyto-
plasm and nucleus (Che et al. 2018; Xu et al. 2018),
whereas FeSTAR2 has transmembrane domains
(Fig. 3). The different locations led us to wonder wheth-
er interaction between STAR1 and STAR2 will result in



Plant Soil

a

Fig. 3 Subcellular location of FeSTAR2 protein. a 35S::FeSTAR2-GFP was transiently expressed in N. benthamiana leaves. b
35S:FeSTAR2-GFP was stably expressed in Arabidopsis root. Bar =50 pum in (a) and 100 um in (b)

Fig. 4 Split-ubiquitin yeast
two-hybrid (Y2H) analysis of
interaction between STAR1 and
STAR2 proteins. Cub is the C-
terminal ubiquitin, the protein of
interest fused with Cub as bait;
Nubl and NubG are, respectively,
the wild type and mutated N-
terminal fragment of ubiquitin,
the other objective protein fused
to Nubl as prey. Different combi-
nations of prey and bait vectors
are transformed to NMYS51 yeast
cells and then the yeast grown on
SD-Leu-Trp (SD-LW)/SD-Leu-
Trp-His-Ade (SD-LWHA) media
at 30 °C for 3 days
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FeSTAR2-Cub
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OsSTAR2-Cub
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changes in their locations. To this end, we performed a
BiFC assay as described previously (Zhong et al. 2017).
We found that FeSTAR1 and FeSTAR2 could interact
with each other in our BiFC system. Interestingly, the
complex protein of FeSTAR1 and FeSTAR2 seems to
be localized at both plasma membrane and vesicles,
because the signal was not merged with both ER marker
and tonoplast marker (Fig. 5).

To further confirm that interaction of FeSTARI1 and
FeSTAR?2 could alter their location, we transiently co-
expressed both FESTAR1-GFP and FeSTAR2-mCherry
fusion proteins into N. benthamiana leaves (Fig. 6). Our
previous study showed that FeSTAR1 localizes to cyto-
plasm and nucleus (Xu et al. 2018) and FeSTAR2
localizes to vesicles (Fig. 3). However, their subcellular
locations changed to membrane when both fusion pro-
teins were co-expressed in N. benthamiana leaves
(Fig. 6). These results indicate that interaction
between STAR1 and STAR2 proteins result in
changes in their subcellular localization.

Complementation of als3 mutants with FeSTAR2

To further examine the role of FeSTAR2 with respect to
Al tolerance, Arabidopsis als3 mutant was used to per-
form complementation test. We transformed FeSTAR2
into als3 mutant under the control of 35S CaMV pro-
moter. RT-PCR analysis showed that FeSTAR2 was

" o .
¢ & B[lg\ht field
’ y @

o

FeSTAR1-YFP"/FeSTAR2-YFP®

<.

-fae

’ &

ER marker

Fig. 5 Bimolecular fluorescence complementation (BiFC)
analysis of interaction between STAR1 and STAR2 proteins.
FeSTARI-YFPY, and FeSTAR2-YFP® fusion proteins were co-
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transcriptionally expressed in two independent trans-
genic lines (Comp.#1 and Comp.#2), whereas it was
absent in both WT and als3 mutant plants (Fig. 7a). In
the absence of Al, the root growth was similar among
different genotypes (Fig. 7b). While the roots of als3
were more severely inhibited than that of WT, those of
the two complemented lines were similar with WT
(Fig. 7b). The relative root elongation was inhibited by
about 70% in als3, but that of WT as well as two
complemented lines was only inhibited by around 40%
(Fig. 7c). These results suggest that buckwheat
FeSTAR2 is a functional homolog of Arabidopsis
ALS3 in terms of Al tolerance.

Exogenous UDP-glucose recovers als3 Al sensitivity

Exogenous applied UDP-glucose could alleviate
significantly the Al-induced root growth inhibition
of rice osstarl and osstar? mutants (Huang et al.
2009). Recently, we also demonstrated that buck-
wheat FeSTAR1-mediated Al tolerance is associat-
ed with UDP-glucose metabolism (Xu et al. 2018).
We therefore wanted to know whether FeSTAR2-
mediated Al tolerance is related to UDP-glucose
too. In the absence of Al, UDP-glucose did not
affect root growth of WT or mutants (Fig. 8a).
However, in the presence of Al, exogenous UDP-
glucose significantly alleviated the Al-induced

Tonoplast marker

expressed in the leaves of N. benthamiana. ER marker (ER-rk
CD3-960) and tonoplast marker (vac-rk CD3-975) were used for
co-localization analysis
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Fig. 6 Localization of
FeSTAR2 changed by
interacting with FeSTARI1. Both
35S::FeSTAR1-GFP and
35S::FeSTAR2-mCherry were
transiently co-expressed in

N. benthamiana leaves

FeSTAR1:GFP

FeSTAR2:RFP

inhibition of root growth in the mutant plants (Fig. 8b).
These results suggest that UDP-glucose is involved in
STAR2-mediated Al resistance.

Exogenous UDP-glucose restores XET activity
of atstar] and als3 mutants under Al stress

We have previously demonstrated that STAR1-mediated
Al tolerance is associated with hemicellulose (HC) me-
tabolism (Xu et al. 2018). The similar effect of UDP-
glucose on Al tolerance in both atstar! and als3 mutants
suggest that the same mechanism might be shared by
both STARI and STAR2 proteins. In dicotyledonous
plant species, xyloglucan is the most abundant HC and
XTHs are critical for xyloglucan metabolism by catalyz-
ing molecular grafting and/or hydrolysis of xyloglucan
(Rose et al. 2002). Here, we used the fluorescently la-
beled xyloglucan oligosaccharides (XGO-SRs) to visual-
ize the activity of XET (Vissenberg et al. 2000, 2003). In
the absence of Al, there was no significant difference in
XET activity between WT and atstar] or als3 mutants
irrespective of being treated with or without UDP-glu-
cose. Al stress dramatically inhibited XET activity in WT
plants and the inhibition was more evident in both mu-
tants. Interestingly, exogenous UDP-glucose could

restore XET activity of both mutants to the level of WT
plants, whereas it could not further improve XET activity
in WT plants in the absence of Al (Fig. 9). These results
suggest that STAR1/2-mediated Al tolerance is associat-
ed HC metabolism which is regulated by UDP-glucose-
mediated XET activity.

Discussion

In this study, we demonstrate that buckwheat FeSTAR?2 is
a functional homolog of Arabidopsis ALS3. This is evi-
denced by the fact that FeSTAR2 could rescue the pheno-
type of als3 mutant in response to Al stress (Fig. 7).
Furthermore, sequence alignment analysis showed that
STAR?2 proteins among different plant species display high
sequence similarity (Fig. 1a). In addition, in most plant
species, there is only a single gene coding for STAR2
protein in their genome (Fig. 1b), suggesting the impor-
tance of functionally conserved evolution of STAR2 pro-
teins. Consistent with our present result, it has previously
been reported that buckwheat FeSTAR2/FeALS3 protein
is involved in Al tolerance (Reyna-Llorens et al. 2015; Che
et al. 2018). Consistent with our current finding, Che et al.
(2018) also demonstrated that FeSTAR?2 is homologous to
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Fig. 7 FeSTAR?2 rescues phenotype of Arabidopsis als3 mu-
tant in response to Al stress. a RT-PCR detection of FeSTAR2
expression in WT, als3, and two complemented lines. b Phenotype
of WT, als3 and two complemented transgenic lines with or

Fig.8 Exogenous UDP-glucose partially rescued phenotype of
als3 under Al stress. a The effect of exogenous UDP-glucose on
the phenotype of WT and als3 mutants under Al stress. UDP-
glucose was added or not to the 1/2 MS medium (Pi concentration
reduced to 100 uM, pH 4.5, solid with 0.8% agar) containing 0 or
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without Al (300 uM) stress for 7 days. ¢ Relative root elongation
(RRE) of seedlings in response to Al for 7 days. Data are means +
SD (n=24). Different letters indicate significant differences at
P <0.05 by Tukey test
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300 uM Al for a week. b Primary root length of seedlings in (a).
The primary root length was measured with a ruler after treatment.
Data are means + SD (n = 8). Different letters indicate significant
differences at P <0.05 by Tukey test
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Fig. 9 AtSTARI and ALS3 are positively involved in UDP-glucose-mediated XET activity. One week-old seedlings grown on plates
were subjected to 0.5 mM CaCl, solution containing 0 or 50 uM Al for 24 h. Orange fluorescence shows XET activity. Bar =200 um

Arabidopsis ALS3. However, the exact function of
FeSTAR2 remains unclear. Here, we further revealed that
involvement of FeSTAR2 in Al tolerance is related to
UDP-glucose metabolism (Fig. 8), which is consistent with
previous study in rice in which exogenous UDP-glucose
could alleviate Al-induced root growth inhibition in
osstar? mutant (Huang et al. 2009).

In rice and Arabidopsis, knockout either STARI or
STAR2/ALS3 resulted in hypersensitivity to Al, and
STAR1 and STAR2/ALS3 could interact to form an
ABC transporter protein (Huang et al. 2009, 2010;
Larsen et al. 2005). Here, we demonstrate that the role
of FeSTAR2 with respect to Al tolerance is closely
associated with FeSTAR1 with which FeSTAR?2 inter-
act. Our conclusion is based on the following lines of
evidence. First, the expression pattern was similar be-
tween FeSTARI1 and FeSTAR?2 in response to Al stress
(Fig. 2; Xu et al. 2018), which provides the basis for
their interaction. Second, FeSTAR1 and FeSTAR2
could physically interact with each other to form a
complex protein (Fig. 4). This conclusion coincides
with recent report (Che et al. 2018). Finally, ex-
ogenous UDP-glucose could alleviate Al-induced
root growth inhibition both in atstar! mutant and als3
mutant (Fig. 8), indicating that a similar mechanism
associated with UDP-glucose is employed by both
STAR1 and STAR?2 proteins to regulate Al tolerance.

We previously demonstrated that the involvement of
STARI protein in Al tolerance is associated with HC
metabolism (Xu et al. 2018). HC contributes significant-
ly to Al adsorption to cell walls (Yang et al. 2011b). In
this present study, we further demonstrated that STAR1
and STAR?2 proteins are positively involved in the ex-
pression of XET activity (Fig. 9). XET activity is critical
for HC metabolism (Rose et al. 2002). This may explain
why atstar] mutant has higher HC1 content (Xu et al.
2018) because it has lower XET activity in comparison
with WT plants (Fig. 9). However, it has to be investi-
gated how UDG-Glucose could affect XET activity.

It is interesting to note that the subcellular location of
FeSTAR1 and FeSTAR?2 was changed when they form a
complex protein. FeSTARI is a soluble protein (Xu
et al. 2018), whereas FeSTAR2 is localized to
biomembranes (Fig. 3). However, the complex protein
of FeSTARI1 and FeSTAR? is localized to plasma mem-
brane and vesicles (Fig. 5). At present, the localization
of STAR1 and STAR2 protein remains controversial.
For example, the complex of OsSTAR1 and OsSTAR2
was reported to be localized to vesicles (Huang et al.
2009). However, Dong et al. (2017) reported that the
complex of AtSTATR1 and ALS3 was largely localized
to tonoplast. Considering exogenous UDP-glucose
could recover the phenotype of mutants under Al stress,
it is possible that the complex protein of FeSTARI and
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FeSTAR?2 is involved in vesicular transport of UDP-
glucose to plasma membrane for exocytosis to modify
cell walls. Consistently, our recent finding that atstarl
mutant had higher hemicellulosel content supports this
supposition (Xu et al. 2018).

In rice, the complex protein of OsSTAR1 and
OsSTAR?2 form a bacterial-type ABC transporter, which
is able to transport UDP-glucose to apoplast in which
UDP-glucose modifies cell walls thereby preventing Al
binding to cell walls (Huang et al. 2009). In the present
study, we found that exogenous applied UDP-glucose
could alleviate Al-induced root growth inhibition in als3
mutant (Fig. 8). FeSTARI and FeSTAR?2 could interact
to form a bacterial-type ABC transporter (Fig. 4) and the
complex protein seems to be localized to plasma mem-
brane and vesicle membrane (Figs. 5 and 6). These
results suggest that buckwheat FeSTAR1 and FeSTAR2
regulates Al tolerance by means of a mechanism similar
to that employed by rice OsSTAR1 and OsSTAR2.

It appears that STAR] and STAR2 mediated Al
tolerance is a conserved mechanism in plants because
they are necessary for Al tolerance in different plant
species (Larsen et al. 2005; Huang et al. 2009, 2010;
Reyna-Llorens et al. 2015; Che et al. 2018). However,
the expression regulation mechanisms differ among dif-
ferent plant species. For example, while the expression
of rice OsSTARI and OsSTAR2 and buckwheat
FeSTARI and FeSTAR2 was induced by Al, only the
expression of ALS3 but not AtSTARI was induced in
Arabidopsis (Larsen et al. 2005; Huang et al. 2009,
2010; Xu et al. 2017). The tissue expression pattern also
differs. For example, not only in roots but also in leaves,
the expression of FeSTAR! and FeSTAR2 was induced
by Al (Chen etal. 2017; Xu etal. 2017, 2018). However,
the expression of ALS3, OsSTARI, and OsSTAR?2 was
only induced by Al in the roots (Larsen et al. 2005;
Huang et al. 2009). It is therefore interesting to investi-
gate their differential expression regulation mechanisms
in the future.

In summary, our results indicate that FeSTAR2 regu-
lates Al tolerance through interacting with FeSTARI to
change its subcellular location of the complex protein,
which may transport UDP-glucose to regulate XET ac-
tivity and thereby modifying cell wall HC metabolism.
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