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1 | INTRODUCTION

In vascular plants, boron (B) represents an essential trace element for
proper growth and development (Lewis, 2019; Wimmer et al., 2020).
In addition to its unique role in cell wall maintenance, B is also
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Abstract

Boron (B) is an essential mineral element for plant growth, and the seed B pool of
crops can be crucial when seedlings need to establish on low-B soils. To date, it is
poorly understood how B accumulation in grain crops is genetically controlled. Here,
we assessed the genotypic variation of the B concentration in grains of a spring bar-
ley (Hordeum vulgare L.) association panel that represents broad genetic diversity. We
found a large genetic variation of the grain B concentration and detected in total
23 quantitative trait loci (QTLs) using genome-wide association mapping. HvNIP2;2/
HvLsié, encoding a potential B-transporting membrane protein, mapped closely to a
major-effect QTL accounting for the largest proportion of grain B variation. Based on
transport studies using heterologous expression systems and gene expression analy-
sis, we demonstrate that HvNIP2;2/HvLsié represents a functional B channel and
that expression variation in its transcript level associates with root and shoot B con-

centrations as well as with root dry mass formation under B-deficient conditions.

essential for human and animal nutrition because it can compensate,
to some extent, for calcium in bone stability and thus strengthen the
skeletal structure (Meacham et al., 1995; Nielsen et al., 1987). Boron
plays important roles in plant metabolism and phytohormone homeo-

stasis and is required for cell wall and membrane integrity (Eggert &
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von Wirén, 2017; Matoh, 1997; Pommerrenig et al., 2019). For exam-
ple, in the pectin fraction of the primary cell wall, B functions in cross-
linking two rhamnogalacturonan-ll monomers in the form of borate
esters (O'Neill et al., 2001), entailing that the B requirement of plants
is positively correlated with the pectin content of their cell walls
(Matoh et al., 1993). Optimal B supply depends on the plant species
and lies in an extremely narrow range between deficiency and toxic-
ity. Both B deficiency and B toxicity cause detrimental yield losses in
agricultural and horticultural crops worldwide (Brdar-Jokanovic, 2020;
Miwa et al, 2007; Shorrocks, 1997). Boron deficiency negatively
impacts seedling development (Eggert & von Wirén, 2016) as well as
vegetative and reproductive growth of mature plants, thus causing
cessation of root and shoot elongation, reducing leaf expansion, modi-
fying leaves (brittle), and reducing fertility (Brdar-Jokanovic, 2020;
Dell & Huang, 1997). Likewise, B toxicity symptoms are manifested by
chlorosis and necrosis at the tips of older leaves and by inhibition of
root growth and function (Schnurbusch et al, 2010; Sutton
et al,, 2007).

Boron is predominantly taken up by plant roots as uncharged
boric acid molecules and to a much lower extent as borate anions
(Takano et al., 2008). Members of major intrinsic proteins (MIPs) and
BOR transporters were shown to mediate B uptake into roots, its
root-to-shoot translocation and redistribution in the shoot
(Bienert & Bienert, 2017; Pommerrenig et al., 2015; Reid, 2014; Tak-
ano et al., 2008). In Arabidopsis, AtNIP5;1, a member of the nodulin
26-like intrinsic protein (NIP) family, which is a plant subgroup of the
MIP family, functions as a channel protein that imports boric acid to
the epidermal, cortical, and endodermal cells of roots (Takano
et al., 2006). Following the uptake of B by AtNIP5;1, AtBOR1, an
orthologue of bicarbonate transporters in animal cells, functions as a
borate exporter involved in xylem loading of B, thus regulating the
root-to-shoot translocation of B (Takano et al., 2002). In Arabidopsis,
AtNIP5;1 and AtBOR1 constitute a cooperative and efficient tran-
scellular B uptake pathway, especially under B-limiting conditions
(Takano et al., 2010). Upon arrival to the shoot, AtNIPé;1 and
AtNIP7;1, other members of the NIP subfamily, are essential for the
redistribution of B to growing shoots and floral tissues, respectively
(Li et al., 2011; Tanaka et al., 2008). Moreover, AtNIP4;1 and
AtNIP4;2, which are specifically expressed in pollen and permeable
to B, have been suggested to be crucial for pollination (Di Giorgio
et al, 2016). Despite showing differential expression patterns,
homologous genes of AtNIP5;1 and AtBOR1 were identified in many
plant species including barley, maize, rice, and oilseed rape showing
conserved and physiologically relevant functions in B uptake and
translocation (Chatterjee et al., 2014; Diehn et al., 2019;
Durbak et al.,, 2014; Hanaoka et al., 2014; Leonard et al.,, 2014;
Nakagawa et al., 2007; Schnurbusch et al., 2010; Shao et al., 2018;
Sutton et al., 2007; Zhang et al., 2017). For instance, OsNIP3;1, a
close homolog of AtNIP5;1, is responsible for B uptake into the root,
its translocation to the shoot and redistribution to developing tissues
in rice (Hanaoka et al., 2014; Shao et al., 2018). In addition to NIPs

and BORs, it was recently shown that members of other MIP

subfamilies, the X-intrinsic proteins (XIPs), and the tonoplast intrinsic
proteins (TIPs) may also contribute to the B homeostasis in plants
(Bienert et al., 2011; Bienert et al., 2019; Pang et al., 2010). There is
scarce evidence suggesting that members of the plasma membrane
intrinsic protein (PIP) subfamily of MIPs also may facilitate trans-
membrane B transport when expressed in heterologous expression
systems (Dordas et al., 2000; Fitzpatrick & Reid, 2009; Kumar
et al,, 2014). However, the exact roles of their participation in B
transport require further in planta characterization.

Graminaceous crops, including barley, are relatively insensitive
to B-deficient growth conditions. At the vegetative stage, the
growth of barley is scarcely inhibited by B limitations. In contrast,
the flowering of barley is highly sensitive to B deficiency. Boron
limitation during the reproductive development of barley results in
a substantial yield loss due to male sterility (Wongmo et al., 2004).
Germination and seedling establishment represent further develop-
mental phases during which crops are highly prone to B deficiency-
induced growth retardation. Seeds enriched with B in the seed
coat can promote seedling vigor and early-stage plant establish-
ment, thereby having a direct impact on crop yield (Eggert &
von Wirén, 2016). Seed priming with a B-containing solution
greatly improves seedling vigor, seedling stress tolerance and yield
in rice and wheat, and seed B concentration in rapeseed closely
associates with germination success (Alamri et al., 2018; Atique-ur-
Rehman et al., 2012; Eggert & von Wirén, 2013, 2016; Igbal
et al., 2017). Despite the importance of seed B pools for seedling
establishment and stress tolerance, the underlying mechanisms
contributing to an efficient allocation of B to the grains of barley
are largely unknown.

Natural variation is a powerful resource for dissecting the genetic
architecture of complex traits and for identifying and characterizing
the molecular functions of genes (Jia et al, 2020; Jia, Giehl,
et al., 2019; Kuhlmann et al., 2020; Schnurbusch et al., 2010; Sutton
et al., 2007). Linkage or QTL mapping has provided valuable informa-
tion about the genes controlling the genetic variation of B accumula-
tion in plant tissues and/or plant responses to B toxicity (Hua
et al, 2016; Liu et al, 2009; Ochiai et al, 2008; Schnurbusch
et al., 2010; Sutton et al., 2007; Zhang et al., 2014). In barley, HvBOT1
and HvNIP2;1 were identified by integrating natural variation and link-
age mapping, and subsequently cloned and characterized as functional
B transporting proteins in vegetative plant tissues (Schnurbusch
et al., 2010; Sutton et al., 2007). Focusing on the lack of information
on B accumulation in barley grains, we first assessed the natural varia-
tion of grain B concentrations in a diverse spring barely collection and
then performed genome-wide association (GWA) mapping for this
trait. This approach allowed us to identify 23 QTLs underlying grain B
concentration. Performing in silico proteoform sequence analysis,
transport assays in heterologous expression systems, and
B-dependent as well as tissue-specific gene expression quantifica-
tions, we show here that the gene HvNIP2;2/HvLsié, underlying a
major-effect QTL, contributes to B transport regulation and associates

with grain B concentration.
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2 | MATERIALS AND METHODS

21 | Plant germplasm and genotyping

The plant germplasm used in the present study consists of 221 spring
barley (Hordeum vulgare L.) genotypes selected from the Barley Core
Collection (BCC) and the barley gene bank collection maintained at
the IPK Gatersleben, Germany (Table S1). The panel was propagated
by single seed descent, genotyped with a 9 K iSelect chip consisting
of 7864 SNPs (Comadran et al.,, 2012) and successfully used for
genome-wide association scans for agronomic traits, salt tolerance,
and root system architectural traits (Abdel-Ghani et al. 2019; Alqudah
et al., 2014, 2016, 2018; Haseneyer et al., 2010; Jia, Liu, et al., 2019;
Long et al., 2013; Neumann et al., 2017; Pasam et al., 2012). The
whole collection consists of 126 two-rowed and 95 six-rowed acces-
sions originating from Europe (n = 106), West Asia and North Africa
(n = 45), East Asia (n = 39), and America (n = 30).

2.2 | Plant culture and sampling

The field trials were conducted in 2012 and 2014 at the IPK
Gatersleben, Germany. The mapping panel was grown in a lattice
square design with four replicas per accession randomly distributed in
the field. Due to limited seed availability, only a part of the mapping
population comprising of 138 accessions was grown in the field trial
of 2014. Plots consisted of two rows of 35 seeds with a row length of
2.5 and 0.5 m between row plots. The field and disease management
were in accordance with the local management practice. At maturity,
the spikes were randomly collected from plants in the middle of each
plot for grain B concentration determination.

For hydroponic culture, 11 barley accessions: BCC129, BCC192,
BCC434, BCC436, BCC502, BCC716, BCC761, BCC1390, BCC1410,
BCC1428, and BCC1541 were germinated on wet filter paper for
5 days at 4°C in the dark to synchronize germination. After that, ger-
minated seeds were transferred to half-strength nutrient solution
without Fe supply for 7 days in a growth chamber under short-day
conditions in a 20°C/18°C and 10 h/14 h light-dark regime and at a
light intensity of 250 pmol m~2 sec™! at 70% humidity. Seedlings of
similar size were transferred to full nutrient solution under long-day
condition with a 20°C/18°C and 16 h/8 h light-dark regime. The
nutrient solution was made of ultrapure B-free MilliQ water (Merck)
that has been additionally washed prior to its usage with 3 g L™ B-
complexing agent Amberlite IRA-743 (Sigma) overnight to efficiently
remove all traces of B from the water. Moreover, the nutrient solution
itself was treated with the B-complexing agent Amberlite IRA-743
(Sigma) overnight just before its usage. The nutrient solution con-
tained 2 mM Ca (NO3),, 0.5 mM KySO4, 0.5 mM MgSQO,, 0.1 mM
KH,PO,, 0.1 mM KCI, 0.5 pM MnSQy, 0.5 pM ZnSOy, 0.2 uM CuSOy,
0.01 pM (NH4)sM070,4, and 0.1 mM Fe-EDTA, either supplied with
or without 1 pM H3BO3. The nutrient solution was renewed every

7 days. After 14 days, shoots and roots of plants cultivated under B-

sufficient (1 uM H3BO3) or B-deficient growth conditions (0 pM
H3BO3) were separately harvested for the measurement of biomass,
tissue B concentration, and gene expression analysis.

The barley cultivar Morex was hydroponically cultured as
described above to investigate the B-dependent transcript regulation
of HvNIP2;2/HvLsi6 and HvNIP2;3. Two days after transfer to full
nutrient solution, plants were exposed to B limitation by omitting
boric acid from the nutrient solution. Roots and shoots were sampled
before B limitation (time point 0) and at 6, 12, 24, 48, and 72 h after
treatment. After 72 h of growth under B limitation, 1 pM H3BO3; was
supplied to the hydroponic solution to investigate the effect of B res-
upply on the gene expression levels of HvNIP2;2/HvLsié6 and
HVNIP2;3. Samples were taken at 6, 12, 24, 48 h after B resupply. At
the reproductive stage, different organs of soil-grown Morex plants
were sampled: roots, flag leaf blade and sheath, rachis, and nodes |, lll,
and V, internode Il, developing grains at Waddington (W10, non-filled
grain) and milk stage (filled-grain). All samples were immediately fro-
zen in liquid nitrogen and stored at —80°C for RNA extraction.

2.3 | Boron concentration measurements

For determining grain B concentrations of the barley accessions from
the GWAS panel, seeds from the central part of at least 5 spikes were
pooled and then washed three times with ultrapure water and dried at
65°C till constant weight. Approximately 250 mg of plant material
was weighed and used for determining B concentrations using an
inductively coupled plasma optical emission spectrometry (ICP-OES,
iCAP 6000, Thermo Fisher Scientific). For the root and shoot samples
from the hydroponic experiment, roots and shoots were excised at
harvest, dried at 65°C, and then weighed. The dried samples were
milled and approximatively 50 mg of the different tissues were sub-
jected to B measurements using a high-resolution inductively coupled
plasma mass spectrometry (HR-ICP-MS, Element 2, Thermo Fisher
Scientific). B concentrations of tissue samples deriving from plants
grown under B-limiting conditions were below or close to the detec-
tion limit and thus not taken into account for comparative analysis.

24 | Statistical analysis for phenotypic traits

Restricted maximum likelihood (REML) method was applied to calcu-
late best linear unbiased estimates (BLUEs) of B concentrations for
each genotype in 2012 and 2014. In the model, genotypes and repli-
cates were fitted as fixed and random effects, respectively. Further-
more, BLUEs of grain B concentration for a total of 135 barley
accessions across 2012 and 2014 were also calculated using the
REML method by fitting a mixed linear model considering genotypes
as fixed and year as random effects. Repeatability (H?) was estimated
as H? = 63%/(cg* + ce?/n), where 692 is the genotypic variance compo-
nent, ce® is the residual variance component, and n is replicates.

Pairwise comparisons were carried out using Welch's t-test or
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ANOVA. All statistical analyzes were performed in R (R Core
Team, 2013).

2.5 | Genome-wide association study
and candidate gene identification

BLUEs of grain B concentration were used as the phenotypic
response for GWAS using the software TASSEL v.2.1 (Bradbury
et al,, 2007). For the marker quality control, we applied a minor allele
frequency (MAF) of <5% and missing data >10%, finally leaving 6339,
6059, and 6056 informative markers for the datasets B-2012, B-
2014, and B-BLUE. We performed association analysis with two
mixed linear models (MLM) incorporating kinship together with princi-
ple components or kinship alone for correcting the population struc-
ture. After evaluating the inflation of P-values using the quantile-
quantile (Q-Q) plots and the GWAS results, we found that both mixed
linear models yielded similar results. Therefore, we finally presented
marker-trait associations resulting from the MLM with kinship. The
model used is described as: y = Xa + Ku + e, where y is a vector of
grain B concentration; a is a vector of fixed effect for the marker to
be estimated; K is the kinship matrix; y is the vector of random effect
for co-ancestry, and e is the vector of residuals. The suggestive signifi-
cant threshold at -logyo (P-value) >3 was set to claim significant
marker-trait associations. Using the chromosomal LD (Jia, Liu,
et al., 2019), peaks within a short distance (~3.5 cM) were assigned to
the same QTL. The QTLs detected in 2012 and 2014 or using the B-
BLUEs were considered as stable QTLs. The other QTLs were consid-
ered as year-specific QTLs.

In order to identify putative candidate genes underlying the
QTLs, a systematic BLAST search against the barley genome data-
base (http://webblast.ipk-gatersleben.de/barley) was performed
using known genes having an impact on B nutrition, in particular B
transporter genes as reported in Arabidopsis, maize, rice, or barley.
Their genetic positions were localized using the POPSEQ map
(Mascher et al., 2013). Taking the chromosomal linkage disequilib-
rium decay of ~3.5 cM into account (Jia, Liu, et al., 2019), genes that
were spatially near to the association peak were considered as candi-

date genes.

2.6 | Cloning of expression constructs and barley
accession-specific HYNIP2;2/Lsié and HvNIP2;3
sequences

AtNIP5;1 cDNA was optimized for expression in oocytes by
adapting the codon usage (performed by GenScript®; sequence dis-
played in Table S2). Primers matching the NIP sequences were used
to PCR amplify the NIP cDNA sequences and to generate the
respective expression constructs (listed in Table S2). Primers
yHVNIP2;2_fw, yHVNIP2;2_rv, yHvNIP2;3_fw, and yHvVNIP2;3_rv
(Table S2) were used to PCR-clone both NIP genes from cDNAs of

the different natural barley accessions. The primer pair designed to
amplify HvNIP2;2 did also amplify HYNIP2;3 and vice versa. There-
fore, the resulting PCR products (containing both HvNIP2;2 and
HvNIP2;3) of two independent PCR reactions per barley accession
were cloned into pYeDP60u and up to 85 individual pYeDP60u:
HVNIP2;x constructs per barley accession (confirmed by a selective
restriction digest) were sent for sequencing (EUROFINS) to ensure
that CDSs of HvNIP2;2 and HvNIP2;3 were present. Based on the
sequencing results, full-length CDSs of HvNIP2;2 and HvNIP2;3
were obtained for most of the barley accessions. For the two acces-
sions BCC1428 and BCC129, only HvNIP2;2 but not HvYNIP2;3 was
obtained (Figure S3).

To generate NIP expression constructs, PCR products were
cloned into the USER-compatible Xenopuslaevis expression vector
pNB1lu and/or the Saccharomyces cerevisiae expression vector
pYeDP60u using an uracil excision-based improved high-throughput
USER cloning technique (Nour-Eldin et al., 2006). All sequences were
verified by sequencing (Eurofins Genomics).

27 |
oocytes

Transport assays in yeast and X. laevis

The S. cerevisiae yeast strain Aatrl/YML116w/Y06516/BY4741
(EUROSCARF) was transformed with either the empty vector
pYeDP60u (negative control) or pYeDP60u expressing the indicated
NIP cDNAs. Transformed Aatrl yeast mutant cells were selected on
synthetic medium containing 2% glucose, 50 mM succinic acid/Tris
base, pH 5.5, 1% yeast nitrogen base without amino acids (Difco), and
2% agar. For the boric acid and germanium dioxide toxicity growth
assays, 2% galactose, 50 mM succinic acid/Tris base, pH 5.5, 1% yeast
nitrogen base without amino acids (Difco), and different concentra-
tions of boric acid or germanium dioxide were used for the growth
media. Cultures of Aatrl mutant yeast cells were diluted in sterile
water and spotted on medium containing the indicated concentrations
of boric acid or germanium dioxide. Growth was documented at
8 days after incubation at 30°C. The toxicity growth assay was
repeated twice with similar results.

For the boric acid uptake assay, oocytes were injected with 50 nL
NIP cRNAs (12.5 ng NIP cRNA per oocyte) of HvNIP2;2/HvLsié,
HVvNIP2;3, AtNIP5;1 or equal volume of RNase-free water as a nega-
tive control. The oocyte isolation and selection as well as the in vitro
cRNA synthesis using the generated NIP-containing pNB1u vectors
were performed as described by Pommerrenig et al. (2020). Three
days after the cRNA injection, oocytes (7-14 oocytes per replicate;
3-10 replicates) were incubated for 20 min in Barth buffer (pH 7.4)
containing 5 mM *°Boric acid (Sigma-Aldrich). Afterwards, the oocytes
were swiftly washed three times in Barth buffer with 5 mM 'Boric
acid (Sigma Aldrich) and dried for B quantification by high-resolution
ICP-MS analysis. Uptake assays were repeated with oocytes isolated
from two to three different Xenopus and were showing consistent

results.
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2.8 | Reverse transcription quantitative (A) B concentration-2012
polymerase chain reaction (RT-qPCR) u n=218

Plant tissues were collected by excision and immediately frozen in lig-
uid N. Total RNA was extracted with RNeasy Plant Mini Kit
(Macherey-Nagel GmbH & Co KG). cDNA was synthesized out of
1000 ng total RNA using MuLV-Reverse Transcriptase (Fermentas) in
a total volume of 20 pl and diluted to 1:20 with nuclease-free water.
RT-gPCR was performed in a 384 well thermocycler (CFX384 Touch
TM Real-Time PCR Detection System, Bio-Rad) using the GoTaq
gPCR Master mix (Promega). 2 pl diluted cDNA (1:20) was used per
reaction. Three identically treated biological replicates were run. The
thermocycler protocol was as follows: 3 min at 95°C, followed by
45 cycles of 10 s at 95°C, and 40s at 60°C. The specificity of the
primers (Table S2) was validated by BLASTN analysis and sequencing
of obtained gPCR products. For the generation of a standard curve, a
pool of all samples was combined into a mixture. This mixture was
serially diluted (1to1,1t02,1to4,1t08,1to 16,1 to 32,and 1 to
64) with nuclease-free water to generate standard curve templates
and to determine PCR efficiencies for each primer pair. Only assays
producing PCR efficiencies >90% and < 115% were used for expres-
sion data analyzes. Cg-values of each sample and target were
converted to quantities using the standard curves. Relative expression
of all genes was normalized to the geometric mean of HVADP and
HvUBC as internal references.

3 | RESULTS
3.1 | Phenotypic variation of the grain B
concentration

Boron concentrations were determined in the grains of 218 and 138 spring
barley accessions grown in field trials in 2012 and 2014, respectively. The
phenotypic values of grain B concentration of individual genotypes in each
year and a subpanel across 2 years followed approximately normal distri-
bution (Figure 1), suggesting that the B concentration in the grain is a poly-
genic trait. A distinct genotypic variation was observed for B
concentration, ranging from 0.13 pg-gf1 to2.53 pg-g’1 and 0.55 ug-g’1 to
144 pg‘g’1 in the respective year and from 0.55 pg'g’1 to 1.50 pg-g’1
across 2 years in a subpanel containing 135 common accessions
(Table S1). Analysis of variance (ANOVA) revealed a significant genotypic
effect for grain B concentrations (P < 0.01). In accordance, the repeatabil-
ity values (H?) were 0.58 and 0.83 in 2012 and 2014, respectively.

3.2 | Genome-wide association scans for grain B
concentrations

In order to dissect the genetic architecture of the grain B concentration,
we performed genome-wide association (GWA) analyzes using the grain B

concentration datasets in 2012 and 2014 as well as genetic means
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FIGURE 1 Phenotypic variation of grain boron (B) concentrations
of field-grown barley accessions. Grain B concentration (ug B/g DW)
of 218, 138, and 135 spring barley accessions grown in (A) 2012, (B)
2014, and (C) BLUE (best linear unbiased estimates of B
concentrations for each genotype in the year 2012 and 2014)

(BLUES) across 2 years of a common subpanel containing 135 lines. We
detected a total of 51 marker-trait associations comprised of 18, 16, and
17 significant SNPs for the respective dataset (Figure 2A-C, Table S3).
These marker-trait associations are distributed over all seven chromo-
somes (Chrs), with numbers varying from 3 on Chr 6H to 10 on Chr 2H
and 3H (Figure 2A-C, Table S3). Fourteen of these 51 significantly associ-
ated SNPs explained more than 10% of the phenotypic variation of the
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grain B concentration (Table S3). Using the chromosomal linkage disequi-
librium (LD) decay of the panel (Jia, Liu, et al., 2019), the 51 significant
SNPs were assigned into 23 genetically linked QTL intervals (Table S4).
Among them, 11 QTLs were either detected using BLUEs across 2 years
or consistently detected in both cultivation years, 2012 and 2014
(Table S4), thus considered as stable QTLs. In addition, there were 7- and
5-year-specific QTLs for 2012 and 2014, respectively (Table S4). The most
significant-associated QTL, rated according to the -log;o”v?"“® calculation,
was detected on Chr 4H (gB11, 14.43-14.94 cM), with the most

significantly associated marker SCRI_RS_146989 explaining 11.04% of
the natural variation of the grain B concentration. The accessions carrying
the minor allele “A” at this locus on average had 31.4, 5.5, and 17.3% sig-
nificantly higher B concentrations than those expressing the “G” allele in
2012, 2014, and across the 2 years (Figure 2D). Another genomic region
with three markers was identified on Chr 7H (gB21, 70.61-70.96 cM). At
this locus, analysis of the SNP effect showed that genotypes expressing
the minor allele “A” had 15.8, 13.1, and 18.8% higher B concentrations
than those with the “C” allele (Figure 2E).
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3.3 | Identification of candidate genes underlying
the QTLs associated with the grain B concentration

To explore the putative candidate genes underlying the detected
QTLs, we made a homology search of genes having an impact on B
nutrition, in particular B transporters or channels, against the IPK Bar-
ley Genome Database (http://webblast.ipk-gatersleben.de/barley) and
identified a number of high-priority candidates (Table S3). We found
that HYBOR1 (Chr 5H, 42.98 cM, morex_contig_47944), orthologous
to OsBOR1 (Nakagawa et al., 2007), was closely linked to gB14 (Chr
5H, 43.76 cM). HvPIP1;4 (Chr 6H, 59.91 cM, morex_contig_280723)
and HvPIP1;3 (Chr 6H, 118.98 cM, morex_contig_1569089) mediating
B transport in yeast cells (Fitzpatrick & Reid, 2009) mapped close to
qB19 (Chr 6H, 65.93 cM) and gB20 (Chr 6H, 113.24 cM), respectively.
HVPIP2;5 was a likely candidate for gB3, HvPIP2;3 and HvPIP2;4 for
qB4, HvTIP4;2 and HvTIP4;3 for qB6, HvPIP2;11 and HvTIP4;1 for
qB13, HvPIP2;8 and HvPIP2;12 for gB17. Furthermore, gB21 (Chr 7H,
70.61-70.96 cM) mapped closely to a previously functionally charac-
terized and physiologically important Si transporter HYNIP2;2/HvLsié
(Chr 7H, 61.02 cM, morex_contig_1633799) and a non-characterized
NIP gene HvNIP2;3 (Chr 7H, 67.63 cM, morex_contig_45067). In the
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barley cv. Morex genome, both genes are located approximately
467 kb from each other and are only separated by four putative
pseudogenes (Figure S1). The HvNIP2;2/HvLsié and HvNIP2;3 coding
and protein sequences have an identity of 96.5% and 97.3%, respec-
tively, suggesting similar functionality.

3.4 | Candidate genes HvNIP2;2/HvLsi6é and
HvNIP2;3 transport boric acid in yeast and X. laevis
oocytes

Heterologous expression assays in the yeast S. cerevisiae and X. laevis
oocytes were used to assess the potential B transport activity of the
channel proteins encoded by the two candidate genes HVNIP2;2/HvLsi6
and HvNIP2;3 identified in gB21, in which the significantly associated
SNP accounted for the largest proportion of phenotypic variation
(R? = 16.92%). The S. cerevisiae mutant strain Aatrl is highly sensitive to
high B conditions because it lacks the endogenous B efflux transporter
ATR1 involved in B detoxification. This strain is, therefore, suitable for a
growth suppression assay to functionally assess transporter proteins per-

meable to boric acid. We found that the expression of the positive
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FIGURE 3

Boric acid transport activity of HYNIP2;2/HvLsié and HvNIP2;3 in yeast and Xenopus laevis oocytes. (A) Boron toxicity growth

assay on increasing B concentrations in the growth media using the Aatrl mutant yeast strain expressing the indicated NIP isoforms or the empty
vector control. The empty vector was used as a negative control, whereas OsLsi1/OsNIP2;1 and HvNIP2;1/HvLsi1 were used as positive
controls. Growth behavior and survival rates of different transformants were recorded after 8 days at 30°C and were shown for yeasts spotted at
an ODyqp of 0.01 (upper row) and 0.0001 (bottom row). (B) Transport activity of indicated NIP proteins for boric acid in X. laevis oocytes. cRNA of
AtNIP5;1 as a positive control, HYNIP2;2/HvLsié, HYNIP2;3, or water as a negative control were injected into X. laevis oocytes. B levels were
quantified by ICP-MS technology. Bars represent mean = st of two to three independent experiments (each having 3-10 replicates with 7-14
oocytes per replicate). Asterisks indicate statistically significant differences between oocytes injected with cRNAs of NIPs and water (negative

s

control) according to Welch's t-test ("P<0.01, P < 0.001)
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controls OsLsi1/OsNIP2;1 and HvNIP2;1/HvLsi1, both permeable to boric
acid (Schnurbusch et al., 2010), caused growth inhibition of yeast cells
under high B concentrations compared to the expression of the empty
vector previously shown to be non-functional in yeast (Figure 3A).
Comparable to the positive controls OsLsi1/OsNIP2;1 and HvNIP2;1/
HvLsil, the expression of either HvNIP2;2/HvLsié or HvNIP2;3
inhibited the growth of yeast cells exposed to high B concentrations
in the growth medium (Figure 3A). To confirm these results in an
independent experimental approach, we further expressed
HvNIP2;2/HvLsi6 and HvNIP2;3 in X. laevis oocytes to examine their
B transport activity in a quantitative B uptake assay using isotope
discrimination technology. AtNIP5;1 is permeable to boric acid in the
oocyte system (Takano et al., 2006) and was used as a positive con-
trol. Compared to oocytes injected with water, oocytes injected with
cRNA of AtNIP5;1, HvNIP2;2/HvLsi6 and HvNIP2;3 showed a more
than seven-fold higher B uptake activity (Figure 3B).

We further tested whether HvNIP2;2/HvLsié and HvNIP2;3 con-
duct silicic acid (Si) using germanic acid, a proven transport analog
(Ma et al., 2006; Schnurbusch et al., 2010) toxic to yeast cells at high
concentrations. Consistent with previous findings showing that
HvNIP2;2/HvLsié is able to transport Si (Yamaiji et al., 2012), the tox-
icity growth assay showed that expression of either HvNIP2;2/HvLsié
or HvNIP2;3 can largely suppress yeast growth compared yeast
expressing the negative controls: the empty vector or AtNIP5;1
(Figure S2). In summary, the results from these transport assays indi-
cate that both HvNIP2;2/HvLsié and HvNIP2;3 facilitate the transport
of B and Si.

3.5 | HvNIP2;2/HvLsi6 and HvNIP2;3 proteoform
variations in natural barley accessions cannot explain
their genetic association with grain B concentrations

To investigate whether protein sequence variations and subsequent
proteoform-specific transport characteristics may contribute to con-
trasting B translocation efficiencies to the grain, 10 natural barley
accessions with contrasting grain B concentrations were selected to
clone and compare the HvNIP2;2/HvLsi6 and HvNIP2;3 sequences
(Figure S3A). For most of the chosen barley accessions, both genes
were cloned and sequenced in full-length. None of the cDNA-derived
proteoforms could be closely associated with either a high or a low B
concentration in the grains (Figure S3B). For HVNIP2;3, we did not
identify any amino acid variation among the high- and low-B accumu-
lating groups. For HvNIP2;2/HvLsié, three out of five high-B accumu-
lating barley accessions shared one amino acid exchange in the N-
terminus of HvNIP2;2/HvLsié, which was not found in low-B accumu-
lating barley accessions. However, two other high-B accumulating
accessions displayed an identical protein sequence to the one found
in all low-B accumulating barley accessions. The fact that no high- or
low-B accumulating barley accession was defined by only one prot-
eoform suggested that the expression pattern or level of HvNIP2;2/
HvLsié and/or HvNIP2;3 was responsible for the QTL-underlying pro-
cess leading to differential grain B concentrations.

3.6 | Developmental-, tissue-, and B-dependent
expression patterns of HvNIP2;2/HvLsi6 and HvNIP2;3
in barley

To understand the potential consequences of HvNIP2;2/HvLsié and
HvVNIP2;3 expression on B allocation in whole plants, we investigated
the expression pattern of these two genes in different organs at dif-
ferent development stages. RNA-seq data from the International Bar-
ley Genome Sequencing Consortium (2012) suggested that both
HVNIP2;2/HvLsi6é and HvNIP2;3 are expressed in diverse organs and
that the transcript abundance of HvNIP2;2/HvLsié is 4- to 37-fold
higher than HvNIP2;3 in all tested organs (Figure S4). At the vegeta-
tive stage, we found that HvNIP2;2/HvLsi6 and HvNIP2;3 were
expressed in the root and the shoot. However, the transcript abun-
dance of HYNIP2;2/HvLsié and HvNIP2;3 was 5- and 50-fold higher in
shoots than in roots, respectively (Figure 4A,B,E,F). Consistent with
the expression profiles obtained from RNA-sequencing (Figure S4),
we found that the expression level of HvNIP2;2/HvLsi6 was 93- and
9-fold higher than HvVNIP2;3 in roots and shoots, respectively
(Figure 4AB,EF). We then performed a time-course analysis of
HVNIP2;2/HvLsi6 and HvNIP2;3 transcript abundance in roots and
shoots under B-limiting growth conditions and after B resupply. In
roots, the expression level of HYNIP2;2/HvLsié was slightly but signifi-
cantly enhanced after 12 h of B deprivation, while the expression of
HvNIP2;3 was significantly upregulated only 48 h after onset of B
starvation (Figure 4AE). In contrast to roots, the shoot expression
level of both genes was rapidly and significantly downregulated by B
limitation (Figure 4B,F). After B resupply, the expression level of none
of the genes was significantly changed, neither in roots nor in shoots
(Figure 4C,D,G), except for HvNIP2;2/HvLsi6, which was slightly but
significantly downregulated in the shoot (Figure 4D). At the reproduc-
tive stage, HvVNIP2;2/HvLsié and HvNIP2;3 were expressed in nodes,
the flag leaf, rachis, and developing grains in addition to roots
(Figure 41). Furthermore, in developing grains, we found that transcript
abundance was approximately 105- and 43-fold higher in non-filled
grains at the Waddington stage (W10) compared to those of filled
grains at milk stage for HvYNIP2;2/HvLsié6 and HVNIP2;3, respectively
(Figure 41).

3.7 | Transcript abundance of HvYNIP2;2/HvLsi6
quantitatively contributes to efficient B uptake and B
shoot translocation in natural barley accessions

To estimate whether HvNIP2;2/HvLsi6 and/or HvNIP2;3 expression
levels contribute to efficient B transport and accumulation in barley,
11 natural barley accessions with contrasting grain B concentrations
were selected and then hydroponically cultured with or without 1 pM
B supply. After 14 days, we analyzed the expression level of both
genes in roots by gPCR and determined root and shoot biomass as
well as their B concentrations. The B concentration and biomass of
roots and shoots differed amongst accessions (Figures S5 and Sé).
The expression level of HVNIP2;2/HvLsié and HvNIP2;3 also differed
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FIGURE 4 Expression patterns of HYNIP2;2/HvLsié and HvNIP2;3 in different organs at different development stages of Morex barley plants.

Regulation of HvNIP2;2/HvLsi6 (A,B) and HvNIP2;3 (E,F) expression by B limitation in roots (A,E) and shoots (B,F) of 9-12-day-old plants. Relative
expression of HYNIP2;2/HvLsi6 (C,D) and HvNIP2;3 (G,H) in roots (C,G) and shoots (D,H) in response to 1 pM B resupply in 12-14 days old plants.
(I) Expression pattern of HvNIP2;2/HvLsié and HvNIP2;3 in different organs at flowering stage. Relative expression levels were quantified by RT-
gPCR. HVADP and HvUBC have been used as reference genes. Bars represent mean + st of three biological replicates. Asterisks indicate
statistically significant differences between the relative expression values at the respective time point and B treatment and the initial time point

“0” according to Welch's t-test (‘P < 0.05, "'P < 0.01; ns, not significant)

among the accessions (Figure S7). We found that the expression level
of HvNIP2;2/HvLsié6 in roots significantly correlated with B concentra-
tions in roots and in shoots under adequate B supply, suggesting that
the variation in transcript abundance of HvNIP2;2/HvLsié contributes
to B uptake (Figure 5A,B). Under B deficiency, the expression level of

HvNIP2;2/HvLsié was significantly and positively associated with the
root dry mass (Figure 5C). Furthermore, the fold-change of the rela-
tive expression level of HvNIP2;2/HvLsié (B-deficient versus B-
sufficient growth conditions) was also significantly associated with

the relative root dry biomass between B-deficient and B-sufficient
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FIGURE 5 Transcript levels of

HvNIP2;2/HvLsié associate with the
natural variation of B-dependent
root and shoot dry mass production
in natural barley accessions. (A, B)
Pearson's correlation between the
transcript level of HYNIP2;2/HvLsi6
and the B concentration in roots
(A) and shoots (B) of natural barley
accessions. (C) Pearson's correlation
between the transcript level of
HVNIP2;2/HvLsié and root biomass
accumulation under B deficiency.

(A) (B)
S 51 r=070 = 51 r=062
a P=0.01 o | P=0.045
= 4 . m 4
o 4 D 4
o 3
3 ~—"
c
& 3 2 3;
= [o]
© =
-— C
c [0]
8 2 Q 2]
§ 8
m e °
-*g 14 . . ' . ' 8 14
¥ 004 006 008 010 0.12 &

HvNIP2;2 relative expression in root (+B)

Gl
C

0.04 006 008 010 0.12
HvNIP2;2 relative expression in root (+B)

(D) Pearson's correlation between
the transcriptional alteration of
HvNIP2;2/HvLsié and root biomass
in response to B limitation. Relative
expression levels were quantified by

RT-qPCR and normalized to
geometric mean of HVADP and
HVUBC as internal references. Each
value represents the mean of three
biological replicates at the
respective B condition

0.15. 15
_ r=0.82 r=0.58
© P=0.002 . 5 |P=005
m I
T m
=0. <1.0
n 2]
@ ®
e €
>
20. 505
3 °
8 %
0 0
004 008 012 0.16 05

HVNIP2;2 relative expression in root (-B)

growth conditions (Figure 5D). These results indicated that the
gene expression of HYNIP2;2/HvLsié under B-deficient growth con-
ditions associates with genotypic differences in root biomass pro-
duction. In contrast to HvNIP2;2/HvLsié, the expression level of
HvNIP2;3 showed neither a correlation to B tissue concentrations
nor to the root dry mass at any of the B treatments (Figure S8). In
summary, these results suggested that the expression level of
HvNIP2;2/HvLsié quantitatively contributes to efficient B uptake
and that HvVNIP2;2/HvLsi6 is a relevant determinant for tolerance

against B deficiency.

4 | DISCUSSION

Compared to most dicot crop species, cereals require relatively little B
to fulfill their life cycles (Lordkaew et al., 2011; Lordkaew et al., 2013).
Early seedling establishment and the reproductive growth phase rep-
resent two developmental periods in which cereals are sensitive to B
deprivation. Interestingly, the seedling growth of most barley cultivars
appears to be highly insensitive to B-limiting conditions. One reason
explaining this phenomenon might be the ability of barley to store suf-
ficient amounts of B in its seeds to build a reservoir that can be
remobilized and used in early growth stages until an efficient nutrient

foraging root system has been developed. Aiming at dissecting genetic

10 15 20

HvNIP2;2 relative expression in root (-B/+B)

factors that quantitatively determine B levels in barley grains, we
investigated the natural variation of grain B accumulation and per-
formed GWAS to identify genomic loci and underlying candidate
genes. Twenty-three QTLs were found associated with grain B accu-
mulation and a few of them co-located with potential B transporter
genes. In particular, one major-effect QTL closely located to
HVNIP2;2/HvLsié raised interest as the corresponding gene product
represents a metalloidoporin and is suggested to mediate the trans-
port of B across membranes.

Natural variation is the basis for crop improvement and the iden-
tification of key genes underlying complex agronomic traits (Jia
et al, 2020; Jia, Giehl, et al., 2019; Kuhlmann et al., 2020;
Schnurbusch et al., 2010; Sutton et al., 2007). Like observed in other
plant species, such as rice (C. C. Wang, Tang, et al, 2020; Yang
et al, 2018), wheat (Jamjod et al., 2004), and Brassica napus
(W. Wang, Ding, et al., 2020), grain B concentrations in a panel of
135 field-grown barley accession lines differed by up to threefold
(Figure 1, Table S1). Grain B accumulation depends on multiple trans-
port steps involving (1) B uptake by the root, (2) root-to-shoot translo-
cation, (3) B allocation to various tissues, and (4) B loading into grains.
Thus, B grain accumulation is expected to be a complex quantitative
trait. In fact, this assumption was supported by our findings as grain B
concentrations followed a normal distribution (Figure 1) and as the
GWAS detected a total of 23 QTLs that were significantly associated
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with grain B concentrations (Figure 2, Table S3). Fifteen of these QTLs
explained less than 10% of the natural variation, suggesting that the
quantity of B in barley grains is genetically controlled by many addi-
tive genetic loci with small to moderate effects contributing to the
phenotypic variation. In fact, a similar finding was made in rice. In a
very recent QTL study, C. C. Wang, Tang, et al. (2020) detected two
QTLs associated with rice grain B concentration in a Recombinant
Inbred Line (RIL) population, with each QTL explaining only about 7%
of the phenotypic variation.

In accordance with the fact that several transport steps contrib-
ute to grain B accumulation, several of the identified QTLs co-located
with genes from the MIP and BOR transporter families, which are
known to comprise isoforms mediating physiologically relevant B
fluxes in various plant species. In Arabidopsis and rice, AtBOR1 and
OsBOR1, respectively, are expressed in the vascular cylinder and are
involved in the root-to-shoot translocation of B (Nakagawa
et al., 2007; Takano et al., 2002). We found that their orthologous
gene, HVBOR1, is located in the vicinity to gB14 on Chr 5H, and thus,
represents a promising candidate gene underlying this locus. In barley,
HvBOR2/HvBOT1 and HvNIP2;1/HvLsi1, which were demonstrated to
represent the causative genes in major QTLs associated with B toxic-
ity (Schnurbusch et al., 2010; Sutton et al., 2007), were not closely
linked to any of the identified QTLs in this study, suggesting that they
may not contribute significantly to the genotypic differences in grain
B levels in the investigated accession panel. An alternative explanation
for their lack of identification might be that rare alleles of HvBOR2/
HvBOT1 and HvNIP2;1/HvLsil contribute to the natural variation
associated with barley grain B concentration. In this case, they are
likely to be missed in the GWAS performed here because this
approach is only able to detect common genetic variants. As such,
future genetic analysis using, for instance, progenies generated from
biparental populations of parental lines with contrasting seed B levels
will provide a complementary view of the genetic architecture deter-
mining grain B accumulation in barley.

XIPs and TIPs have also been implicated in B transport through
functional analysis either in vivo using transgenic plants or in vitro via
transport assays in heterologous expression systems (Bienert
et al, 2011; Bienert et al., 2019; Pang et al., 2010). When over-
expressed, AtTIP5;1 increases the tolerance of transgenic Arabidopsis
plants to high B, most likely via vacuolar compartmentation (Pang
et al., 2010). We found three TIPs (HvTIP4;2, HvTIP4;3 and HvTIP4;1)
in close linkage with gB6 and gB13. Moreover, we identified HvPIP1;4
and HvPIP1;3, which were previously shown to facilitate the trans-
membrane diffusion of B in a yeast B toxicity tolerance assay
(Fitzpatrick & Reid, 2009) and appeared as candidate genes underlying
qB19 and gB20. Whether these PIP-type aquaporins, which usually
fulfill physiological functions in plant water homeostasis (Maurel
et al,, 2015), represent functionally relevant B transporters or whether
their water transport function indirectly influences B transport pro-
cesses in barley remains to be investigated. Similar to our finding that
PIP genes co-localize with QTLs for grain B concentrations in bar-
ley, PIP2A and PIP2;7 were identified in two QTLs determining
grain B concentration in rice and have thus been suggested to
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represent the underlying candidate genes (C. C. Wang, Tang,
et al., 2020). It will be necessary to investigate in future studies
the role in B homeostasis of the other NIP, BOR, TIP, and PIP
proteins, which were located within the by us identified QTL
regions.

HvNIP2;2/HvLsi6é was previously characterized as a Si transporter
crucial for Si distribution in barley (Yamaji et al., 2012). We found that
the major-effect QTL gB21 coincides with this NIP gene and its
nearby tandem duplicate HvNIP2;3. It was estimated that this QTL,
encompassing both NIP metalloidoporin genes, contributes to 16% of
the natural variation in grain B concentration, indicating that this locus
may play a major role in this trait. The evolution of transport proteins
duplicated in the genome, for instance in tandem, represents a likely
source for sub-functionalization of the resulting proteoforms, either in
terms of a selectivity shift or spatiotemporal expression differences,
and thus diverging transport features or capacities between the prot-
eoforms (Hanikenne et al., 2008). Differential evolution of these
tandem-localized HvNIP2 genes in different natural barley accessions
might have created cultivars with different functional properties
either due to different transport characteristics of the proteins them-
selves or due to different spatiotemporal expression patterns and/or
levels. Thus, we chose these two NIP2-type genes for further
characterization.

NIPs transport a broad range of substrates, including glycerol,
ammonia, urea, water, hydrogen peroxide, and the metalloids arsenic
(As), antimony (Sb) selenium, Ge, Si, and B (Bienert & Bienert, 2017).
Despite this broad substrate spectrum, the physiological relevance of
NIPs in planta appears restricted to the uptake and translocation of
the essential and beneficial metalloids B and Si, respectively, but also
to the extrusion of the toxic minerals As, Sb, and Ge (Bienert &
Bienert, 2017; Pommerrenig et al., 2015). Therefore, it was plausible
to hypothesize that HYNIP2;2/HvLsié and HvNIP2;3 can transport B
in addition to Si, particularly as NIP2-type channels represent “non-
selective” metalloidoporins able to facilitate the transmembrane trans-
port of As, Si, and B equally well (Mitani-Ueno et al, 2011;
Pommerrenig et al., 2015). Such a co-permeability for both B and Si
was also demonstrated for HvNIP2;1/HvLsil (Chiba et al., 2009;
Schnurbusch et al., 2010). In fact, we found by heterologous expres-
sion in yeast that both HvNIP2;2/HvLsié and HvNIP2;3 facilitate the
transport of B in addition to Si (Figure 3A and Figure S2), indicating
that they are able to act as Si and B channels in planta. Further
supporting evidence for their ability to transport B was obtained in
quantitative B uptake assays using °B/!B isotope discrimination.
When expressed in oocytes, both proteins mediate B uptake rates
similar to the well-characterized boric acid channel AtNIP5;1 essential
for B nutrition in A. thaliana (Figure 3B). Taken together, our results
define HVYNIP2;2/HvLsié and HvNIP2;3 as functional B transporters.
A protein sequence comparison of HvNIP2;2/HvLsié and HvNIP2;3
between natural barley accessions contrasting in their grain B concen-
trations did not identify HvNIP2;2/HvLsi6é or HvYNIP2;3 proteoforms
that can convincingly explain high or low grain B concentrations
(Figure S3). Noteworthy, three out of five analyzed high-B accumulat-
ing barley accessions encoded for a HvNIP2;2/HvLsi6é proteoform
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with one amino acid variation in the very N-terminus of the protein at
position 11 close to a putative phosphorylation site (Figure S3).
Whether this variant affects B accumulation in barley will be analyzed
in future studies. It might be that this mutation is sufficient but not
necessary to exert an impact on B accumulation as the majority of the
high and low-B accumulating accessions encoded for sequence-wise
identical HVNIP2;2/HvLsié and HvNIP2;3 proteins (Figure S3B). To
assess the B transport ability in yeast and oocytes, we functionally
examined the HvNIP2;2/HvLsi6 and HvNIP2;3 proteoform variants
(Figure S3B) predominately found in high- and low-B accumulating
accessions. Our protein sequence comparison analysis suggested that
the contribution of HVNIP2;2/HvLsi6é and/or HVNIP2;3 to contrasting
grain B concentrations in barley accessions is likely related to other
factors than proteoform variation.

Our comprehensive qPCR-based expression analysis proposed
that HvNIP2;2/HvLsi6 is a likely candidate gene underlying the
detected gB21 locus though we cannot exclude the additional
involvement of other genes in the associated regions. On the one
hand, this gene was more abundantly expressed than HvNIP2;3
(Figure 4). On the other hand, we found that there is no significant
association between the expression levels of HYNIP2;3 and B concen-
tration in different accessions (Figure S8), whereas the transcript level
of HVNIP2;2/HvLsié significantly correlated with B concentrations in
roots and in shoots of natural accessions selected for contrasting grain
B concentrations (Figure 5A,B). These results suggested that allelic
variants of HvNIP2;2/HvLsi6 may cause variations in transcript levels
that contribute to the natural variation in B accumulation. Future res-
equencing of HvNIP2;2/HvLsié genomic regions in the examined bar-
ley germplasm may allow for the identification of haplotypes and
allelic variants that contribute to the development of molecular
markers that can be used for breeding B-efficient barley lines. In roots,
HVNIP2;2/HvLsi6 is expressed in the epidermis and cortex of root tips,
relevant for the uptake of the metalloids Si and B. The expression of
HvNIP2;2/HvLsi6 is not regulated by the external Si supply (Yamaji
et al., 2012). Distinct from these results, we found that HvNIP2;2/
HvLsi6 expression is slightly but significantly upregulated by B depri-
vation (Figure 4A). Whether this slight upregulation under B-deficient
growth condition may reflect a physiologically relevant involvement in
the adaptation to B deficiency remains to be demonstrated. More-
over, we observed that in the natural accessions, differences in the
expression level of HYNIP2;2/HvLsié and its fold-change were signifi-
cantly correlated with root dry weight (Figure 5C,D). During seed
development, it was found that the expression level of HvNIP2;2/
HvLsié before grain filling is more than a 100-fold higher than that in
the filled grains (Figure 4l), proposing that a high expression of
HVNIP2;2/HvLsié is a prerequisite for B provision to grains. Our results
show that HvNIP2;2/HvLsié is likely involved in B distribution and
transport besides its previously described role in determining Si distri-
bution (Yamaji et al., 2012). This qualifies HYNIP2;2/HvLsi6 as a trans-
port protein contributing to the maintenance of the overall metalloid
nutritional status in barley. However, the absence of HYNIP2;2/HvLsié
in endosperm transfer cells of barley grains (Thiel, 2014) and our

expression analysis revealed that it is not involved in the very last step

of grain B loading. The molecular mechanism of this final transport

process remains to be identified.
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