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ABSTRACT

Boron (B) is an essential plant micronutrient but studies regarding its transport are still limited
to a few plants. This work identified two major B transport sequences in plants, NIP5;1 boric
acid channel protein and BOR1 transporter. 80 BOR1 and 34 NIP5;1 homologs were identified in
18 different plant genomes. BORT homologs had a HCO3-transporter domain, 649-737 amino-
acid residues with mainly basic nature, putative 8-11 transmembrane domains (TMDs) and
11-13 exons. NIP5;1 homologs had a MIP family domain, 294-311 amino-acid residues with
basic nature, 5-6 putative TMDs and 3-5 exons. Tyrosine-based motif, acidic di-leucine motif
and lysine residue, reported for polarity, vacuolar sorting and B-dependent degradation, were
identified in BOR1 homologs. Two NPA motifs and an ar/R selectivity filter with AIGR residues,
reportedly essential in B transport, were also found in NIP5;1 homologs. Two NPA motifs in
AtNIP5;1 and OsNIP3;1 homologs were NPS and NPV, whereas in sequences homologous to
AtNIP6;1 were NPA/V. Besides, ar/R selectivity filters were identified with A(N/S/T)IGR residues in
NIP5;1 and NIP3;1 homologs. The BOR1 and NIP5;1 model structures were mainly conserved.
Under different perturbations, Arabidopsis thaliana NIP5;1 and NIP6;1 genes demonstrated similar
expression patterns although they act in different tissues, suggesting a common regulatory
mechanism, whereas BORT showed a different expression pattern. BORT was substantially
expressed in primary root, radicle and flower; NIP5;1 in primary root and roots, and NIP6;1 in
petiole. NIP5;1, 6;1 and BOR1 expression in other plant organs implied their involvement in dif-
ferent pathways in addition to B uptake and its mobilization.
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Introduction

Boron (B) is an essential micronutrient for plant life
cycle and its deficiency or toxicity can cause signifi-
cant reductions in crop yield and quality [1,2]. It is
involved in many metabolic processes, including con-
trol of cell wall porosity and tensile strength [3,4],
regulation of membrane potential and permeability
[5,6], cytoskeleton polymerization [7], nitrogen and
ammonium assimilation [8,9], quantitative and qualita-
tive changes of phenolic compounds [10,11] and cellu-
lar signaling [12]. In soil solution, it is present as
borate or boric acid (B(OH)s) but the latter is the most
accepted form by plants. Based on its availability,
boric acid can be taken up by three different mecha-
nisms; via diffusion, by major intrinsic proteins (MIP)

and by BOR transporters [13,14]. Passive diffusion and
MIP transport are employed under the B-sufficient
conditions, whereas BOR transporters take role in the
B-deficient conditions [15]. In model Arabidopsis thali-
ana, two transport molecules NIP5;1 and BOR1 have
been reported in the B transport [14].

NIP5;1 is a boric acid channel in the MIP family,
and it is localized to the plasma membranes of root
cap and epidermal cells with outside/soil-facing polar-
ity [16,17]. It was significantly upregulated in the B-
deficient roots [18] and from the same family NIP6;1
was also reported to be involved in B distribution but
in shoots [14]. The members of MIP/aquaporin family
were characterized with six putative transmembrane
domains (TMDs) and an Asn-Pro-Ala/Ser/Val (NPA)
motif signature [19].
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BOR1 transporter was first identified in the B-defi-
cient A. thaliana roots. The AtBOR1 gene includes 12
exons encoding a protein of 704 amino-acid residues
with 10 putative TMDs. In addition, six other A. thaliana
sequences AtBOR2-7 were also reported to show simi-
larities to AtBOR1 [20]. In rice, NIP3;1 and BOR1 are
involved in the B uptake under B-deficiency [20,21] and
they also show high similarities to the AtNIP5;1 and
AtBOR1 respectively [22]. In grapevine, WBORI, an
AtBOR1 grapevine orthologue, encodes a 720 amino
acid residue protein in the plasma membranes [23].
Moreover, functional BOR1 homologs have also
been characterized in some other species such as
Saccharomyces cerevisiae [24], Eucalyptus sp. [25] and
Brassica napus [26]. Furthermore, maize mutant t/s7 was
reported to encode a NIP3;1 protein, an AtNIP5;1 ortho-
logue and similarly maize mutant rte was demonstrated
to encode a B transporter homologous to AtBOR1 with
some vegetative and inflorescence/reproductive defects
similar to B-deficiency [27-29].

In the light of the above knowledge, B transport
molecules NIP5;1 and BOR1 stood out as significant
candidates from agricultural perspective to ameliorate
the effects of B-deficiency/toxicity and improve the B
tolerance in plants. So, this work identified the homo-
logs of these two molecules in the genomes of 18 dif-
ferent plant species, investigated them at primary,
secondary and tertiary structural levels, and evaluated
the expression profiles under different perturbations
and in different plant tissues/organs.

Materials and methods
Retrieval of boron transport sequences

Two functionally characterized B transport sequences,
a boric acid channel AtNIP5-1 (Q9SV84.1) and a BOR
transporter AtBOR1 (Q8VYR7.1) were obtained from
UniProtKB/Swiss-Prot database of NCBI [30]. These
sequences were queried as references in proteome
datasets of 18 selected plant species in Phytozome
[31] database with an < e % threshold, except
Chlamydomonas reinhardtii (< e~ '®). Studied plants
included Arabidopsis thaliana, Brachypodium dis-
tachyon, Brassica rapa, C. reinhardtii, Cucumis sativus,
Eucalyptus grandis, Glycine max, Gossypium raimondii,
Medicago truncatula, Oryza sativa, Phaseolus vulgaris,
Physcomitrella patens, Populus trichocarpa, Prunus per-
sica, Solanum lycopersicum, Sorghum bicolor, Vitis vini-
fera and Zea mays. Then, genomic, transcript, coding
and peptide sequences of those identified B transport-
ers were retrieved for further bioinformatics analyses.

Analysis of boron transport sequences

Physicochemical properties of sequences including
sequence length, molecular weight and isoelectric point
were calculated using ProtParam tool [32]. Subcellular
localizations were predicted by CELLO server [33].
Protein domain families were checked in Pfam database
[34]. Exon/intron organizations of genes were analyzed
in GSDS 2.0 server [35]. TMDs were predicted using
TMHMM server [36]. Conserved motif sequences were
predicted using MEME suite [37] with parameters: max
motif number, 5 and min-max motif width, 6-50.
Protein sequences were aligned by ClustalW [38] and
edited by BioEdit Sequence Alignment Editor [39].
Phylogenetic trees were constructed using MEGA 5 [40]
with maximum likelihood (ML) method for 1000 boot-
straps and visualized using FigTree [41]. 3D models of
protein sequences were predicted by Phyre? server [42]
and visualized by using Pymol [43]. Models were vali-
dated with Ramachandran analysis [44]. Secondary
structural features of models were analyzed using
SOPMA server [45]. Expression profiles of B transport
genes BORI, NIP5;1 and NIP6;1 were investigated using
Genevestigator platform in A. thaliana [46)].

Results and discussion
Sequence analysis of B transporters

Using a channel protein NIP5;1 and a transporter
BOR1 sequence from A. thaliana, a total of 114 B
transport genes, including 80 BORT (Table 1) and 34
NIP5;1 (Table 2) homologs were identified in the
genomes of 18 different plant species by homology
search. ldentified genes were distributed as per spe-
cies, C. reinhardtii and P. patens (two genes each), B.
distachyon, C. sativus, O. sativa, P. persica, S. lycopersi-
cum, Z. mays and S. bicolor (four genes each), P. vulga-
ris (seven genes), E. grandis, M. truncatula and V.
vinifera (eight genes each), A. thaliana, B. rapa and G.
raimondii (nine genes each), G. max (11 genes) and P.
trichocarpa (13 genes). All BOR1 homologs were char-
acterized with a HCO3-transporter family (PF00955)
domain. BORT genes possessed 11-13 exons encoding
proteins of 649-737 amino acid residues with
73.2-81.4kDa molecular weight and 6.27-9.37 pl
value, except C. reinhardtii (Table 1). C. reinhardtii had
a 1032-residue protein with 104 kDa molecular weight.
BOR1 homologs were also predicted to localize in the
plasma membranes with putative 8-11 TMDs. Earlier
works reported that the A. thaliana BOR1 gene has 12
exons encoding a polypeptide of 704 amino-acid resi-
dues with 10 putative TMDs and localized to the
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Table 3. Five most conserved motifs in BOR1 and NIP5;1 homologs in 18 different plant species.

Motif no Motif width Motif Sequence Domain family (Pfam)*
BOR1 1 50 QMAQQKEFNLKKPSSYHYDILLLGFMTLMCGLIGIPPSNGVIPQSPMHTK HCO3- transporter family
2 50 IPTSVLWGYFAYMAIDSLPGNQFWERILLLFTAPSRRYKVLEDYHATFVE HCO3- transporter family
3 50 FGEQLERDTDGVLTAVQTLASTAICGIIHSIIGGQPLLILGVAEPTVIMY HCO3- transporter family
4 50 WTGWVCVWTALLLFLLAIFNACSIINRFTRIAGELFGMLIAMLFMQQAIK HCO3- transporter family
5 50 NGMFALVFSFGLLYTALKSRKARSWRYGTGWLRGFIADYGVPLMVVVWTA Not found
NIP5;1 1 50 HISGAHLNPSLTIAFAALRHFPWKHVPVYIGAQVSASICASFALKGVFHP Major intrinsic protein
2 50 FNLMFVVTAVATDTRAVGELAGIAVGATVMLNILIAGPTTGGSMNPVRTL Major intrinsic protein
3 50 RKLGAEFVGTFILIFAATATPIVNQKYQGSETLIGNAACAGLAVMIIILS Not found
4 41 GPAIAANNYKQIWIYLVAPTLGALCGAGTYTAVKLRDEDDD Major intrinsic protein
5 15 PSVSYGQAFALEFII Not found

*HCO3- transporter family (PF00955), Major intrinsic protein (PF00230).

plasma membrane of pericycle cells [24]. Rice BORT
encodes 711 amino-acid residues with putative 10
TMDs localized to the plasma membrane [20]. VvBORI,
a grapevine orthologue of AtBOR1, encodes a protein
of 720 amino acid residues in the plasma membranes
[23]. In a different study, maize mutant rte was
reported to encode a membrane-localized B efflux
transporter, which demonstrates high similarity to the
AtBOR1 protein [27]. Thus, herein BOR1 homologs
showed compliance with findings of the previous
works. So, we may report that plant BORT homologs
could be characterized with 11-13 exons encoding
649-737 amino-acid residues with a HCO3-transporter
family domain and putative 8-11 TMDs.

Besides, homologs of boric acid channel NIP5;1 pro-
teins were characterized with a MIP family (PF00230)
domain [47]. NIP5;1 genes possessed 3-5 exons encod-
ing a protein of 294-311 amino-acid residues with
30.2-32.2kDa molecular weight and 8.26-9.22 pl
value, except a V. vinifera (GSVIVT01034224001) mem-
ber with 354 amino-acid residues and 37.3kDa
molecular weight (Table 2). NIP5;1 homologs were pre-
dicted to be localized in the plasma membranes with
putative 5-6 TMDs. In previous studies, NIP5;1 was
reported to be a boric acid channel in the MIP family
[18]. It is localized to the plasma membranes of root
cap and epidermal cells with outside/soil-facing polar-
ity [17]. MIP members were characterized with six
putative TMDs and an NPA motif signature [19]. NIP5;1
sequences were identified in a number of species with
common NPA motif, including Z. mays (NCBI access:
AFW61239; 296 amino acids), S. lycopersicum (access:
BAO18646; 295 aa), A. thaliana (access: AEE82874; 304
aa), Nicotiana tabacum (access: AIL50151; 297 aa),
Glycine soja (access: KHN46385; 299 aa), Gossypium
arboreum (access: KHG22884; 298 aa), Lotus japonicus
(access: ABY19373; 302 aa) and Morus notabilis (access:
EXB56000; 298 aa). Thus, we mention that NIP5;1
homologs in plants could be identified with a
MIP family domain, 294-311 residues protein with

basic nature, putative 5-6 TMDs, 3-5 exons and a
NPA motif.

Conserved motifs in B transport sequences

To figure out the conserved sequences in B transport-
ers, most conserved five motifs were identified in the
BOR1 and NIP5;1 homologs (Table 3). In BOR1 homo-
logs, motifs 1-4 were related with the HCO3-trans-
porter (PF00955) family domain, whereas motif 5 did
not relate to any protein family. Besides, five motifs
were present in all BOR1 sequences. In NIP5;1 homo-
logs, motif 1, 2 and 4 were associated with the MIP
family (PF00230) domain, whereas motif 3 and 5 did
not relate to any protein family. Except for motifs 3-5
in C. reinhardtii, five motifs were conserved in all
NIP5;1 sequences. In addition, the width of the identi-
fied motifs in both BOR1 and NIP5;1 homologs were
relatively long, giving clues about the well conserved
nature of B transport sequences in plants (also refer to
Supplemental Figures S1 and S2).

To further investigate the protein sequence conser-
vancy, BOR1 and NIP5;1 homologs in 18 plant species
were aligned by ClustalW, and identical and similar
residues were shaded in black and gray respectively.
In aligned BOR1 homologs (Supplemental Figure S1),
residues Val (V), Leu (L), Met (M), His (H), Pro (P), Arg
(R), Gly (G), GIn (Q), Glu-GIn-Arg (EQR), Gly-Tyr-Phe
(GYF), Phe-Thr (FT), Phe-Pro (FP) and Leu-Asp (LD)
were found to be fully preserved in sequences of all
18 plant species. It has been reported that three motif
sequences such as tyrosine-based motif (YxxM/L; Y/
FxxML), acidic di-leucine motif (D/ExxxLL) and lysine
residue (N/FKx) are required for polarity and vacuolar
sorting in AtBOR1 [17,48-50]. In BOR1 sequences, we
have identified two tyrosine-based motifs similar to
the sequences identified by Wakuta et al. [50]. In first
tyrosine-based motif, YxxM signature was present in
all AtBOR1 homologs, whereas YxxL was in homologs
of AtBOR4-7. However, a second tyrosine-based motif,
Y/F/IxxM was present in BOR1T homologs with some



97 Q9XI23.1-AtBOR4
{QQSSGS.1-AtBOR5
Q3E954.2-AtBOR6
—:QSSUU1.3-MBOR7
Q93Z13.1-AtBOR3
98 Q8VYR7.1-AtBOR1
—1 Q9M1P7.1-AtBOR2
QISAI4.1-AINIPG; 1
87 Q9SV84.1-AtNIP5;1
{ QOIWF3.2-OsNIP3;1
Figure 1. Phylogenetic distribution of known BOR transporter
and boric acid channel proteins in Arabidopsis thaliana and
Oryza sativa. Phylogeny was constructed by MEGA 6 using ML

method for 1000 bootstraps. This tree is used as benchmark
to determine the clustering pattern of studied sequences.
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displacements. In addition, acidic di-leucine motif and
lysine residue were also identified in BOR1 sequences.
Thus, given motifs may also be responsible for polarity
and vacuolar sorting in some homologs.

In aligned NIP5;1 homologs (Supplemental Figure
S2), residues lle (1), His (H), Tyr (Y), GIn (Q), Pro (P), Leu
(L), Glu (E), Phe (F), Ala (A), Gly (G), Gly-Thr (GT), Trp/
Phe-Val/lle/Leu-Tyr (WVY), lle-Ser-Gly-Ala-His-Leu/Val-
Asn-Pro-Ser/Ala-Leu/Val/lle-Thr (ISGAHLNPSLT) and Ser-
Met/Leu-Asn-Pro-Val/Ala-Arg-Thr/Ser-Leu/lle-Gly-Pro-Ala-
Val/lle/Leu (SMNPVRTLGPAV) were highly conserved in
all aligned sequences. Studies showed that two Asn-
Pro-Ala (NPA) motifs and an ar/R selectivity filter are
essential in B transport in boric acid channels. NPA
motifs were reported to form one of the major con-
striction pores in MIP proteins [19,51-53]. Hanaoka
et al. [21] demonstrated that in cereals and eudicots,
two NPA motifs such as NPS and NPV were identical
among OsNIP3;1 and AtNIP5;1 orthologues. However,
two NPA motifs in OsNIP3;1 paralogs such as OsNIP3;2
and 3;5 were NPA, whereas in AtNIP6;1 paralogs were
NPA and NPV. In this study, NPA motifs in AtNIP5;1
and OsNIP3;1 homologs were NPS and NPV, whereas in
sequences homologous to AtNIP6;1 were NPA and
NPV. Besides, an ar/R selectivity filter was also reported
to form another constriction region with four residues
in boric acid channels [51]. Residues A, |, G and R were
shown to be conserved in NIP5;1 and NIP3;1 ortho-
logues in eudicots and major cereals [21]. Herein, simi-
lar residues of ar/R selectivity filter in NIP5;1 and NIP3;1
homologs were also identified. Overall indicated that
two NPA motifs and an ar/R selectivity filter are also
preserved in the studied sequences, showing their
essentiality in B transport of boric acid channels.
Furthermore, all given motifs in BOR1 and NIP5;1
homologs could be also used as signatures in
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characterization of B transporter and boric acid chan-
nels in other uncharacterized plants.

Phylogenetic distribution of B transport sequences

The BOR1 and NIP5;1 homologs identified in 18 plant
species herein were phylogenetically analyzed using
MEGA 6 with the ML method. In the phylogenies,
sequences were annotated along with their respective
homologs in A. thaliana or O. sativa since B transport
sequences in those two species were well character-
ized. Homology information was used as benchmark
to figure out the clustering pattern of the studied
sequences. Initially, a preliminary phylogeny was con-
structed with known B transport sequences of A. thali-
ana and O. sativa to have insights about their
phylogenetic relationship, thereby the sequence simi-
larities among them (Figure 1).

The phylogenetic tree of BOR1T homologs demon-
strated three major clusters (Figure 2), namely group
A (blue segment), B (green segment) and C (red seg-
ment). Group A included the AtBOR1-3 homologs
without any monocot/dicot separation. Besides, the
sequences homologous to AtBOR1 and AtBOR2 were
clustered more relatedly than AtBOR3. Preliminary
phylogeny also corroborated this (Figure 1), in which
AtBOR1 and AtBOR2 sequences demonstrated more
similarity to each other and were closely related with
AtBOR3. Group B included the AtBOR4-7 homologs
without any monocot/dicot separation. In addition,
AtBOR4 and AtBOR5 homologs in this group were
similar to each other more than the homologs of
AtBOR6 and AtBOR?7. Preliminary phylogeny (Figure 1)
also showed similar distribution, thereby explaining
the clustering pattern of the sequences in this group.
However, group C only included sequences from the
lower plants C. reinhardtii (green algae) and P. patens
(moss) although they showed some similarities to
AtBOR1 and AtBOR2 respectively. This indicated the
presence of a separation between lower and higher
plants for BOR1 transporters. Many previous works
also made indications similar to the above. Nakagawa
et al. [20] demonstrated that AtBOR1-3 are more
closely related than AtBOR4-7. AtBOR1-3, OsBOR1 and
TaBOR1.1-3 sequences were more closely related than
AtBOR4-7 and OsBOR2-4 [54]. Pérez-Castro et al. [23]
reported similar findings for VVBOR1 compared to the
A. thaliana BOR sequences.

Furthermore, AtBOR4, a BOR1 paralog of A. thaliana,
demonstrated B transport activity in transgenic lines
[55]. It was also suggested that BOR4 could not be
degraded in the posttranslational BOR1 system [56].
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Figure 2. Phylogenetic distribution of BORT homologs in 18 different plants. Sequences were annotated along with respective
homologs in Arabidopsis thaliana. Homology information is used as benchmark to determine the clustering pattern of the studied
sequences. Circular phylogeny was constructed by MEGA 6 with ML method for 1000 bootstraps and visualized by FigTree. Blue,
green and red segments respectively represent group A, B and C.

Miwa et al. [57] reported that in high B-availability,
BOR4-overexpressing plants have more capability to
expand their leaves and accumulate chlorophyll in
shoot tissues. This suggested that group B members,
including AtBOR4-7 homologs could be involved in
various metabolic functions. Moreover, three different
clades of B transporters were reported by Wakuta
et al. [50]. Clade | included AtBOR1, 2 and OsBOR1
proteins functioning in B-limited conditions [20,24,57].
Clade Il had AtBOR4 and HvBot1 sequences involved
in high B tolerance [56,58] and this clade also included
OsBOR4, which is required for pollen germination and/
or tube elongation [59]. Clade Ill included PpBOR1 and
PpBOR2. In the light of these studies, the distribution
of the BOR1 homologs studied here (Figure 2) also

made similar indications, in which the AtBOR1-3
homologs were in group A and the AtBOR4-7 homo-
logs in group B, and group C only had lower plants. It
was also implied that plants could acquire two types
of B transport mechanisms, one for the low B-availabil-
ity and another for the high B-tolerance conditions.
Phylogeny of NIP5;1 homologs also showed three
major clusters (Figure 3), namely group A (blue seg-
ment), B (green segment) and C (red segment). Group
A included sequences homologues to AtNIP5;1,
OsNIP3;1 and ZmNIP3;1 without any monocot/dicot
separation, whereas group B only had AtNIP6;1 homo-
logs with dicots. Preliminary phylogeny (Figure 1) indi-
cated that AtNIP5;1 and OsNIP3;1 are more similar to
each other and closely related with AtNIP6;1. This also
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Figure 3. Phylogenetic distribution of NIP5;1 homologs in 18 different plants. Sequences were annotated along with respective
homologs in Arabidopsis thaliana or Oryza sativa. Homology information is used as benchmark determine the clustering pattern of
the studied sequences. Circular phylogeny was constructed by MEGA 6 with the ML method for 1000 bootstraps and visualized
by FigTree. Blue, green and red segments respectively represent group A, B and C.

explains the sequence distribution in group A and B.
In studies, from NIP genes of 100. sativa and nine A.
thaliana entries, AtNIP5;1 was more similar to OsNIP3;1
[60]. In a different study, OsNIP3;1 was highly similar
to AtNIP5;1 and AtNIP6;1, with 86.2% and 80.0% simi-
larity respectively [21]. Besides, group C only had
sequences of lower plants P. patens (moss) and C. rein-
hardtii (green algae), indicating a lower/higher plant
separation in plants for boric acid channels.

Homology modeling of B transport sequences

Putative 3D models were constructed by Phyre® server
using sequences from the selected four plants, including
dicots A. thaliana and G. max, monocot Z mays, and
tree species P. trichocarpa. BOR1 models were
generated from sequences, AT2G47160.1 (A. thaliana),
Glyma.06G181900.1.p (G. max), Potri.002G191000.1
(P. trichocarpa) and GRMZM2G082203_P01 (Z. mays) based
on a single template 4YZF, whereas NIP5;1 models were
generated from sequences, AT4G10380.1 (A. thaliana),

Glyma.10G221100.1.p (G. max), Potri.001G455000.1
(P. trichocarpa) and GRMZM2G176209_P01 (Z mays)
based on the templates 2B6P, 2W2E, 1J4N, 2F2B, 1YMG,
1LDA and 1FX8. Model qualities were validated by
Ramachandran plot analysis, the number of allowed
residues in BOR1 and NIP5;1 models were calculated as
>88.1 and >95.3% respectively. This implicated the
fairly good structures of the generated models. In BOR1
models, 10 putative TMDs were predicted in 3D struc-
tures, each indicated by a different color (Figure 4). The
fully conserved residues identified in the alignment
analysis (Supplemental Figure S1) were mapped on the
models to show their localization, thereby providing
insight into their significance. These residues included
Glu-GIn-Arg (EQR) located partially in the TMD9 and
loop region, Gly-Tyr-Phe (GYF) in the TMD10, Phe-Thr
(FT) in the non-TM helix, Phe-Pro (FP) in the non-TM
helix or loop, and Leu-Asp (LD) in the loop. Protein
domain analysis demonstrated that these conserved
residues approximately correspond to the sites in the
HCO3-transporter domain, thereby they may play
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P. trichocarpa

Z. mays

Figure 4. 3D models of BOR1 transporters from Arabidopsis thaliana, Glycine max, Populus trichocarpa and Zea mays. TMDs were
specified with different colors, TMD1 with red, TMD2 with blue, TMD3 with yellow, TMD4 with magenta, TMD5 with cyan, TMD6
with orange, TMD7 with green, TMD8 with wheat, TMD9 with pale green, TMD10 with pale yellow, and other structures with
gray. Labeled residues show the potential motif signatures identified in alignment analysis.

important role/s in the B transport. In addition, second-
ary structural features in BORIs, including o-helix,
extended strand, B-turn and random coil respectively,
were calculated as 48.15%, 13.64%, 6.68% and 31.53% in
A. thaliana, 46.33%, 14.25%, 526% and 34.16% in G.
max, 46.92%, 13.95%, 6.57% and 32.56% in P. trichocarpa,
and 51.00%, 14.25%, 741% and 27.35% in Z mays.
Despite of some divergences in the secondary structural
features and 3D topologies, the analyzed BORT models
seemed not to have substantial structural variations.
However, NIP5;1 models were predicted to have six
putative TMDs with very similar structures (Figure 5).

The fully conserved residues revealed in the alignment
analysis (Supplemental Figure S2) were also mapped
on the models. They comprised of residues Gly-Thr
(GT) located in the TMD1, Trp/Phe-Val/lle/Leu-Tyr
(WVY) in the TMD6, lle-Ser-Gly-Ala-His-Leu/Val-Asn-Pro-
Ser/Ala-Leu/Val/lle-Thr (ISGAHLNPSLT) in the TMD2,
non-TM helix and loop, and Ser-Met/Leu-Asn-Pro-Val/
Ala-Arg-Thr/Ser-Leu/lle-Gly-Pro-Ala-Val/lle/Leu

(SMNPVRTLGPAYV) in the non-TM helix and loop. These
residues were also found to locate in a region of MIP
family domain, thereby they might be inferred with a
functional role in the transport of B or other
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A. thaliana G. max

P. trichocarpa

Z. mays

Figure 5. 3D models of NIP5;1 boric acid channels from Arabidopsis thaliana, Glycine max, Populus trichocarpa and Zea mays.
TMDs were specified with different colors, TMD1 with red, TMD2 with blue, TMD3 with yellow, TMD4 with magenta, TMD5 with
cyan, TMD6 with orange and other structures with gray. Labeled residues show the potential motif signatures identified in align-

ment analysis.

molecules. In addition, a-helix, extended strand, B-turn
and random coil respectively in the NIP5;1 models
were calculated as 28.29%, 24.67%, 7.24% and 39.80%
in A. thaliana, 33.44%, 21.40%, 7.36% and 37.79% in G.
max, 38.46%, 16.39%, 6.69% and 38.46% in P. tricho-
carpa, and 33.44%, 15.23%, 7.62% and 43.71% in Z
mays. Some structural variations were also present in
NIP5;1 models; however they were highly conserved
compared to the BOR1 models.

Expression profiles of B transport genes

The expression profiles of B transport genes BORI,
NIP5;1 and NIP6;1 were investigated in the model
organism A. thaliana under various biotic/abiotic stress
conditions (Figure 6(A)) and in different anatomical
plant parts (Figure 6(B)) using “Affymetrix A. thaliana
ATH1 Genome Array” from Genevestigator platform.
Seventy-eight different perturbations from biotic,
chemical, elicitor, hormone, light, nutrient, photo-
period and other stresses were analyzed with an
applied threshold of -2 <x > 2 log2 fold-change. Some
studied genes were previously reported for their
involvement in B transport. For example, AtBOR1 gene
was mainly expressed in the A. thaliana roots under B-
deficiency [24,61]. The protein encoded by NIP5;1 was
localized to the plasma membrane of the root cap
and epidermal cells, and was significantly upregulated
in B-deficient conditions, and the protein encoded by
NIP6;1 was involved in B distribution but in the
shoots [14,17,18].

Herein, the expression profiles of NIP5;1 and NIP6;1
genes demonstrated similar expression pattern
although they were implicated in different tissues. This

suggests the presence of a common regulatory mech-
anism. However, BORT showed a different expression
pattern; considering its function in B uptake against
the concentration gradient [14], it thus is reasonable
to represent a different expression pattern compared
to the NIP5;1 and NIP6;1. The given perturbations usu-
ally downregulated the NIP5;1, 6;1 and BORI1 genes.
Especially, some chemical, biotic, deficiency, light,
photoperiod and hormone stresses considerably
downregulated these genes [61]. However, it seemed
that the intensity or the duration of the stress factor
rather than its particular type is more effective in
exciting the expression of B responsive genes.
Moreover, it was interesting that NIP5;7 and BORT
demonstrate different expression patterns although
they collaboratively function in B uptake from soil and
its loading into xylem under B-deficiency respectively.
This implicates the possibility of involvement of other
factors in B homeostasis. In plant parts, NIP5;1, 6;1 and
BORT1 genes were expressed in 44 different anatomical
parts in A. thaliana at different levels. BORT was sub-
stantially expressed in the primary root, radicle and
flower; NIP5;1 showed high expression in the primary
root and roots, and NIP6;1 was in petioles. In addition,
all three genes also demonstrated some degree of
expression in other plant organs, which may also infer
different roles. However, the expression levels of these
genes in different plant parts were mainly in agree-
ment with the previous reports, in which BORT and
NIP5;1 were reported to be mainly expressed in B-defi-
cient plant roots, whereas NIP6;1 was involved in B-
distribution in shoots [14,16,18,24]. Thus, the findings
from this study suggested the roles of BOR7T and
NIP5;1 in B uptake and its mobilization, and they also
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Figure 6. Gene expression profiles (A) and expressed anatomical parts (B) of Arabidopsis thaliana B transport genes BOR1, NIP5;1
and NIP6;1 under 78 different perturbations, including biotic, chemical, elicitor, hormone, light, nutrient, photoperiod and other
stresses. In expression heatmap (A), conditions (left) and genes (top) with similar expression profiles were hierarchically clustered
using Euclidean distance method. Green color indicates the downregulated genes and red color shows the upregulated genes. In

un

anatomical part heatmap (B), blue circles with letter “i” indicate the presence of multiple hierarchical categories for related ana-
tomical parts. For example, seedling > hypocotyl or shoot > hypocotyl.

made implications about the possibility of NIP5;1, 6,1
and BOR1 involvement in some other stress respon-
sive mechanisms.

Conclusions

B is an essential plant micronutrient and its defi-
ciency/toxicity leads to significant reductions in crop
yield and quality. However, studies about B transport-
ers are limited to some species such as A. thaliana, O.
sativa, V. vinifera and Z. mays. Thus, the present work
identified and characterized 80 BOR1 and 34 NIP5;1
homologs from 18 different plant species. Using
known B transport sequences from A. thaliana and O.

sativa at cross-translational way made substantial con-
tributions in interpretation of the identified BOR1 and
NIP5;1 homologs. BOR1 and NIP5;1 sequences pre-
served the earlier reported motif signatures, which
inferred roles in polarity and vacuolar sorting, and B
transport. Some structural divergences were present in
BOR1 and NIP5;1 models but they appeared not to be
subjected to substantial changes. Temporal and spatial
expression of A. thaliana NIP5;1, 6;1 and BOR1 genes
implicated their involvement in the stress responsive
mechanisms. This work provided knowledge about the
primary, secondary and tertiary structures of B trans-
port sequences in various plants, thereby it is thought



to contribute to further manipulations of those genes
for molecular or agricultural purposes.
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