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The Natural Resistance Associated Macrophage Protein (Nramp) represents a transporter family for metal ions in all organisms.
Here, we functionally characterized a member of Nramp family in barley (Hordeum vulgare), HvNramp5. This member showed
different expression patterns, transport substrate specificity, and cellular localization from its close homolog in rice (Oryza sativa),
OsNramp5, although HvNramp5 was also localized to the plasma membrane. HvNramp5 was mainly expressed in the roots and
its expression was not affected by Cd and deficiency of Zn, Cu, and Mn, but slightly up-regulated by Fe deficiency. Spatial
expression analysis showed that the expression of HvNramp5 was higher in the root tips than that in the basal root regions.
Furthermore, analysis with laser microdissection revealed higher expression of HvNramp5 in the outer root cell layers.
HvNramp5 showed transport activity for both Mn2+ and Cd2+, but not for Fe2+ when expressed in yeast. Immunostaining
with a HvNramp5 antibody showed that this protein was localized in the root epidermal cells without polarity. Knockdown
of HvNramp5 in barley resulted in a significant reduction in the seedling growth at low Mn supply, but this reduction was
rescued at high Mn supply. The concentration of Mn and Cd, but not other metals including Cu, Zn, and Fe, was decreased in
both the roots and shoots of knockdown lines compared with the wild-type barley. These results indicate that HvNramp5 is a
transporter required for uptake of Mn and Cd, but not for Fe, and that barley has a distinct uptake system from rice.

Transport of mineral elements from soil to different
organs and tissues of plants requires different types
of transporters (Hall and Williams, 2003; Nevo and
Nelson, 2006; Yokosho et al., 2009; Olsen and Palmgren,
2014; Sasaki et al., 2016), which include the zinc-
regulated transporters, iron-regulated transporter-like
protein family; the natural resistance-associated mac-
rophage protein (Nramp) family of transporters; the
multidrug and toxic compound extrusion protein
transporters; the heavy metal ATPase transporters; the
oligopeptide transporters family; the ATP-binding

cassette family of transporters; and the cation-
diffusion facilitator family of transporters. Among
them, Nramp represents a transporter family for metal
ion in all organisms including bacteria, animals, and
plants (Curie et al., 2000; Nevo andNelson, 2006). Some
members of this family in plants have been function-
ally characterized, especially in model plants such
as Arabidopsis (Arabidopsis thaliana) and rice (Oryza
sativa). In Arabidopsis, there are six members of Nramp
transporter proteins. AtNramp1 is localized to the plasma
membrane of root cells and functions as a high-affinity
transporter for Mn uptake (Cailliatte et al., 2010). Both
AtNramp3 and AtNramp4 are localized to the tonoplast
and play redundant roles in Fe, exporting from the vac-
uole during seed germination and in Mn homeostasis
at the adult stage (Thomine et al., 2000; Lanquar et al.,
2005, 2010). AtNramp6 is targeted to a vesicular-shaped
endomembrane compartment and is implicated in the
distribution or availability of Cd within cells (Cailliatte
et al., 2009). However, the function of AtNramp2 and
AtNramp5 has not been characterized.

On the other hand, there are seven members of
Nramp transporter family in the rice genome, of which
four have been functionally characterized. They all are
localized to the plasma membrane but show different
roles. OsNramp1 shows transport activity for Fe and
Cd in yeast and is proposed to be involved in Cd ac-
cumulation (Takahashi et al., 2011). OsNramp3 is lo-
calized at the vascular tissues of nodes and plays an
important role in distribution of Mn, but not Fe and
Cd (Yamaji et al., 2013). On the other hand, OsNrat1
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(OsNramp4) transports trivalent Al ion (Xia et al., 2010)
and is required for high Al tolerance in rice roots. Fi-
nally, OsNramp5 functions as a major transporter re-
sponsible for root Mn and Cd uptake (Ishimaru et al.,
2012; Ishikawa et al., 2012; Sasaki et al., 2012). However,
the function of OsNramp2, OsNramp6, and OsNramp7
is unknown.

In addition to Nramp members characterized in rice
and Arabidopsis, some members in other plant species
have also been characterized. For example, a soybean
(Glycine max) Nramp transporter, GmDMT1 is impli-
cated in the ferrous iron transport (Kaiser et al., 2003).
Nramp1 isolated from Noccaea caerulescens, a Zn/Cd
hyperaccumulator, is involved in the influx of Cd
across the endodermal plasma membrane and plays a
key role in Cd flux into the stele and root-to-shoot Cd
transport (Milner et al., 2014). InMalus baccata, Nramp1
is capable of mediating the distribution of ions as
well as transport of Fe, Mn, and Cd (Xiao et al., 2008).
Besides, Nramp1 and Nramp3 in tomato (Solanum
lycopersicum) have also been suggested to be in-
volved in Mn transport (Bereczky et al., 2003). When
NcNramp3 and NcNramp4 from Noccaea caerulescens
were expressed in yeast, NcNramp3 transported Fe,
Mn, and Cd, while NcNramp4 also transported Zn
in addition to Fe, Mn, and Cd (Oomen et al., 2009).
However, Nramp4 isolated from Thlaspi japonicum, a Ni
hyperaccumulator, showed transport activity forNi but
not for Zn, Cd, or Mn in yeast (Mizuno et al., 2005).
These findings indicate that Nramp members have a
diverse role in metal transport in plants.

Barley (Hordeum vulgare) is the fourthmost important
cereal crop in the world; however, less progress has
been made in understating of molecular mechanisms
on mineral element transport in barley due to its large
genome size. For example, no Nramp members in
barley have been functionally characterized so far. In
this study, we first isolated barley Nramp member,
HvNramp5,which is a close homolog of riceOsNramp5.
Detailed functional analysis revealed that HvNramp5 is
involved in the uptake of both Mn and Cd, but not of Fe
in barley roots. Furthermore, we found that different
from OsNramp5, HvNramp5 showed a distinct pattern
in the gene expression, cellular localization, and trans-
port substrate.

RESULTS

Isolation and Phylogenetic Analysis of HvNramp5

The full-length cDNA ofHvNramp5 in barley cultivar
Golden Promise was amplified by PCR using primers
designed based on database information (AK364374;
http://www.ncbi.nlm.nih.gov/nuccore/AK364374). Blast
search revealed that one copy of HvNramp5 is present
in the barley genome (http://plants.ensembl.org/
Hordeum_vulgare/Info/Index). Sequence analysis
showed that the full-length cDNA of HvNramp5
contains 1638 bp, which encodes a peptide with

545 amino acids (Supplemental Fig. S1A). Com-
parison of the cDNA sequence with a genomic DNA
sequence obtained from the released barley genome
(Mayer et al., 2012) revealed that HvNramp5 com-
prises 11 introns and 12 extrons (Supplemental Fig.
S1B). HvNramp5 showed 39% to 84% identity with
rice Nramp members (Supplemental Fig. S1C) and
the closest one is OsNramp5 (84%). HvNramp5 is
predicted as a membrane protein with 11 trans-
membrane domains (Supplemental Fig. S1D).

Expression Patterns of HvNramp5

Expression analysis with quantitative RT-PCR
showed that HvNramp5 was mainly expressed in the
roots (Fig. 1A). The expression in the roots was not af-
fected by deficiency of Mn, Cu, and Zn, but slightly
up-regulated by Fe deficiency. The expression was also

Figure 1. Expression pattern ofHvNramp5. A, Expression ofHvNramp5
in response to metal deficiency or Cd. The seedlings of barley cultivar
Golden Promise were cultivated in a one-fifth Hoagland’s solution with
(control) or without Zn, Mn, Cu, or Fe or with 0.5 mM Cd. After 7-d
treatments, the roots and shoots were sampled for RNA extraction. B,
Spatial expression of HvNramp5 along the roots of Golden Promise.
RNA was extracted from the root tip (0–5 mm), root elongation zone
(5–10mm), or root hair zone (10–20mm) from 7-d-old barley roots. C,
Tissue-specificity of expression of HvNramp5. Different tissues were
sampled from the roots (2 mm from root tip) of barley (cv Morex) using
a Veritas Laser Microdissection System as described by Fujii et al. (2012).
The expression level was determined by quantitative real-time RT-PCR
and expression relative to the control root (A), root tip (B), and outer tis-
sues (C) is shown. Data are means6 SD of three biological replicates and
asterisks indicate significant difference at **P , 0.01 by Student’s t test.
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not affected by Cd exposure (Fig. 1A). Spatial expres-
sion analysis showed that the expression of HvNramp5
was markedly higher in the root tips (0 mm to 5 mm)
than in the root elongation zone (5 mm to 10 mm) and
root hair zone (10 mm to 20 mm; Fig. 1B). Furthermore,
we investigated tissue-specificity of expression of
HvNramp5 using the sample prepared before with help
of laser microdissection in the root tips (2 mm; Fujii
et al., 2012). The result showed that HvNramp5 was
highly expressed in the outer root cell layer compared
with the central cylinder tissues (Fig. 1C).

HvNramp5 Transports Mn and Cd, But Not Fe, in Yeast

To examine transport activity of HvNramp5 for
metals, we expressed an HvNramp5, HvIRT1, or pYES2

empty vector in different yeast strains, respectively.
HvIRT1 as a positive control is known to transportMn2+,
Fe2+, and Cd2+ in yeast (Padas et al., 2008). In a yeast
mutant defective in Mn uptake, Dsmf1, expression of
HvNramp5 and HvIRT1 rescued the yeast growth under
Mn-limited condition induced by Mn-chelator ethylene
glycol tetraacetic acid (EGTA), but expression of the
vector alone did not rescue the growth (Fig. 2A). By
contrast, expression ofHvNramp5 and the vector control
was not able to complement the growth in a yeast mu-
tant DDY4 (Dfet3fet4) defective in Fe uptake, whereas
expression of HvIRT1 rescued the yeast growth, under
Fe(II)-limited condition generated by Fe(II)-chelator4,7-
biphenyl-1,10-phenanthroline-disuiphonic acid (BPDS;
Fig. 2B). On the other hand, the growth of yeast strain
BY4741 (a wild-type strain) expressing HvNramp5 and

Figure 2. Metal transport activity assay of HvNramp5 in yeast. A, Functional complementation for Mn uptake in the strain ∆smf1.
B, Functional complementation for Fe uptake in the strain DDY4 (∆fet3fet4). C, Sensitivity test to Cd toxicity in the strain BY4741.
Different yeast strains carrying HvNramp5, HvIRT1, or empty vector (pYES2) were cultured on the plate with or without
Mn-chelator EGTA (A), Fe-chelator BPDS (B), or Cd (C). Eight microliters of cell suspensionwith anOD600nm of 0.2 and three serial
1:10 dilutions were spotted and incubated at 30˚C for 3 to 5 d. D to E, Cd uptake in liquid medium. Yeast BY4741 carrying
HvNramp5,HvIRT1, or empty vector (pYES2) was cultured in a liquidmedium containing 2%Glc (D) or Gal (E) in the presence of
5 mM CdCl2 for 4 h. The Cd concentration in the yeast was determined with ICP-MS after digestion. Data are means6 SD of three
biological replicates and a different small letter indicates significant difference at P , 0.05 by Tukey’s test.
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HvIRT1 was seriously inhibited by the presence of Cd
compared with that of the vector control (Fig. 2C).

The Cd accumulation in the yeast cells was also
compared under the control of Gal-inducible promoter
using liquid culture. The Cd accumulation in the yeast
did not differ among yeast expressing HvNramp5,
HvIRT1, and an empty vector in the presence of Glc
(Fig. 2D), when the gene was not induced. By contrast,
in the presence of Gal, yeast expressing HvNramp5 and
IRT1 significantly accumulated higher Cd compared
with the vector control (Fig. 2E). Furthermore, yeast
expressing HvIRT1 accumulated higher Cd than that
expressing HvNramp5. This result is consistent with the
growth test (Fig. 2C); the growth was inhibited more in
the yeast expressing HvIRT1 than that expressing
HvNramp5. All these results indicate that HvNramp5 is
able to transport Mn2+ and Cd2+, but not Fe2+ in yeast.
Yeast cultured with Glc showed higher Cd accumula-
tion than that cultivated with Gal (Fig. 2, D and E). This
phenomenon was also reported previously by Engl and
Kunz (1995), but the exact reason is unknown. Different
carbon sources may affect Cd accumulation through

affecting yeast growth, cell wall components, and en-
ergy metabolism.

Cellular and Subcellular Localization of HvNramp5

To determine the tissue and cellular localization of
HvNramp5 in barley root, we conducted an immu-
nostaining using an antibody against HvNramp5.
Consistent with the expression patterns of HvNramp5
(Fig. 1B), the signal (red) was much stronger in the root
tips than in the basal root region (Fig. 3, A and C).
Furthermore, HvNramp5 was mainly localized at the
epidermal cells of the root tips (Fig. 3A) although a
weak signal was also detected in the central cylinder.

Immunostaining analysis also showed thatHvNramp5
is likely localized to the plasma membrane (Fig. 3B). To
confirm this, we transiently expressedHvNramp5 fused
with GFP or GFP alone, together with RFP (red fluo-
rescence protein) as a cytosolic and nuclear marker in
onion epidermal cells. The green fluorescence signal
from GFP was observed at the plasma membrane in

Figure 3. Cellular and subcellular localization of HvNramp5. A to C, Cellular localization of HvNramp5 in barley roots.
Immunostaining with HvNramp5 antibody was performed in root tips (A and B, 2 mm from root tips) and basal roots (C, 15 mm
from root tips) of barley (cv Golden Promise). B, High-magnification image of dotted part in A. Red color shows signal from the
antibody, while blue color shows autofluorescence of cell wall. Bars = 100 mm. D to I, Subcellular localization of HvNramp5.
Confocal images of onion epidermis cells coexpressing HvNramp5-GFP and RFP observed with the GFP (D), RFP (E), and their
merged (F) channels, and coexpressing GFP alone and RFP observed with the GFP (G), RFP (H), and their merged (I) channels.
Bars = 100 mm.
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cells expressing HvNramp5-GFP fusion, while the red
signal from RFP was localized in the cytosol and the
nucleus (Fig. 3, D to F). By contrast, the signal of both
green and red fluorescence was localized in the cytosol
and the nucleus in the cells expressingGFP alone (Fig. 3,
G–I). These results indicate that HvNramp5 is a plasma
membrane-localized transporter.

Phenotypic Analysis of HvNramp5 Knockdown Lines

To understand the role of HvNramp5 in barley, we
generated two independent knockdown lines of
HvNramp5 using RNA interference (RNAi) methods.
The expression level ofHvNramp5 in twoRNAi lineswas
26.1% and 37.5% of the wild-type barley (Supplemental
Fig. S2A). By contrast, the expression ofHvIRT1was not
affected in the knockdown lines (Supplemental Fig. S2B).
The growth was compared between the RNAi lines

and the wild types (a nontransgenic line and a line
showingwild-type genotype isolated fromT2population)

when grown in a nutrient solution containing different
Mn, Cd, and Fe concentrations. The root length and dry
weight of the roots and shoots of the RNAi lines were
significantly inhibited at low Mn (0.05 mM) compared
with that of the wild types (Fig. 4, A and D). However,
at higher Mn concentrations (0.5 mM and 5 mM), the
difference in the growth was not observed (Fig. 4, B, C,
E, and F). By contrast, the growth difference of the
RNAi lines and wild types was not found between low
and high concentrations of Cd and Fe (Supplemental
Figs. S4 and S5).

Metal Analysis of HvNramp5 Knockdown Lines

Analysis of metal concentration in the roots and
shoots showed that the Mn concentration increased
with increasing Mn concentrations in the nutrient so-
lution in both RNAi lines and wild types (Fig. 5, A and
B). However, the RNAi lines always showed a lower
Mn concentration in both the roots and shoots than did

Figure 4. Effect of knockdown ofHvNramp5 on plant growth at different Mn concentrations. A to C, Growth of wild-type barley
(cv Golden Promise), the homozygous wild type (RNAi-wild type), and two homozygous transgenic RNAi lines (RNAi-1, RNAi-2)
derived from two independent events. All lines were cultivated in a nutrient solution containing 0.05 (A), 0.5 (B), and 5mM (C) Mn
in the presence of 0.1mMCd for 14 d. D to F, Root length (D) and dry weight of roots (E) and shoots (F) in these lines were recorded
at harvest. Data are means 6 SD of three biological replicates and ** indicates significant difference at P , 0.01 by Tukey’s test.
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the wild types. By contrast, there was no difference in
the concentration of Fe, Cu, and Zn in both the roots
and shoots between the RNAi lines and wild types (Fig.
5, C andD, and Supplemental Fig. S3). Interestingly, the
Cd concentration in both the roots and shoots was de-
creased with increasing external Mn concentrations in
the wild types, but not in the RNAi lines (Fig. 5, E and
F). However, the RNAi lines showed lower Cd con-
centration of both the roots and shoots than did thewild
types at either of theMn concentrations (Fig. 5, E and F).

When the seedlings of the RNAi lines and the wild
types were exposed to different Cd concentrations (0.1,
0.5, and 1 mM), the concentration of Mn in the roots and
shoots was decreased with increasing Cd concentra-
tions in the external solution in both the RNAi lines and
the wild types (Fig. 6, A and B). However, compared
with the wild type, the Mn concentration in the RNAi
lines was lower at either of the Cd concentrations (Fig.
6, A and B). There was almost no difference in the

concentration of Cu and Zn in both the roots and
shoots between the knockdown lines and wild types
(Supplemental Fig. S4), but Fe concentration in the roots
and shoots was slightly higher in RNAi lines than in
wild types at 1 mM Cd (Fig. 6, C and D). The reason for
this increased Fe accumulation is unknown. By con-
trast, the concentration of Cd in the roots and the shoots
was lower in knockdown lines than in wild types, al-
though the Cd concentration of the roots and shoots
increased with increasing external Cd concentrations in
both the RNAi lines and wild types (Fig. 6, E and F).
When the seedlings of the RNAi lines and thewild types
were exposed to different Fe concentrations (0.1, 2, and
10 mM), the Fe concentration in the roots and shoots did
not differ between different lines although the Fe con-
centration in all lines increased with increasing Fe
concentrations in the external solution (Supplemental
Fig. S5). These results indicate that knockdown of
HvNramp5 expression caused decreased accumulation

Figure 5. Metal concentration in HvNramp5 RNAi lines at different Mn concentrations. Wild-type barley (cv Golden Promise),
the homozygous wild type (RNAi-wild type), and two homozygous transgenic RNAi lines (RNAi-1, RNAi-2) derived from two
independent eventswere cultivated in a nutrient solution containing 0.05, 0.5, and 5mMMn in the presence of 0.1mMCd for 14 d.
The concentration ofMn (A and B), Fe (C andD), and Cd (E and F) in the shoots (A, C, and E) and roots (B, D, and F) was determined
by ICP-MS. Data are means 6 SD of three biological replicates and a different small letter indicates significant difference at P ,

0.05 by Tukey’s test.
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of Mn and Cd, but not Fe—and that Mn and Cd com-
peted with each other in the uptake.

Comparison of Mn Accumulation and Nramp5 Expression
between Rice and Barley

To compare differences in Mn accumulation and ex-
pression of HvNramp5 and OsNramp5 between barley
(cv Golden Promise) and rice (cvNipponbare), we grew
both plants in a different Mn supply for one week.
Barley roots accumulated higherMn than rice roots, but
rice shoots accumulated much higher Mn than did
barley shoots, irrespectively of external Mn concentra-
tions (Fig. 7, A and B). The total uptake of Mn of rice
was 3 times to 6 times higher than that of barley under
different Mn concentrations (Fig. 7C). The expression of
HvNramp5 and OsNramp5 in the roots was compared
between rice and barley by absolute quantitative
RT-PCR. The expression of Nramp5 was 4 times to
7 times higher in rice than in barley at all Mn supply
conditions tested (Fig. 8).

DISCUSSION

HvNramp5 Is a Transporter for Uptake of Mn and Cd, But
Not Fe, in Barley

In this study, we isolated and functionally charac-
terized the first Nramp member, HvNramp5 in barley.
HvNramp5 encodes a plasma membrane-localized
protein and transports Mn2+ and Cd2+, but not Fe2+ in
yeast (Figs. 2 and 3). HvNramp5 is mainly localized at
the epidermal cells of the root tips (Fig. 3A). Knock-
down ofHvNramp5 resulted in decreased accumulation
of Mn and Cd, but not Fe, Cu, and Zn in both roots and
shoots (Fig. 5 and Supplemental Fig. S3). Furthermore,
the growth of knockdown lines was inhibited at low
Mn concentration (Fig. 4A). These results indicate that
HvNramp5 is involved in the uptake of Mn and Cd in
barley.

Mn uptake was previously reported to be mediated
by HvIRT1 (Pedas et al., 2008). HvIRT1 is also a plasma
membrane-localized protein and is able to transport
Mn, Fe, Zn, and Cd in yeast. The expression of HvIRT1

Figure 6. Metal concentration in HvNramp5 RNAi lines at different Cd concentrations. Wild-type barley (cv Golden Promise),
the homozygous wild type (RNAi-wild type), and two homozygous transgenic RNAi lines (RNAi-1, RNAi-2) derived from two
independent eventswere cultivated in a nutrient solution containing 0.1, 0.5, or 1mMCd for 14 d. The concentration ofMn (A andB),
Fe (C andD), and Cd (E and F) in the shoots (A, C, and E) and roots (B, D, and F) was determined by ICP-MS. Data are means6 SD of
three biological replicates and a different small letter indicates significant difference at P , 0.05 by Tukey’s test.
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was induced by Mn and Fe-deficiency (Pedas et al.,
2008). Furthermore, different HvIRT1 expression level
was associated with genotypic difference in Mn-uptake
efficiency of barley (Pedas et al., 2008). However, the
exact role of HvIRT1 in Mn uptake in planta has not
been examined. In this study, we found that knock-
down of HvNramp5 did not affect the expression of
HvIRT1 (Supplemental Fig. S2), but significantly re-
duced Mn uptake at all Mn supply conditions tested
(Fig. 5, A and B). The growth of RNAi lines was
inhibited at limited Mn supply (Fig. 4A). This strongly
supports that HvNramp5 is involved in Mn uptake in
barley. One possibility is that HvNramp5 and HvIRT1
may play different roles inMn uptake in barley.HvIRT1
was up-regulated by Mn-deficiency (Pedas et al., 2008),
while HvNramp5 was constitutively expressed in the
roots (Fig. 1A). Therefore, HvNramp5 may constitu-
tively contribute toMn uptake, while HvIRT1may play
an additional role in Mn uptake under a Mn-deficiency
condition, although further works are required to
make this conclusion. HvNramp5 was also detected in
the central cylinder in addition to the epidermal cells
(Fig. 3A). This implicates that HvNramp5 may also be
involved in the root-to-shoot translocation of Mn, al-
though further evidence is required.

There is worldwide concern regarding Cd accumu-
lation in cereal grains because the intake of Cd from
grains through the food chain will affect our health. The
threshold value of the Cd concentration in barley grain
is 0.1 mg kg21, which is the most critical among major
cereal crops (0.4 mg kg21 for rice and 0.2 mg kg21 for
wheat (Triticum spp.; CODEX STAN 193-1995, 2013).
However, little is known about the molecular mecha-
nisms underlying the Cd uptake in barley. There is
wide genotypic variation in Cd accumulation in barley
grain, and a recent study with genome-wide associa-
tion mapping detected several quantitative trait loci

controlling Cd accumulation in different organs (Wu
et al., 2015). However, the genes responsible for Cd
accumulation have not been identified in barley. In this
study, we found that Cd uptake is also mediated by
HvNramp5 because knockdown of HvNramp5 de-
creased Cd accumulation in barley (Fig. 5, E and F). This

Figure 7. Accumulation of Mn in barley and rice. Concentration ofMn in the roots (A) and shoots (B) and total uptake of Mn (C) in
barley (cv Golden Promise) and rice (cv Nipponbare). Rice and barley were grown in nutrient solutions containing 0.05, 0.5, or
5 mM Mn for 7 d. The concentration of Mn in the roots and shoots was determined by ICP-MS. Total uptake of Mn was
calculated as total Mn content in the whole plant divided by the root dry weight. Data are means 6 SD of three biological
replicates and ** indicates significant difference at P , 0.01 by Student’s t test.

Figure 8. Comparison of HvNramp5 and OsNramp5 expression level
in the root between barley and rice. The expression level ofHvNramp5
and OsNramp5 in the roots was compared between barley (cv Golden
Promise) and rice (cv Nipponbare) by absolute quantitative real-time
PCR using common primers. Rice and barley were grown in nutrient
solutions containing 0.05, 0.5, or 5 mM Mn for 7 d and then the roots
were sampled for RNA extraction and gene expression analysis. Data
are means6 SD of three biological replicates and ** indicates significant
difference at P , 0.01 by Student’s t test.
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means that Mn and Cd share the same transporter for
the uptake. This is supported by competitive interaction
between Mn and Cd for the uptake; increasing Mn in
the external solution decreased Cd accumulation and
vice versa (Figs. 5 and 6). In rice, Mn and Cd also share
the same transporter, OsNramp5, for the uptake
(Ishimaru et al., 2012; Ishikawa et al., 2012; Sasaki et al.,
2012), although HvNramp5 differs from OsNramp5 in
terms of expression patterns, tissue localization, and
specificity of transport substrate as discussed below.
Different from Cd and Mn, which are taken up in

an ionic form, Fe is taken up in the form of Fe(III)-
phytosiderophore complex, which is transported by
HvYS1 localized at the epidermal cells of barley roots
(Murata et al., 2006). This may explain why HvNramp5
is not involved in Fe uptake (Fig. 5, C and D).

Different Uptake System for Mn and Cd between Rice
and Barley

Rice is usually cultivated under anaerobic conditions,
where Mn concentration in soil solution is very high
due to soil reduction (Sasaki et al., 2011), while barley is
an upland plant, which is cultivated in low Mn condi-
tions (Pedas et al., 2005). Although both OsNramp5 in
rice and HvNramp5 in barley mediate Mn uptake by
the roots (Sasaki et al., 2012, Fig. 5), rice takes up and
accumulates much more Mn than barley (Fig. 7). This
difference could be attributed to their different expres-
sion pattern, tissue, and cellular localization.OsNramp5
showed higher expression than HvNramp5 at all Mn
supply conditions tested (Fig. 8). Furthermore, in con-
trast to OsNramp5, which is highly expressed in the
basal region of the rice roots (Sasaki et al., 2012),
HvNramp5 is highly expressed in the barley root tips
(Fig. 1B). In the barley root tips, HvNramp5 is localized
to the epidermal cells without polarity (Fig. 3A), while
OsNramp5 in rice is polarly localized at the distal side
of the exodermises and endodermis of the basal root
region (Sasaki et al., 2012). Recently, a Mn efflux
transporter (OsMTP9) has been identified in rice, which
is localized at the proximal side of both the exodermis
and endodermis (Ueno et al., 2015). Rice basal roots are
characterized by two Casparian strips: one at the exo-
dermis and one at the endodermis, and by formation of
aerenchyma (Ma et al., 2006; Yamaji and Ma, 2007). A
recent study showed that both Casparian strips and
polar localization of influx and efflux transporters are
required for efficient Si uptake in rice (Sakurai et al.,
2015). Rice has a similar uptake system for Mn to
that for Si, constructing an efficient uptake system
by cooperative transporters OsNramp5-OsMPT9
(Ueno et al., 2015). By contrast, in barley root tips, the
Casparian strip is usually weakly developed at the en-
dodermis and there is no formation of aerenchyma.
Therefore, Mn taken up through HvNramp5 at the
epidermal cells is radially transported to the stele
symplastically with less efficiency compared with rice
uptake system. In barley roots, an efflux Si transporter

(HvLsi2) localized at the endodermis was found to be
required for further releasing Si to the xylem (Mitani
et al., 2009), but it is unknownwhether there is a similar
efflux transporter for Mn like OsMTP9 in barley.
According to the barley genome database (http://
webblast.ipk-gatersleben.de/barley/), a close homolog
with 85% identity of OsMTP9 was found in barley. Its
function and role in Mn uptake needs to be examined
and compared with OsMTP9 in future.

Although HvNramp5 shares 84% identity with
OsNramp5, there is some difference in the specificity
of transport substrates between OsNramp5 and
HvNramp5; OsNramp5 transports Mn2+, Fe2+, and Cd2+

in yeast (Ishimaru et al., 2012; Ishikawa et al., 2012),
whileHvNramp5 transportsMn2+ andCd2+, but not Fe2+

(Fig. 2). Knockout of OsNramp5 resulted in decreased
accumulation of Mn, Fe, and Cd when the plants were
grown in nutrient solution (Sasaki et al., 2012). By con-
trast, knockdown of HvNramp5 resulted in decreased
Mn andCd concentration in the roots and shoots, but the
Fe concentration was unaffected (Fig. 5, C and D). In
addition to HvNramp5 and OsNramp5, other Nramp
members also show different specificity. For example,
OsNramp3 only transports Mn, but not Cd and Fe
(Yamaji et al., 2013), while OsNrat1 (OsNramp4) trans-
ports trivalent Al ion (Xia et al., 2010). The mechanism
underlying this specificity of transport substrate remains
to be examined in future. Recently, three residues of
AtNramp4 have been identified to be involved in metal
selectivity in Arabidopsis (Pottier et al., 2015).

In conclusion, HvNramp5 is a plasma membrane-
localized transporter for Mn and Cd. It is constitutively
expressed in the root epidermal cells and responsible
for Mn and Cd uptake in barley.

MATERIALS AND METHODS

Cloning of Full-Length cDNA of HvNramp5

To isolate the full-length cDNA sequence of HvNramp5, total RNA was

extracted from barley (Hordeum vulgare cv Golden Promise) roots using the

RNeasy Plant Mini Kit (Qiagen). The total RNA was then converted to cDNA

according to the protocol supplied by the manufacturers of SuperScript II

(Invitrogen). The full-length cDNAwas amplified by the PCR using primers 59-

TACGTTCACGCAAAGGGACA-39 and 59-ACGTATACACGGTCGCACAG-

39, whichwere designed based on a reference sequence of AK364374 by blasting

the mRNA sequence of OsNramp5 (Sasaki et al., 2012), found in the barley ge-

nome database (http://webblast.ipk-gatersleben.de/barley/). The fragment

amplified was then introduced into the pGEM vector by pGEM-T (Easy) Vector

Systems (Promega) for sequencing. The sequence of the amplified fragments

was confirmed by a sequence analyzer (ABI Prism 310 genetic analyzer; Ap-

plied Biosystems) using the Big Dye Terminators V3.1 cycle sequencing kit.

Phylogenetic Analysis

Amino acid sequence of HvNramp5 from barley cultivar Golden Promise

was translated by software DNASTAR (http://www.dnastar.com/), based on

the full-length cDNA sequence. Transmembrane domains of HvNramp5 were

predicted by SOSUI, ver. 1.11, software (http://bp.nuap.nagoya-u.ac.jp/

sosui/). For phylogenetic analysis, peptide sequence alignment was analyzed

by ClustalW software (http://clustalw.ddbj.nig.ac.jp/), comparing HvNramp5

with seven Nramp proteins in rice (Oryza sativa), including OsNramp1

(LOC_Os07g15460), OsNramp2 (LOC_Os03g11010), OsNramp3 (LOC_Os06g46310),
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OsNramp4 (LOC_Os02g03900), OsNramp5 (LOC_Os07g15370), OsNramp6

(LOC_Os01g31870), and OsNramp7 (LOC_Os12g39180). The phylogenetic

tree was constructed with MEGA 5 software (http://www.megasoftware.net/)

after ClustalW alignment.

Yeast Experiments

The cDNA fragment containing an entire ORF of HvNramp5 was amplified

by RT-PCR using the primers 59-TTTAAGCTTAAAATGGAGATCGA-

GAGGGAGGC-39 and 59-TTTCTCGAGCTACTGCATATCTCTAGTGC-39,

containing the HindIII and XhoI restriction sites, respectively. The cDNA

fragment of HvIRT1 ORF was also amplified by RT-PCR using the primers 59-

TTTAAGCTTAAAATGTCGTCGTCGTCGTCG-39 and 59-TTTGCGGCCGCT-

CACGCCCATTTGGCCATG-39, containing HindIII and NotI restriction site,

respectively. These fragments were cloned into a pYES2 vector (Invitrogen). After

sequence confirmation, both the constructed plasmids and the empty vectorwere

introduced into different yeast strains according to the manufacturer’s protocols

(S.C. Easy Comp Transformation Kit; Invitrogen). The yeast strains used in this

study were BY4741, the Mn uptake-deficient mutant ∆smf1, and the Fe uptake-

deficient double-mutant DDY4 (∆fet3fet4), as described by Yamaji et al. (2013).

Complementation of the ∆smf1 and DDY4 phenotypes and evaluation of Cd

tolerance in yeast (BY4741, a wild-type strain) were performed according to

Yamaji et al. (2013) with some modifications. We supplemented with 0 or

1.5 mM EGTA in the growth medium for ∆smf1, 0 or 12 mM BPDS in the growth

medium for DDY4, and 0 or 30 mM CdCl2 in the growth medium for BY4741.

After spotting at different yeast-cell dilutions (optical densities at 600 nm of 0.2,

0.02, 0.002, and 0.0002), plates were incubated for 3 to 5 d at 30°C and then the

plates were photographed.

For liquid experiment of Cduptake in yeast (BY4741), each transformantwas

preculturedovernight in liquidmediumcontaining 2%Glc, 0.67%yeast nitrogen

base without amino acids, and 0.2% appropriate amino acids. Yeast cells

were pelleted by centrifugation and washed three times with Milli-Q water

(Millipore), and the resulting pellets were resuspended in the same liquid

medium (control) in the presence of 5 mM CdCl2 or in another liquid medium

containing 2% Gal, 0.67% yeast nitrogen base without amino acids, 0.2% appro-

priate amino acids, and 5 mM CdCl2. The uptake experiment was done at 30°C

with shaking horizontally at 200 rpm for 4 h and cells werewashed three times by

Milli-Q water (Millipore) at the end of the experiment. The dry weight of yeast

cellswas recorded after drying 24 h at 70°C in an oven and the yeastwas extracted

with a 5% HNO3 for Cd measurement. All yeast experiments were conducted at

least two times independently and yielded the similar results.

Expression Pattern of HvNramp5

For spatial expression ofHvNramp5, the roots of barley (cv Golden Promise)

grown in a 0.5mMCaCl2 solution for 4 d, were separated into different segments

(0–5, 5–10, 10–20 mm) with a razor. To investigate tissue specific expression of

HvNramp5, cDNA samples of central cylinder and outer tissues, which were

prepared before (Fujii et al., 2012), were used. The samples were collected from

the root tip section (2 mm) of barley (cv Morex) using a Veritas Laser Micro-

dissection System LCC1704 (Molecular Devices). To determine the effect of

metal deficiency on HvNramp5 expression, seedlings (2-week-old) were trans-

ferred to one-fifth Hoagland’s solution with or without each essential metal

including Fe, Zn, Cu, and Mn. To determine the effect of Cd addition on

HvNramp5 expression, a final concentration of 0.5 mΜ CdSO4 was added to the

nutrient solution as described below. Culture solution was renewed every 2 d.

After 7 d of metal depletion or Cd treatment, root and shoot samples were

harvested separately for RNA extraction and gene expression analysis. Ex-

traction of total RNA was as same as described above. Specific cDNAs were

amplified by SYBR premix EX Taq (TAKARA) and quantitative real-time

RT-PCR (ABI Prism 7500; Applied Biosystems) with the following primer

sets: 59-TCCCTCGCCTACCTGGAT-39 and 59-GCTTCGGATACTCGCTCTT-39 for

HvNramp5; and 59-GACTCTGGTCATGGTGTCAGC-39 and 59-GGCTGGAA-

GAGGACCTCAGG-39 for Actin as an internal standard. The relative expression

was normalized based on these two genes by the 2∆∆Ct method using the CFX

Manager software (Bio-Rad).

Subcellular and Cellular Localization of HvNramp5

For observation of the subcellular localization of HvNramp5,

HvNramp5 cDNA containing SalI and NcoI restriction sites, but

not the stop codon, was amplified by RT- PCR using the primers

59-TTGTCGACATGGAGATCGAGAGGGAGGC-39 and 59-TTTCCATGGGCTG-

CATATCTCTAGTGCTGT-39. After sequence confirmation, the amplified

cDNA fragment was then subcloned in-frame in front of the GFP-coding

region in a pBluescript vector, producing the HvNramp5-GFP construct

under the control of the 35S promoter. RFP was used as a marker of cytosol

and nucleus (Matz et al., 1999). Gold particles with a diameter of 1 mm coated

with HvNramp5-GFP or GFP alone and RFP were introduced into onion

(Allium cepa L.) epidermal cells via particle bombardment (PDS1000/He

particle delivery system; Bio-Rad) using 1100 psi rupture disks. After incu-

bation in the dark at room temperature for 16 h, the fluorescence was ob-

served by confocal laser scanning microscopy (LSM700; Carl Zeiss).

To examine the cellular localization, the synthetic peptide

MEIEREAPGSERGRSWRAN-C (positions 1–19 of HvNramp5 amino acids)

was used to immunize rabbits to obtain antibodies against HvNramp5. The

obtained antiserum was purified through a peptide affinity column before use.

Different root cross sections (2 mm and 15 mm from the root tip) from 10-d-old

seedlings of cultivar Golden Promise were used for immunostaining of

HvNramp5 according to Sasaki et al. (2012). Fluorescence of the secondary

antibody (Alexa Fluor 555 goat anti-rabbit IgG; Molecular Probes) was ob-

served with a confocal laser scanning microscope (LSM700; Carl Zeiss).

Barley Transformation and Knockdown
Mutant Identification

To generate the hairpin RNAi construct, we cloned a 244 bp fragment

(25 to 239 bp from ATG) of HvNramp5 cDNA as inverted repeats into the

pANDA vector (Miki and Shimamoto, 2004) under control of the

maize (Zea mays) ubiquitin 1 promoter and subsequently transformed

the vector into Agrobacterium tumefaciens (strain EHA101). The primer

sequences used for amplifying a 244-bp fragment of HvNramp5 cDNA

were 59-AAAAAGCAGGCTCGGCAATGGAGATCGAGAGG-39 and 59-

AGAAAGCTGGGTTATCTGTGATTGGCTCCGGC-39. Immature embryos

of barley cultivar Golden Promise were used for Agrobacterium-mediated

transformation. Transformation was basically performed using the proto-

cols of Hensel et al. (2008), Hiei et al. (2006), and Hiei and Komari (2006).

After PCR confirmation using the primers 59-GTCGTCGGTGAA-

CAGGTATGG-39 and 59-AGAAAGCTGGGTTATCTGTGATTGGCTCCGGC-

39, we obtained several independent transgenic lines, and two independent

transgenic homozygous lines (T2 generation) of them were used for further

analysis. The expression levels of HvNramp5 and HvIRT1 were determined in

the roots of the RNAi lines, the homozygous wild type from transgenic plants

(RNAi-wild type), and Golden Promise (wild type), using real-time RT-PCR.

The primers used for HvIRT1 were 59-CCAGATGTTTGAGGGGATGG-39 and

59-GATAGACACAAGACACACCC-39, and the primers for HvNramp5 and

Actin were the same as described above.

Plant Materials and Growth Condition

Seedsofwild-typebarley (cvGoldenPromise) andRNAi lineswere soaked in

deionized water for 2 h, and then incubated overnight on a moist paper in the

dark at 23°C. Germinated seeds were transferred to a nylon mesh floating on a

continuously aerated solution in a 1.5-L plastic container containing 0.5 mM

CaCl2 (pH 5.6) in the dark. After a 4-d culture, the seedlings were then trans-

ferred into an aerated one-fifth Hoagland’s solution (pH 6.0). The solution

contained 1 mM KNO3, 1 mM Ca(NO3)2, 0.4 mM MgSO4, and 0.2 mM NH4H2PO4,

and micronutrients comprising 20 mM Fe-EDTA, 3 mM H3BO3, 1.0 mM

(NH4)6Mo7O24, 0.5 mM MnCl2, 0.4 mM ZnSO4, and 0.2 mM CuSO4. All plants

were grown in a growth chamber at 23°C of 14 h d/18°C of 10 h night.

Culture solution was renewed every 2 d.

For phenotypic analysis of the HvNramp5 RNAi lines, the seedlings of two

transgenic homozygous RNAi lines, the homozygous wild type, and the

Golden Promise were grown in a one-fifth Hoagland’s solution with different

concentrations of Mn (0.05, 0.5, and 5 mM) as MnCl2; or Cd (0.1, 0.5, and 1 mM) as

CdSO4; or Fe (0.1, 2, and 10 mM) as FeSO4. The Cd concentration in the solution

for different Mn and Fe treatments was 0.1 mM. After 14 d, the roots were

washed three times with 5 mM CaCl2 and separated from the shoots. The

samples were dried at 70°C for 2 d and used for metal concentration determi-

nation as described below.

For comparing Mn accumulation and Nramp5 expression level be-

tween barley and rice, seedlings of barley (cv Golden Promise) and rice

(cv Nipponbare) were grown in one-fifth Hoagland’s solution as men-

tioned above for barley and one-half-strength Kimura B solution for rice

1908 Plant Physiol. Vol. 172, 2016

Wu et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lp

h
y
s
/a

rtic
le

/1
7
2
/3

/1
8
9
9
/6

1
1
5
9
3
7
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

http://www.megasoftware.net/


containing 0.05, 0.5 or 5 mM Mn, respectively. After exposure for 7 d, the roots

and shoots were sampled for Mn concentration determination. The fresh roots

were also used for RNA extraction and absolute expression analysis as

described below.

Absolute Expression Analysis of Nramp5 in Barley
and Rice

After alignment of the cDNA sequences of Nramp5 genes in barley and

rice, a 362 bp identical fragment was amplified from cv Golden Promise

using common primers (59-CTCTGGGTGATTCTGATTG-39 and 59-

CTCAGCTCCCCGAAGAAG-39). The fragment amplifiedwas then introduced

into the pGEM vector by pGEM-T (Easy) Vector Systems (Promega). To

generate standard curves for absolute quantification, a series of dilutions

(from 1 3 1021 to 1026 ng) of the plasmids prepared were made and then

assayed by real-time PCR. CT values for each sample were converted into

absolute copy numbers using the standard curves. The expression levels of

Nramp5 in the roots of barley and rice were quantified by absolute quanti-

tative real-time PCR using the common primers.

Metal Concentration Determination

After being dried in an oven at 70°C for 2 d, samples were digested in con-

centrated nitric acid at 140°C. The concentration of mineral elements including

Mn, Fe, Cu, Zn, andCd in the digest solutionwas determined by ICP-MS (7700X;

Agilent Technologies) after dilution as described by Wu et al. (2015).

Statistical Analysis

Significance analysis was performed by Student’s t test or Tukey’s test using

SPSS software (IBM SPSS Statistics Ver. 16). The difference at P, 0.05 and P,

0.01 was considered as significant and highly significant, respectively.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession number LC184278.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Sequence, gene, and protein structure, and phy-

logenetic analysis of HvNramp5.

Supplemental Figure S2. Gene expression level in the roots of HvNramp5

RNAi lines and wild types.

Supplemental Figure S3. Concentration of Cu and Zn in the HvNramp5

RNAi lines at different Mn concentrations.

Supplemental Figure S4. Phenotypic analysis of HvNramp5 RNAi lines at

different Cd concentrations.

Supplemental Figure S5. Phenotypic analysis of HvNramp5 RNAi lines at

different Fe concentrations.
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