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There is considerable variability among barley (Hordeum vulgare) genotypes in their ability to grow in soils containing a low level of
plant available manganese (Mn). The physiological basis for the tolerance to low Mn availability is unknown. In this work, Mn**
influx and compartmentation in roots of the Mn-efficient genotype Vanessa and the Mn-inefficient genotype Antonia were
investigated. Two separate Mn transport systems, mediating high-affinity Mn”" influx at concentrations up to 130 nm and low-
affinity Mn** influx at higher concentrations, were identified in both genotypes. The two genotypes differed only in high-affinity
kinetics with the Mn-efficient genotype Vanessa having almost 4 times higher V., than the inefficient Antonia, but similar K,
values. Online inductively coupled plasma-mass spectrometry measurements verified that the observed differences in high-
affinity influx resulted in a higher Mn net uptake of Vanessa compared to Antonia. Further evidence for the importance of the
differences in high-affinity uptake kinetics for Mn acquisition was obtained in a hydroponic system with mixed cultivation of
the two genotypes at a continuously low Mn concentration (10-50 nm) similar to that occurring in soil solution. Under these
conditions, Vanessa had a competitive advantage and contained 55% to 75% more Mn in the shoots than did Antonia. Subcellular
compartmentation analysis of roots based on >*Mn*" efflux established that up to 93% and 83% of all Min was present in the vacuole
in Vanessa and Antonia, respectively. Itis concluded that differential capacity for high-affinity Mn influx contributes to differences

between barley genotypes in Mn efficiency.

Manganese (Mn) is an essential element for plants
and is involved in many cellular processes, including
activation of enzymes in lignin biosynthesis and amino
acid biosynthesis (Marschner, 1995). In addition, Mn is
bound in the O, evolving four-atom Mn cluster located
on the luminal surface of the D1 protein in PSII and in
the scavenging of superoxides by Mn superoxide dis-
mutase in the mitochondria (Britt, 1996; Clemens et al.,
2002). Mn-deficient plants have reduced content of
fructans and structural carbohydrates causing slack
and soft leaves (Pearson and Rengel, 1997). Accordingly,
Mn-deficient plants are susceptible to low temperatures
and pathogen infections, the latter including the fre-
quently observed take-all (Gaeumannomyces graminis)
fungal disease (Brennan, 1992; Rengel et al., 1994).

Mn deficiency is a serious plant nutritional disorder
in many areas of the world, often associated with
increasing soil pH, which favors oxidation to plant
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unavailable MnQO,. There is considerable variability
among plant species and among genotypes of the
same species in their ability to grow in soil with low
Mn availability, a phenomenon referred to as differen-
tial Mn efficiency (Pallotta et al., 2000; Ascher-Ellis et al.,
2001; Hebbern et al., 2005). In a screening of 32 barley
(Hordeum vulgare) genotypes in Australia, it was shown
that the most Mn-efficient barley genotypes were largely
unaffected by low plant availability of Mn, whereas the
most inefficient ones were not able to complete a full life
cycle (Graham et al., 1983). Recently, large differences
were also observed among European winter barley geno-
types (Hebbern et al.,, 2005). Despite the fact that dif-
ferential Mn efficiency in plants has been known for
more than two decades (Graham, 1988; Ascher-Ellis et al.,
2001), the physiological mechanisms are not known. The
following factors have been proposed to contribute to
differential Mn efficiency: Mn content in the germinating
seed; exudation of Mn-chelating and/or Mn-reducing
compounds from roots; Mn uptake kinetics; Mn re-
quirement of Mn-dependent key enzymes; subcellular
compartmentation of Mn; and, finally, the population of
Mn oxidizing and reducing microorganisms in the
rhizosphere (Graham, 1988; Graham and Rengel, 1993;
Huang et al., 1994). The genetic background for these
mechanisms is not known, but it has been possible via
RFLP mapping to link a locus in barley to Mn efficiency
(Pallotta et al., 2000).

Recently, saturable high- and low-affinity zinc (Zn)
transport systems operating in the micromolar and
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nanomolar range, respectively, were identified in bread
wheat (Triticum aestivum; Hacisalihoglu and Hart, 2001).
The high-affinity transport system (HATS) operates in
the range of the low available Zn concentrations found
in most soils and is therefore likely to be the pre-
dominant Zn*" uptake system (Hacisalihoglu et al.,
2001). Similar information does not exist for Mn influx,
where the only kinetic data originate from old studies
with excised barley or maize (Zea mays) roots at fairly
high and nonphysiological Mn concentrations in in-
complete nutrient solutions (Maas et al., 1968; Landi
and Fagioli, 1983).

The objective of this study was to examine the
kinetics of Mn?* influx in intact roots of two winter
barley genotypes differing in Mn efficiency. Two con-
centration intervals were examined; 0.1 to 7.8 nm
Mn**, representing soils with low Mn availability,
and 10 nm to 655 uMm for higher to potentially toxic
Mn levels. The radiotracer (**Mn”*") influx experi-
ments were complemented by studies of net Mn
uptake using a novel online nutrient depletion tech-
nique with continuous measurement of Mn and other
trace elements by inductively coupled plasma-mass
spectrometry (ICP-MS). The competitive abilities of
the two genotypes for low Mn concentrations were
investigated in a mixed cultivation system with a
constant low Mn concentration (10-50 nm) similar
to that occurring in soil solution. Finally, the sub-
cellular Mn compartmentation in roots was examined
using long-term **Mn?" loading and **Mn?" efflux
analysis in order to assess possible differences in
internal Mn use efficiency.

RESULTS
Selection of Barley Genotypes Differing in Mn Efficiency

A field-based screening using eight different winter
barley genotypes commonly grown in Denmark was
established in order to identify genotypes with marked
differences in Mn efficiency. Two genotypes differed
considerably in growth performance and in severity of
Mn deficiency symptoms (Fig. 1). The leaves of the
genotype Antonia were highly affected by characteristic
Mn deficiency symptoms, such as intervenous necrotic
spots developed on a chlorotic background and a limp
appearance. Most plants were not able to complete a full
life cycle unless treated with Mn foliar sprays. In con-
trast, the genotype Vanessa was not affected by Mn
deficiency as indicated by the absence of leaf symptoms
and a growth response to Mn foliar sprays, respectively.
Accordingly, Antonia was designated as Mn inefficient
and Vanessa as Mn efficient.

Online Measurement of Mn Net Uptake

By the use of ICP-MS, root net uptake of several
essential nutrients down to subnanomolar concentra-
tions was analyzed online with very high accuracy
(>95%). The Mn-efficient genotype Vanessa had a sig-
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Figure 1. Two winter barley genotypes, Vanessa (Mn efficient) and
Antonia (Mn inefficient), grown in a Danish soil with a low plant
availability of Mn. The left-hand side of each plot was compacted with
a roller immediately after sowing, whereas the right-hand side was left
untreated. The Mn concentration in the shoots were in the non-
compacted side 24.7 = 1.0and 12.7 + 4.7 ug Mn g~' DW for Vanessa
and Antonia, respectively, and 26.3 = 1.6 and 18.0 = 3.5 ugMn g
DW for the corresponding compacted side. The photo was taken in
early spring.

nificantly higher Mn net uptake compared to the Mn-
inefficient genotype Antonia (Fig. 2). Over a 3-h
period, Vanessa reduced the Mn concentration from
30 to 10 nm, whereas Antonia only managed to reduce
the concentration to 20 nMm. After 6 h, the Mn concen-
tration had declined to 5 and 15 nM for Vanessa and
Antonia, respectively. A pulse of 30 nMm Mn added
after 6.5 h was very quickly depleted to below 5 nm by
Vanessa, but not by Antonia (Fig. 2). Of all the micro-
nutrients monitored, Mn was by far the most dynamic
in the 5 to 30 nM concentration range and was the only
one for which a genotypic difference was observed
(data not shown). The observed difference in Mn
uptake between the genotypes differing in Mn effi-
ciency was confirmed in six independent experiments
(n = 6) covering Mn concentrations up to 1 um.

Kinetics of Root *Mn?* Influx

The differential Mn net uptake capacity of the two
genotypes was further explored by kinetic studies of
unidirectional influx over a 10-min period. Two dif-
ferent concentration ranges were used, namely, 0.1 to
7.8 nM for the HATS and 10 nm to 655 um for the low-
affinity transport system (LATS).

The Mn influx differed very much between the two
genotypes in the high-affinity concentration range (Fig.
3). Following Hacisalihoglu et al. (2001) and Hart
et al. (1998), the kinetics of root *Mn** was graphi-
cally resolved into saturable and linear components,
respectively (Figs. 3, B and C, and 4, B and C), where
the latter describes Mn absorbed to cell walls. Vanessa
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Figure 2. A representative plot of Mn net uptake by the Mn-efficient
barley genotype Vanessa (circles) and the Mn-inefficient barley geno-
type Antonia (triangles) as measured by online ICP-MS. The plants
were pregrown in 25 d as described in ““Materials and Methods.” After
400 min from the start of experiments, a single-pulse addition of Mn
was given. The experiments were repeated three times with similar re-
sults. Neither root nor shoot weights differed (P> 0.05): 0.71 and 0.70 g
DW for roots of Vanessa and Antonia, respectively, and 0.75 and 0.75 g
DW for the corresponding shoots.

had a maximum uptake capacity (V,,,,) of 5.8 nmol Mn
g ! dry weight (DW) h™!, which was almost 4 times
higher than that of Antonia, while there was no
difference in the K, value, which ranged from 2.7
to 5.4 nm (Table I). Saturation (>95%) of HATS was
estimated to occur at approximately 130 nv Mn*".

In the low-affinity concentration range, i.e. at high
external Mn concentrations, influx values did not dif-
fer between the genotypes (Fig. 4). Consequently, there
were no significant differences in LATS kinetics,
showing a V. of approximately 9 umol Mn g ~
DW h 'and K., of approximately 100 um (Table II). It is
noteworthy that the plants showed a tremendous
capacity to absorb Mn at high concentrations. The
uptake rates facilitated by LATS would inevitably lead
to Mn toxicity if ample Mn was available for just a few

hours and if no system to mediate efflux was present.

Mn Uptake at Continuous Low Nanomolar
Mn Concentration

When the two genotypes were grown in different
units of the same chemostatic system, with recircu-
lating nutrient solution at low Mn concentrations
(10-50 nm), the Mn-efficient genotype Vanessa accu-
mulated approximately 55% and 75% more Mn in the
shoot after 25 and 32 d, respectively, than did the
inefficient genotype Antonia (Fig. 5). The root and
shoot biomass production of the two genotypes did
not differ significantly (P > 0.05; see Table III). The
shoot dry-matter Mn concentration was at both har-
vest occasions approximately 60% higher in Vanessa
than Antonia, while the two genotypes behaved op-
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positely in terms of root dry-matter Mn concentration
(Table III).

Root Compartmental Analysis

The subcellular compartmentation of Mn in roots of
Mn-sufficient barley genotypes with contrasting Mn
efficiency was studied by analyzing >*Mn radiotracer
efflux from roots over a 5-h period following preload-
ing with >*Mn for 24 h. The remaining >*Mn in the root
tissue was calculated and plotted against time. The
efflux curves were dissected into three distinct linear
components, corresponding to the size of the vacuolar
(slow phase; Fig 6A), cytoplasmic (intermediate
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Figure 3. A, Concentration-dependent kinetics for high-affinity **Mn**
influx in 10-d-old plants of the Mn-efficient barley genotype Vanessa
(circle) and the Mn-inefficient barley genotype Antonia (square) at low
Mn concentrations (0.1-7.8 nm). The data were fitted to the Michaelis-
Menten equation by nonlinear regression (dashed line). B and C,
Calculated saturable uptake kinetics from Vanessa and Antonia, re-
spectively, obtained as follows: The linear (dashed line) and saturable
(dotted curve) components were derived from the experimental data
(circles or squares) by first computing the linear component of the
regression line (dashed) plotted through high-concentration points and
subsequently subtracting this contribution from the experimental data
in order to obtain the saturable influx component by nonlinear
Michaelis-Menten regression analysis. The kinetics was estimated using
the Michaelis-Menten equation (dotted curves). Error bars represent
means (n = 4) * SE.
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Table 1. Kinetic parameters for high-affinity root Mn?* influx in
10-d-old plants of the barley genotypes Antonia (Mn inefficient)
and Vanessa (Mn efficient)

Values for V., and the apparent K, were obtained by fitting cal-
culated data of root Mn influx at external Mn”* concentrations ranging
from 0.1-7.8 nm to the Michaelis-Menten equation using nonlinear
regression analysis (Fig. 3). Root DWs (P > 0.05) were 28.3 and
26.7 mg for Vanessa and Antonia, respectively, and the corresponding
shoot DWs were 133 and 125 mg, both being nonsignificant. For both
genotypes, the Mn concentration in the roots was approximately 70 ug
g~ ' DW. Values with the same superscript letter were not significantly
different between genotypes. The results are means * 95% confidence
limits of four independent regressions (n = 4).

HATS Viax K., Regression Coefficient
nmol Mn g = DW h™' nm R?
Antonia 1.4+ 04° 2.7 £1.6° 0.998
Vanessa 5.4 = 1.0° 5.4 = 1.8° 0.980

component; Fig 6B), and cell-wall-bound Mn pool
(fastest component; Fig 6C). For both genotypes, by
far the most Mn was stored in the vacuole (83%—-93%;
Table IV). However, cytoplasmic Mn constituted 13%
of the total Mn in the inefficient genotype Antonia,
a proportion about 3-fold higher than that in the
efficient genotype Vanessa. Also, cell-wall-bound Mn
was higher in Antonia, constituting about 4% of total
Mn compared to only 1.7% in Vanessa (Table IV). The
half-life for Mn efflux in the roots was 2.3 and 1.6 times
higher from the vacuole and cytoplasm, respectively,
for Vanessa compared with Antonia. No significant
difference between the genotypes in half-life Min efflux
from the cell wall was observed.

DISCUSSION
Kinetics for Mn Influx

ICP-MS online measurements revealed that the Mn-
efficient genotype Vanessa had a faster net uptake of
Mn than the Mn-inefficient genotype Antonia at ex-
ternal Mn concentrations below 50 nm (Fig. 2). This
difference reflected the fact that Vanessa had almost
4 times higher maximum uptake capacity (V_,,) per
unit root DW compared to Antonia, while there was
no difference in the K, value, which ranged from 2.7
to 5.4 nM (Table I). The identification of a HATS for Mn,
operating in the low nanomolar range, is new and
highly relevant for Mn acquisition by plants because
the Mn concentration in bulk soil solution normally is
in the low micromolar range (Linehan et al., 1989)
Diffusion limitation may further reduce the Mn*" con-
centration in the rhizosphere to a level considerably
below that in the bulk soil solution, thereby increasing
the importance of effective uptake in the low nano-
molar range. Under such conditions, a high ability of
roots to capture Mn** in competition with Mn-oxidizing

rhizosphere microorganisms also becomes very favor-
able.
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The observation of substantial genotypic differences
in Mn uptake kinetics apparently contradicts that of
Huang et al. (1994), who were not able to find any
differences between genotypes when grown in solu-
tion culture, whereas marked differences could be
observed when grown in soil with low Mn availability.
However, it is likely that Huang et al. (1994) might
have exposed plants to far higher and more fluctuat-
ing Mn concentrations than were actually intended (4-
400 nM, maintained by addition of EDTA). Maintaining
low nanomolar concentrations is a real challenge
and major discrepancies are likely to occur between
theoretical and actual low nanomolar concentrations,
unless chemicals are purified by chelation resin to
remove traces of Mn. Furthermore, in the study by
Huang et al. (1994), the cultivation solution was only
renewed every fourth day, which may have led to
nutrient depletion and secondary responses masking
differential Mn efficiency. In our work, genotypic dif-
ferences were repeatedly and reproducibly obtained
within a few weeks when plants were grown at
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Figure 4. A, Concentration-dependent kinetics for low-affinity **Mn?*
influx in 10-d-old plants of the Mn-efficient barley genotype Vanessa
(circle) and the Mn-inefficient barley genotype Antonia (square) at Mn
concentrations (10 nM-655 um). The data were fitted to the Michaelis-
Menten equation by nonlinear regression (dashed line). B and C,
Calculated saturable uptake kinetics from Vanessa and Antonia, re-
spectively, obtained as described in Figure 3. The kinetics was esti-
mated using the Michaelis-Menten equation (dotted lines). Error bars
represent means (n = 4) * SE.
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Table Il. Kinetic parameters for low-affinity root Mn** influx in
10-d-old plants of the barley genotypes Antonia (Mn inefficient)
and Vanessa (Mn efficient)

Values for V. and the apparent K., were obtained by fitting cal-
culated data of root Mn influx at external Mn** concentrations ranging
from 10 nm to 655 um to the Michaelis-Menten equation using
nonlinear regression analysis (Fig. 4). Plant characteristics are as in
Table I. Values with the same superscript letter were not significantly
different between genotypes. The results are presented as average *

95% confidence limits of four independent regressions (n = 4).

LATS Viax K., Regression Coefficient
wmol Mn g =" DW h™! M R
Antonia 9.1 = 1.4 109 * 50° 0.980
Vanessa 8.5 £ 0.5° 79 = 15° 0.990

a continuously low nanomolar concentration, main-
tained by daily addition of Mn based on results from
ICP-MS measurement of the actual Mn concentration.
By this strategy, it was possible to keep plants on a
low-Mn diet where no Mn deficiency symptoms (such
as chlorosis) were allowed to develop in order to avoid
secondary symptoms and responses that might in-
fluence Mn uptake kinetics. However, it is important
to note that the genotypes used in this experiment and
in studies performed by Huang et al. (1994) are
genetically different. Thus, different mechanisms of

Manganese Transport Systems in Barley Roots

Mn efficiency might be involved in the plants used for
these two studies.

In addition to the HATS system, a LATS system was
identified with a K, of 80 to 110 uMm (Table II), ap-
proximately one-fourth of that observed for excised
maize roots by Landi and Fagioli (1983). A similar K
value of 400 uM was reported for excised barley roots
by Maas et al. (1968). In all cases, the uptake rates
facilitated by LATS would, within a few minutes, lead
to Mn toxicity (Mn tissue concentration >150 ug Mn
g ' DW) if no system to mediate Mn efflux was pres-
ent. There is currently no documentation of a Mn
efflux system in plants, even though several calcium
pumps have been shown to have the ability to co-
transport Mn (Diirr et al., 1998; Baelen et al., 2001; Wu
et al., 2002).

The importance of the observed difference in V,
for Mn uptake at low nanomolar concentrations (Table
I) was further demonstrated in a mixed cultivation
system where the two genotypes were grown under
conditions where Mn concentrations were maintained
in the range from 10 to 50 nM. Vanessa, i.e. the efficient
genotype with the highest V.., had under these con-
ditions a competitive advantage over Antonia, which
was manifested in 55% and 75% higher Mn acquisition
in shoots after 25 and 32 d, respectively (Fig. 5).
Independent experiments, where the two barley geno-

Figure 5. Accumulated Mn content in roots (white
25-d-old 32-d-old area) and shoots (gray area) of the Mn-inefficient
300 + barley genotype Antonia and the Mn-efficient barley
@ Shoot genotype Vanessa grown at continuous low (10-
50 nm) Mn concentrations for 25 and 32 d, respec-
O Root tively. Error bars represent means (n = 4) * sE.
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Table lll. Shoot and root dry-matter weights and Mn concentrations for the Mn-efficient barley
genotype Vanessa and the Mn-inefficient barley genotype Antonia grown in a hydroponic system
with mixed cultivation of the two genotypes at a continuously low Mn concentration (10-50 nm)

Values are means = st (n = 4).

Days Root Shoot Root Shoot
Biomass Mn Concentration
gbw ngg ' DW
Antonia 25 0.35 = 0.01 1.49 = 0.08 31.8 £ 6.7 293 £5.2
32 0.79 = 0.10 3.50 = 0.43 83.7 £ 5.6 37.0 3.9
Vanessa 25 0.33 = 0.04 1.47 = 0.17 29.6 £ 1.2 46.6 £ 1.5
32 0.96 = 0.09 3.76 = 0.45 54.5 +5.0 59.7 £ 4.0

types were grown with 500 and 1,000 nM Mn concen-
trations with renewal three times a week, did not
show a difference in total Mn content (data not
shown). The differential capacity for Mn uptake was
thus lost during growth at Mn concentrations in the
LATS range where the two genotypes did not differ
from each other with respect to uptake kinetic param-
eters (Fig. 4; Table II).

Correction for binding of **Mn to cell walls during
the influx experiments was carried out following the
procedure used for Zn** adsorption by Hacisalihoglu
et al. (2001) and Hart et al. (1998). This procedure is

based on subtraction of the linearly increasing part
of the influx curve, which may be due to adsorption,
from the total uptake curve, reflecting true uptake into
the cells, the saturable component (Figs. 3, B and C,
and 4, B and Q). For Mn“, the correction only had a
minor influence on the relative differences between the
genotypes in uptake kinetic parameters. Significant ad-
sorption of Mn>" would actually not be expected, as
Mn according to the Irving-Williams series forms weak
complexes compared with Zn (Stumm and Morgan,
1981). A good agreement between genotypic differ-
ences in influx kinetics (Table I) and net uptake rates
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Figure 6. Time course of Mn efflux from 13-d-old barley roots (genotype Vanessa) preloaded with **Mn. The remaining **Mn in
the root tissue was calculated and plotted against time. The regression lines were drawn through the linear part of the curve and
extrapolated to a given value at time zero. The extrapolation to time zero in A represents the size of the vacuolar Mn pool.
Subtraction of the linear component from the data points in A produced the curve in B, which linear part represents the
cytoplasmic Mn pool. A similar procedure was used to obtain the value in C representing the cell-wall-bound Mn pool. The mean
values of five independent regression estimates similar to the one outlined above are listed in Table I. R? values for A and B were

always >0.99 and for C >0.93.
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Table IV. Subcellular Mn distribution and half-life (t,,) for Mn efflux in roots of barley genotypes differing in Mn efficiency

Thirteen-day-old plants were pregrown as described in ““Materials and Methods.” The results are presented as average = st (n = 5). Values with the
same superscript letter were not significantly different between genotypes (P > 0.05).

Vacuole Cytoplasm Cell Wall
Genotype
Mn L i Mn i
% h min % min
Antonia 83.4 = 1.0° 54.4 + 1.4 12.9 = 1.2° 17.5 + 1.9° 41+ 1.1° 1.4 +0.4°
Vanessa 92.8 = 0.6* 123.0 + 20.1% 48 = 0.2° 27.8 £ 4.2° 1.7 +0.4° 1.9 = 0.8%

(Fig. 2) supports that the kinetic parameters reflect real
differences in uptake capacity into the root cells. Thus,
influx values at 20 nM, calculated on the basis of the
kinetic parameters, were 4.1 and 1.2 nmol g ' DW h ™"
for Vanessa and Antonia, respectively. The corre-
sponding net uptake rates in the concentration interval
from 30 to 10 nM Mn, obtained in the online ICP-MS
experiment, were 4.6 and 2.0 nmol g ' DW h™".

As the affinity (K., value) of the potential transporter
proteins for Mn does not seem to be significantly dif-
ferent between the genotypes, it can be assumed that
the actual uptake is carried out with the same trans-
porter proteins, but the expression level of these trans-
porter proteins is higher for the Mn-efficient genotype
compared to the Mn-inefficient genotype, but this
awaits further investigation. Only a few putative Mn
transporters have so far been reported in plants, and in
all cases Mn has been shown to be cotransported with
several other micronutrients (e.g. Fe and Zn) or non-
essential trace elements such as cobalt and lead (for
details, see reviews by Guerinot, 2000; Williams et al.,
2000; Mdser et al., 2001). Potential transporter families
involved in Mn transport in barley include members
of the Nramp and ZIP family, which have been
documented to have some Mn specificity in rice (Oryza
sativa), yeast (Saccharomyces cerevisiae), and bacteria
(Belouchi et al., 1997; Ramesh et al., 2003).

Mn Subcellular Compartmentation

The overall biomass production and root Mn con-
centration were similar for the two barley genotypes
(see “Materials and Methods”), but they differed with
respect to the localization of Mn in the root cells. The
largest difference was observed for the cell wall and
cytoplasm, where the inefficient genotype Antonia
had 2- to 3-fold more Mn than Vanessa. However, as
by far the major part of root Mn was contained in the
vacuoles (83% and 93% for Antonia and Vanessa,
respectively), it is unlikely that the cell wall and cyto-
plasm contribute significantly to the genotypic differ-
ences in Mn efficiency (Table IV). This observation is
supported by data from Figure 3, where the linear
components of the high-affinity uptake curves are
nearly identical for the efficient and inefficient geno-
type. Vanessa seemed to have a stronger capacity to
bind Mn in the cell, since the half-life for the vacuolar
and cytosolic pools was approximately 2.3 and 1.6
times higher than the corresponding values for Anto-
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nia (Table IV). A rapid leakage of Mn ions from the
vacuole to the soil solution under Mn limitation might
contribute to low Mn efficiency. It would be advanta-
geous to keep a high proportion of the intracellular Mn
in less biochemically active compartments such as the
vacuole to minimize oxidative stress reactions.

It has been documented that the vacuole is the major
Mn storage compartment in leaves from common bean
and in roots from maize (Quiquampoix et al., 1993b;
Gonzalez and Lynch, 1999). Whether Mn in the vacu-
ole is present as a free ion or in chelated or precipitated
form is currently unclear. Quiquampoix et al. (1993a)
suggested that less than 5% of root Mn was present as
free Mn?" in the vacuole. In comparison with Fe’*,
Cu®*, Zn*", and Fe?*, Mn*" forms relatively unstable
complexes (Stumm and Morgan, 1981). Organic acids,
such as citrate, malate, malonate, and oxalate, have
been suggested as possible ligands, especially in con-
nection with metal tolerance mechanisms in hyper-
accumulating plants (Memon and Yatazawa, 1984;
Bidwell et al., 2002), but other metabolites, such as
low M, thiols, amino acids, peptides, and proteins,
might also be potential ligands in the acidic vacuolar
environment, as observed for several micronutrients
(Brune et al., 1994; Persans et al., 1999; Lasat, 2002).
Whether a similar correlation between the subcellular
compartments is seen in leaf awaits further experi-
ments.

CONCLUSION

Uptake experiments using pH-buffered nutrient
solutions revealed the presence of two separate Mn
uptake systems in barley, mediating high- and low-
affinity Mn** influx, respectively. Two barley geno-
types with differential tolerance toward low Mn
availability only differed with respect to high-affinity
Mn influx, the Mn-efficient genotype having almost
4 times higher V. than the inefficient, while the K,
values were similar. The identification of a HATS for
Mn operating in the low nanomolar range is new and
highly relevant for Mn acquisition by plants. Short
time scale depletion studies showed that the differ-
ences in high-affinity kinetics resulted in a higher
(>100%) Mn net uptake rate in the Mn-efficient ge-
notype. When growing together in a mixed hydro-
ponic system with a continuously low Mn concentration
(10-50 nm) similar to that occurring in soil solution, the
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Mn-efficient genotype had a competitive advantage
and contained 55% to 75% more Mn in the shoots than
the Mn-inefficient genotype. The results show that
differential capacity for high-affinity Mn influx
contributes to Mn efficiency differences between bar-
ley genotypes.

MATERIALS AND METHODS
*Mn** Influx Experiments

Seeds of the two different barley (Hordeum vulgare) genotypes were germi-
nated at 21°C between two filter papers in the dark. After 5 d, uniform seed-
lings were selected and transferred to light-impermeable polyethylene boxes
(50 L). The seedlings were placed in holes of light-sealed floaters of foam
rubber fitted with aeration tubes. There were 36 seedlings per box. The boxes
were filled with a chelate-buffered solution prepared in 18.2 M Milli-Q water
(Milli-Q Plus; Millipore) containing 200 um KH,PO,, 200 um K,SO,, 300 um
MgSO,-7H,0, 100 um NaCl, 300 um Mg(NO,),-6H,0, 900 um Ca(NO;),-4H,0O,
600 um KNO,, 8 um Na,MoO,-2H,0, 7 um ZnCl,, 8 um CuSO,-5H,0, 2 um
H,BO,, 1 um NiSO,-6H,0, 50 um Fe(NO;);-9H,0, and 10 um EDTA. pH was
adjusted with NaOH and HCl to pH 6.0 = 0.3. For the first 5 d, the plants were
grown with 500 nm MnCl,, then for 5 d with 50 nm MnCl,. The nutrient
solution was renewed daily in order to avoid major Mn concentration
fluctuations. By the use of Chelex-100 resin (Sigma-Aldrich), the chemicals
used for nutrient solution were cleaned for traces of Mn. Plants used for the
uptake experiments were grown in a controlled environment growth chamber
with a 250 to 280 umol m 2 s~ photon flux density, 75% to 80% humidity, and
a 20°C/15°C (16/8 h) day/night temperature regime.

Influx experiments were performed essentially as described by
Hacisalihoglu et al. (2001) with few modifications. Experiments were started
at times corresponding to the photoperiod of the plants. Intact 10-d-old
seedlings were removed from the nutrient solution. The roots were rinsed in
18.2 m Milli-Q-water for 10 min, and placed in 5-L boxes containing
pretreatment solution (2 mm MES-Tris, pH 6.0, 0.2 mm CaSO,, 12.5 um
H,;BO,, 0.5 nM MnCl,) for 30 min. Wells of 70-mL high-density polyethylene
glass (Capitol Vial) were filled with 50 mL of uptake solution consisting of
5 mm MES-Tris, pH 6.0, 0.2 mm CaSO,, 12.5 um H;BO,, and varying concen-
trations of radiolabeled **Mn*" (1,409.44 MBq/mg; Perkin-Elmer Life
Science Products) and nonradiolabeled MnCl, to yield the desired total
Mn?" concentration (0.1-7.8 nm Mn?" for the low-concentration range and
10 to 655 um Mn** for the high-concentration range). The Mn concentration
in the **Mn-enriched nutrient solutions used to measure Mn?" influx was
checked by ICP-MS before initiation of the uptake studies, and the analyt-
ical accuracy was found to be better than 85% at concentrations below
5 nM and better than 95% for concentrations higher than 10 nm (data not
shown).

The uptake experiments were initiated by gently inserting the roots of
intact seedlings into the aerated vials. A sample of the uptake solution was
taken as a control and subsequently concentrated by a factor of 10 to a final
volume of 5 mL in a vacuum concentrator (Christ Alpha-RVC IR Rotations-
Vakuum-Koncentrator). Since preliminary experiments had shown that the
accumulated Mn uptake increased linearly with time for at least 15 min after
the start of the experiment, 10 min was chosen as the duration for influx
measurements. ICP-MS was used to confirm that no significant depletion of
Mn took place in the uptake solution during the experimental period.

At the end of the 10-min influx period, plants were gently moved to
200-mL polypropylene wells consisting of ice cold (2°C) desorption solution
(5 mm MES-Tris, pH 6.0, 5 mm CaCl,, 100 um MnCl,). Desorption was performed
in the dark at 2°C. After two 7.5-min desorption periods sufficient to remove
cell-wall-bound **Mn remaining in the root apoplast (see compartmental
analysis), seedlings were removed from the vials, the roots were blotted with
paper towels, freeze dried (Christ Alpha 2-4; Martin Christ GmbH), and
weighed. The roots were dissolved in 5 mL concentrated HNO,. All samples of
roots and controls were dissolved in acid and had a total volume of 5 mL, which
gave the same distance (volume) from the emitting material to the y counter.
The activity of *Mn*" taken up by the roots and *Mn?" in the control samples
was measured using a y counter (model 14-22; Selektronik). Experiments were
performed with four replicates.
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Data could be resolved into a linear and saturable component (Figs. 3, B
and C, and 4, B and C). The linear component resembles the cell-wall-bound
Mn, whereas the saturable component is equivalent to the actual uptake. The
actual uptake was then achieved by computing the linear component from the
regression line plotted through high-concentration points and subtracting this
contribution from the experimental data. The kinetic parameters were derived
on the basis of the subtracted data using the Michaelis-Menten equation by
means of nonlinear regression analysis via the SAS program (V8; SAS In-
stitute). Residual analysis of the regression estimates confirmed that the
Michaelis-Menten equation was able to describe the influx without systematic
errors.

Online ICP-MS Measurement of Mn Uptake

An ICP-MS (Agilent 7500c; Agilent Technologies) with a microflow neb-
ulizer was used to analyze the Mn depletion of the nutrient solution as
described elsewhere (Husted et al., 2003). A multichannel peristaltic pump
continuously recirculated nutrient solution between an autosampler vial
(50-mL vial, product no. 02-6100N; CM-LAB) and the cultivation unit with
plants. The tube inlet and outlet were vertically displaced in the autosampler
tube providing a steady-state volume of approximately 7.5 mL due to a flow
rate difference between inlet and outlet. One cultivation unit with one plant
and one without (control) were analyzed. During sampling, a mixture of
1.75% HNO,, 0.2% HF, and 10 mg/L *Sc was continuously added to the
nebulizer (split ratio 1:20) in order to reduce memory effects and to correct for
drift and argon plasma instability. Each of the two vials was analyzed every
12 min during the sampling period. In separate experiments, continuous analy-
sis of control nutrient solution without plants documented that no signifi-
cant interferences caused by, for example, precipitation and adsorption of Mn
to surfaces of the experimental system were occurring during the experiments.

The experiments were conducted with seedlings grown in 300-mL vials
(Bie and Berntsen) under conditions as described above, except for a few
modifications: The seedlings were initially grown with 250 nm MnCl, in the
300-mL vials for 18 d, then transferred to 500-mL polypropylene vials for
7 d with a reduced micronutrient supply (0.01 um Na,MoO,-2H,0O, 0.01 um
ZnCl,, 0.01 um CuSO,-5H,0, 0.01 um H,BO,, 0.01 um NiSO,-6H,0, 0.01 pum
Fe(NO,);-9H,0, and 100 nm MnCl,). For the first 18 d, the nutrient solution
was renewed every second day, and, during the last 7 d, the solution was
exchanged every day. Twenty-four hours before the online measurement of
nutrient uptake was initiated, plants were transferred to a class 10.000 clean
room with the ICP-MS facility, and plants were exposed to a 250 to 280 wmol
m™2 57! photon flux density and a 20°C (16/8 h) day/night temperature
regime. One-half hour before the start of the online uptake experiments, the
nutrient solution was renewed with 10 nm MnCl,, whereupon the plants were
given a single pulse addition of Mn.

Several preliminary experiments had shown that it was important to
equilibrate plants for at least 24 h to the concentration range used in the uptake
studies in order to reduce the time needed for equilibrating ion-exchange pro-
cesses at the root surface. Failure to equilibrate the plant root to the micro-
nutrient concentration in the nutrient solution might lead to a long period
(several hours) of continuous liberation of Mn and other micronutrients
adsorbed to the root surface. Measuring the solution containing the root frac-
tion alone in ice-cold solution showed that >95% of the depleted Mn could be
root recovered during a period of 6 h. After equilibration of the plant roots, no
desorption occurred and depletion of the free Mn started instantaneously.

Long-Term Mn Uptake at Continuous Low Nanomolar
Mn Concentration

Vanessa and Antonia were grown in a recirculating nutrient solution with
the same composition as that used for the *Mn*" influx experiment, with the
exception of Mn. Two hundred liters of solution were recirculated through
four replicate containers of each genotype, each container holding four plants.
The flow rate of the solution through each container was 2 L min~!, corre-
sponding to replacement of the nutrient solution in less than 3 min. Mn
chemostasis was controlled by daily measurements by ICP-MS and adjusted,
if needed, to obtain a Mn concentration between 10 to 50 nm being relevant for
the HATS kinetics. After 25 and 32 d, respectively, plants in four replicate
containers were harvested, freeze dried (Christ Alpha 2-4; Martin Christ
GmbH), and weighed. The plant material was digested in an open-vessel sys-
tem using 70-mL high-density polyethylene vials (Capitol Vial) and a graphite-
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heating block (Mod-block; CPI International). A slightly modified version of
Environmental Protection Agency (EPA) method 3050B was used as described
below. Five milliliters of 35% HNO, (instra analyzed; Baker) were added to
0.25 g DW of plant material and boiled for approximately 15 min. After
cooling, 2.5 mL of 70% HNO; were added and the samples were reheated.
After 30 min, the samples were cooled and 1.5 mL H,O, (extra pure; Riedel-de
Haén) was applied and samples were heated again. When the hydrogen
peroxide reaction ceased, an additional 1.0 mL of H,0, was added and
samples were boiled for approximately 60 min. During the digestion, the vials
were covered with high-density polyethylene glass lids. The samples were
cooled overnight and filled up to 50 mL with ultrapure water. For every bath
on the mod block, seven blank and seven samples of certified reference
material (Apple leaf, standard reference material 1515; National Institute of
Standards and Technology) were included to estimate the accuracy and
precision of the analysis. All the samples were diluted to the same acid
concentration (1.75% HNO,) and measured on the ICP-MS.

Mn Compartmentation Analysis

The protocol for the subcellular compartmental analysis was modified
from Bell et al. (1994). Ten-day-old seedlings of Antonia and Vanessa with sim-
ilar root and shoot biomass production (63 * 3 and 243 + 10 mg for root and
shoot, respectively), were grown with full nutrient supplied, as described
above, and were starved for Mn for 2 d. The 12-d-old seedlings did not exhibit
Mn deficiency symptoms. After starvation, the seedlings were precultured
with aeration for 24 h in a solution with 100 nm MnCl, enriched with 16 uCi
S4Mn2* per 4 L Milli-Q water and buffered with 5 mm MES-Tris, pH 6.0, 0.2 mm
CaCl,, 12.5 um H;BO,. The seedlings were then transferred to the efflux
solution (5 mm MES-Tris, pH 6.0, 0.2 mm CaCl,, 12.5 um H;BO,, 100 um MnCl,,
without 54Mn). Subsequently, at various time intervals, the efflux solution was
collected and the solution exchanged with fresh efflux solution. After 5 h,
plant sections were collected and *Mn activity in efflux solution samples and
plant sections were measured with a y counter (model 14-22; Selektronik). The
samples were concentrated by a factor of 10 to a final volume of 5 mL with
a vacuum concentrator (Christ Alpha-RVC IR Rotations-Vakuum-Koncentrator).
The **Mn remaining in the plant tissue was calculated and plotted against
time in a semilogarithmic plot. In higher plants, analysis of efflux curves
commonly reveals three exponential (first-order) components. The resulting
linear component drawn through the last part of the sampling period repre-
sents first-order efflux from the slow efflux component in the tissue corre-
sponding to exchange from the vacuolar space and was extrapolated to the y
axis. This line was subtracted from the original curve and resultant data were
plotted against time corresponding to an efflux curve from the remaining two
components (cytoplasm and cell wall). Similarly, subsequent linear compo-
nents were extracted. Manganese contents (%) were estimated as the y axis
intercepts and the half-life (¢, ,) was the slope of each curve.
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