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Plant species differ in response to high available manganese (Mn), but the mechanisms of sensitivity and tolerance are poorly
understood. In solution culture, greater than or equal to 30 mM Mn decreased the growth of soybean (Glycine max), but white
lupin (Lupinus albus), narrow-leafed lupin (Lupin angustifolius), and sunflower (Helianthus annuus) grew well at 100 mM Mn.
Differences in species’ tolerance to high Mn could not be explained simply by differences in root, stem, or leaf Mn status, being
8.6, 17.1, 6.8, and 9.5 mmol kg–1 leaf fresh mass at 100 mM Mn. Furthermore, x-ray absorption near edge structure analyses
identified the predominance of Mn(II), bound mostly to malate or citrate, in roots and stems of all four species. Rather,
differences in tolerance were due to variations in Mn distribution and speciation within leaves. In Mn-sensitive soybean, in
situ analysis of fresh leaves using x-ray fluorescence microscopy combined with x-ray absorption near edge structure showed
high Mn in the veins, and manganite [Mn(III)] accumulated in necrotic lesions apparently through low Mn sequestration in
vacuoles or other vesicles. In the two lupin species, most Mn accumulated in vacuoles as either soluble Mn(II) malate or citrate.
In sunflower, Mn was sequestered as manganite at the base of nonglandular trichomes. Hence, tolerance to high Mn was
ascribed to effective sinks for Mn in leaves, as Mn(II) within vacuoles or through oxidation of Mn(II) to Mn(III) in trichomes.
These two mechanisms prevented Mn accumulation in the cytoplasm and apoplast, thereby ensuring tolerance to high Mn in the
root environment.

Manganese (Mn) is an essential element for plant
growth, but its availability differs greatly in space and
time, depending largely on the nature and amount of
Mn minerals present and on the soil’s pH and redox
potential. With an elaborate chemistry, Mn forms com-
plexeswithmany organic and inorganic ligands. In soils,
Mn has three common oxidation states, Mn(II), Mn(III),
and Mn(IV), which form hydrated oxides of mixed va-
lency; Mn is present also as numerous carbonates, sili-
cates, sulfates, and phosphates (Lindsay, 1979). Cationic
Mn2+ is the most common form readily absorbed by
plant roots (Clarkson, 1988). The toxicity ofMn occurs in
acid or waterlogged soils high in Mn minerals.

Many plants have mechanisms to accommodate the
large differences in Mn2+ in soils. At low available Mn,
uptake is increased in some Poaceae by excretion of
phytosiderophores of themugineic acid family (Takahashi
et al., 2003), with root phytase exudation also poten-
tially important for acquisition of Mn when Mn avail-
ability is limited (George et al., 2014). Mechanisms in
other plants include the ability of roots to decrease
rhizosphere pH or excrete organic ligands (Neumann
and Romheld, 2012; Lambers et al., 2015). However, the

1 This work was supported by the Australian Research Council
(Future Fellowship nos. FT100100337 to E.L. and FT120100277 to
P.M.K. and Linkage Project no. LP100100800 to C.T.) and The Uni-
versity of Queensland (postdoctoral fellowship to M.C.H.-S.). Parts of
this research were conducted at the XFM beamline at the Australian
Synchrotron, Victoria, Australia (Project AS153/XFM/8467).
MRCAT operations are supported by the U.S. Department of Energy
(DOE) and the MRCAT member institutions. This research used re-
sources of the Advanced Photon Source, a U.S. DOE Office of Science
User Facility operated for the DOE Office of Science by Argonne
National Laboratory under Contract no. DE–AC02–06CH11357.

* Address correspondence to p.kopittke@uq.edu.au.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Peter M. Kopittke (p.kopittke@uq.edu.au).

F.P.C.B. and P.M.K. conceived the research plans; F.P.C.B. and
M.C. conducted the plant-growth experiments; F.P.C.B., M.C.H.-S.,
M.C., C.T., D.J.P., and P.M.K. conducted the analyses at the Australian
Synchrotron; E.L., K.G.S., and P.M.K. conducted the analyses at the
Advanced Photon Source; W.H.W. and E.L. developed the procedure
with LC-MS; F.P.C.B. and P.M.K. wrote the article with contributions
from all other authors.

[OPEN] Articles can be viewed without a subscription.
www.plantphysiol.org/cgi/doi/10.1104/pp.15.00726

2006 Plant Physiology�, November 2015, Vol. 169, pp. 2006–2020, www.plantphysiol.org � 2015 American Society of Plant Biologists. All Rights Reserved.

http://orcid.org/0000-0002-6492-1939
http://orcid.org/0000-0003-0409-9012
mailto:p.kopittke@uq.edu.au
http://www.plantphysiol.org
mailto:p.kopittke@uq.edu.au
http://www.plantphysiol.org/cgi/doi/10.1104/pp.15.00726


relative importance of the many complexes on Mn up-
take remains unclear. Toxicity results from high Mn in
leaf cell walls (Wissemeier et al., 1992; Wissemeier and
Horst, 1992) and through adverse effects on symplastic
proteins (Führs et al., 2008). Many plants have mecha-
nisms that limit the adverse effects of highMn2+ in soils,
with numerous ligands involved in its translocation
and that of other essential cations (Haydon and
Cobbett, 2007). Edwards and Asher (1982) classified a
range of crop and pasture species based on their ability
to deal with high Mn as those that (1) limit Mn from
entering the roots, (2) retain Mn in the roots, or (3) tol-
erate high Mn in the shoots. At the extreme are plants
that hyperaccumulate more than 10,000 mg Mn kg–1 on
a dry mass (DM) basis in foliar tissues without meta-
bolic damage (Fernando et al., 2013; van der Ent et al.,
2013). Based on 15% DM of leaves, this equates to 12.1
mmol kg–1 on a fresh mass (FM) basis. Celosia argentia, a
species adapted to growth on Mn-contaminated mine
tailings, accumulated more than 20,000 mg kg–1 Mn in
leaves (Liu et al., 2014). Tolerance of high Mn in shoots
of someMn hyperaccumulators has been found to occur
through binding to ligands (such as malate or citrate) or
sequestration in the vacuole (Fernando et al., 2010).
Characteristic symptoms of Mn toxicity include

chlorotic and distorted leaves with small necrotic le-
sions. These lesions have been shown in cowpea
(Vigna unguiculata) to contain oxidized Mn and callose
(Wissemeier et al., 1992), which forms as a reaction to
high intracellular Ca (Kartusch, 2003). The necrotic le-
sions result mainly from oxidized phenolics (Wissemeier
and Horst, 1992) and increased peroxidase activity in
the apoplast (Horst et al., 1999). With a critical solution
concentration for toxicity (10% growth reduction) of no
more than 9 mM Mn, Edwards and Asher (1982) found
that cotton (Gossypium hirsutum), bean (Phaseolus vul-
garis), cowpea, and soybean (Glycine max) were the
most sensitive species of 13 crop and pasture plants
grown for 18 to 31 d at constant Mn in solution culture.
By contrast, the critical concentration for sunflower
(Helianthus annuus) was 7 times higher at 65 mM Mn.
Sunflower was the first species found to tolerate high
Mn through its sequestration in the trichomes on stems,
petioles, and leaves (Blamey et al., 1986). The suspected
accumulation of Mn was confirmed using wavelength
dispersive x-ray spectroscopy with darkening inferred
as due to insoluble higher oxides of Mn. Similarly, high
Mn results in darkened trichomes of cucumber (Cucu-
mis sativus) leaves due to oxidized Mn, as shown by the
colorimetric benzidine test (Horiguchi, 1987). Water-
melon (Citrullus lanatus; Elamin andWilcox, 1986b), but
not muskmelon (Citrullus melo; Elamin and Wilcox,
1986a), grown at high Mn also develops small dark
spots around the leaf trichomes. Other species that se-
quester Mn in the trichomes include common nettle
(Urtica dioica; Hughes and Williams, 1988) and Alyssum
murale, a Ni hyperaccumulator (Broadhurst et al., 2009;
McNear and Küpper, 2014). Thus, some plants in four
families, Asteraceae, Cucurbitaceae, Urticaceae, and
Brassicaceae, tolerate high Mn in shoots through Mn

sequestration in or around the trichomes. The mecha-
nisms may differ, however, because the high Mn
present during development of common nettle stinging
hairs decreases as plants mature (Hughes and Williams,
1988).

Recently developed techniques, including those based
on synchrotron radiation, allow investigations of the
distribution and speciation of Mn in planta, with most
research to date focused on Mn hyperaccumulators
(Fernando et al., 2013). For example, Fernando et al.
(2010) used x-ray absorption near-edge spectroscopy
(XANES) to confirm the widely accepted view that
Mn(II) predominates in seven Mn hyperaccumulators.
Synchrotron-based x-ray fluorescence microspectroscopy
(m-XRF) was used by McNear and Küpper (2014) to
show that the basal region of trichomes of A. murale
plants grown at no more than 10 mM Mn contained
Mn(II) complexed with phosphate. At 50 mM Mn in
solution, however, the increased amount of Mn that
had accumulated around the trichomes was present as
Mn(III). Few studies, however, have used synchrotron-
based techniques to investigate the mechanisms of
Mn toxicity and tolerance in agronomic species despite
their importance for food production in regions where
soils are acidic or intermittently waterlogged. One
study on cowpea, with a critical toxicity concentration
of only 2 mMMn (Edwards and Asher, 1982), has shown
an accumulation of Mn-citrate in the root cap and as-
sociated mucigel within 5 min of exposure to 150 mM

Mn (Kopittke et al., 2013).
This study aimed to determine the distribution and

speciation of Mn in fresh roots, stems, and leaves of four
crop species, soybean, white lupin (Lupinus albus),
narrow-leafed lupin (Lupinus angustifolius), and sun-
flower, which differ in tolerance to high Mn. It was hy-
pothesized that Mn distribution and speciation would
differ betweenMn-sensitive soybean and the three other
species. Furthermore, we considered it likely that the
Mn tolerance mechanism of sunflower would differ
from those of the two lupin species, which do not
have darkened trichomes when grown at high Mn.

RESULTS

Plant Growth and Mn Status

Of the four plant species, only soybeanwas adversely
affected when grown at high Mn, with small necrotic
lesions forming after 3 d (Supplemental Fig. S1). Soy-
bean DM decreased from 2.65 g plant–1 at 0.5 mM Mn to
2.06 and 1.58 g plant–1 at 30 and 100 mM Mn, respec-
tively (Supplemental Table S1). By contrast, the white
lupin, narrow-leafed lupin, and sunflower plants grew
well at the threeMn levels (Supplemental Table S1), and
there were no symptoms of Mn toxicity. There was a
profusion of linear glandular trichomes and larger
nonglandular trichomes (NGTs) on sunflower stems,
petioles, and leaf blades (Supplemental Fig. S2, A and B;
Aschenbrenner et al., 2013). Darkened NGTs were vis-
ible on petioles and leaves of sunflower plants 8 d after
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imposing the 100 mM Mn treatment (Supplemental Fig.
S2C) and 3 d later at 30 mM Mn; no darkening of NGTs
was evident at 0.5 mM Mn.

An increase in Mn in solution increased the con-
centration of Mn in tissues of all species, especially in
leaves and shoots (Fig. 1). At 100mMMn, the highest Mn
concentration of 17.1 mmol kg–1 FM was in leaf tissue
of white lupin plants; the other species had approxi-
mately 50% of this, being 8.6, 6.8, and 9.5 mmol kg–1 FM
in leaves of soybean, narrow-leafed lupin, and sun-
flower, respectively (Fig. 1A). TheMn concentration in
white lupin equates to 14,100 mg kg–1 DM, exceeding
the 10,000 mg kg–1 DM limit set by van der Ent et al.

(2013) for leaves of plants that hyperaccumulate Mn.
All species had a lower Mn concentration in the
roots than in the tops at all Mn levels (Fig. 1C), with
soybean containing 40% of total plant Mn content in
the roots, while white lupin had 5% of total plant
Mn in the roots. Thus, the severe effects of Mn toxicity
in soybean (Supplemental Fig. S1, D–F) could not
be ascribed simply to higher Mn in roots, stems, or
leaves.

Plant Ca status in response to high Mn was investi-
gated given its role in callose formation (Kartusch,
2003), whichWissemeier et al. (1992) found in Mn-toxic
lesions of cowpea leaves. The Ca concentration in white
lupin leaves and stems was significantly lower than in
those of the other species, with high Mn decreasing the
Ca concentration in stems of the two lupin species
(Supplemental Fig. S3, A and B). On average, 100 mM

Mn in solution decreased the Ca concentration in roots
by 30% (Supplemental Fig. S3C). There were no con-
sistent effects of elevated Mn in solution on the con-
centrations ofMg, K, P, S, Fe, Cu, or Zn in leaves, stems,
or roots (data not shown).

Mapping Elemental Distribution

Despite the low Mn concentration in leaves of plants
grown at 0.5 mM Mn, m-XRF analysis of these control
plants indicated Mn accumulated in small, localized
areas throughout the leaf blade in soybean and near the
leaf margins in white lupin and narrow-leafed lupin
(Supplemental Fig. S4, A and B). The Mn was generally
below the detection limit in sunflower (for more infor-
mation, see Supplemental Results S1).

At 100 mM Mn, m-XRF analyses indicated markedly
different patterns of Mn accumulation in the leaves of
the four plant species. In soybean, Mn accumulated
near the veins and in localized areas of the leaf blade
that were necrotic (Fig. 2A; Supplemental Fig. S5, A
and B). There was marked variation in the relative Mn
concentration across the leaf (Fig. 2B), with high Mn in
the necrotic lesions and in or near the veins. These
findings were confirmed at higher magnification (Fig.
2C and D; Supplemental Fig. S5C), with clear evidence
of high Mn in or near the veins and especially in the
necrotic lesions. The Mn concentration in the necrotic
lesions was often 100- to 1,000-fold higher than in the
surrounding tissue (Fig. 2D), with many regions below
the detection limit in the undamaged areas of the leaf
blade. Rather than this simple contrast between regions
of high and low Mn, further analysis of the m-XRF Ca
and Mn data revealed a complex subcellular distribu-
tion of Mn (Fig. 3A). The necrotic lesions had a high Ca
concentration, again in marked contrast to that in un-
damaged areas of the leaf blade (Supplemental Fig.
S6A). High Cawas evident also as small spots (typically
5–10 mm) in the undamaged leaf blade (Supplemental
Fig. S6B), the spots being interpreted as vacuoles where
high Ca accumulates. It is possible to use Ca concen-
tration as an indicator of subcellular distribution given

Figure 1. Concentration of Mn on a FM basis in leaf (A), stem (B), and
root tissues (C) of soybean, white lupin, narrow-leafed lupin, and sun-
flower grown for 16 d in solutions containing 0.5, 30, or 100 mM Mn.
Values are means 6 SE (n = 2).
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that Ca in the vacuole (1–80 mM) is often 10,000-fold
higher than in the cytoplasm (100 nM; Stael et al., 2012).
There was a clear difference between Ca and Mn dis-
tribution in this region, with no vacuolar Mn evident
(Supplemental Fig. S6, B and C).

In white lupin, there was a high accumulation of Mn
toward the edge of the leaf blade from a plant grown at
100 mM Mn (Fig. 4A), there being a consistent increase in
Mn of greater than 3-fold from near the midrib to the
outer edges of the leaf (Fig. 4B). Page et al. (2006) reported

Figure 2. Compton-corrected m-XRF images of Mn in
a leaf of a soybean plant grown for 16 d at 100mMMn.
A, Overview of a whole leaf illustrating Mn distribu-
tion along major veins and in localized areas. B,
Relative Mn concentration along the transect identi-
fied in A. C, Detailed Mn distribution in a leaf section
identified by the white box in A. D, Relative Mn
concentration along the transect identified in C illus-
trating Mn accumulation in localized necrotic areas
and in or near the veins.
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a similar finding in white lupin using 54Mn. At higher
magnification, it was evident that Mn varied near the
leaf edge by approximately 5-fold, being higher and
rather evenly distributed in the interveinal areas (Fig. 4, C
and D). It is noteworthy that Mn did not decrease to a
level below the detection limit (Fig. 4, B and D), as oc-
curred in soybean (Fig. 2, B and D). Overall, therefore,
there was higher Mn toward the leaf edge in white lupin
leaves but little accumulation in or near the veins.

In some respects, specifically regarding Mn accu-
mulation near the leaf edge, Mn accumulation in
narrow-leafed lupin at 100 mM Mn (Fig. 5A) was similar
to that in white lupin. However, high Mn near the leaf
edge occurred in patches, and there was even higher
Mn near the leaf tip. As with white lupin, Mn was 3- to
5-fold higher near the leaf edge than near the midrib
(Fig. 5B). Higher magnification of a selected area near
the edge of the leaf (Fig. 5C) illustrated only an ap-
proximately 2-fold change in Mn within an area of high
Mn (Fig. 5D). The Mn concentration at the leaf tip,
however, was up to 50 times that in the Mn patches
further away from the tip (data not shown), as might be
expectedwithMn(II) carried in the transpiration stream
(Page et al., 2006) in a leaf with a prominent midrib but
sparse and filamentous lower order veins. Further
analysis of m-XRF Ca and Mn data revealed a more
complex pattern than first surmised. As with soybean,
high Cawas located in small spots (typically 15–20mm),
interpreted as vacuoles (Supplemental Fig. S7, A and
B). Unlike soybean, Mn was distributed in these same

spots (Supplemental Fig. S7C), indicating sequestration
of both Ca and Mn in narrow-leafed lupin vacuoles
(Fig. 3B; Supplemental Fig. S7D) possibly via the same
transporter (Millaleo et al., 2010).

The pattern of Mn distribution in a leaf of sunflower
grown at 100 mM Mn (Fig. 6A) differed greatly from
those of the other three species, with high Mn associ-
ated with the NGTs across the leaf blade and at its edge
but not in the leaf blade itself. As with soybean (Fig. 2, B
and D), Mn in the leaf blade was largely below the
detection limit, the associated variability ranging over
many orders of magnitude (Fig. 6B). The high Mn as-
sociated with the NGTs was more clearly illustrated at
higher magnification of a selected area close to the leaf
edge (Fig. 6C). In this instance, marked changes in rel-
ative Mn concentration occurred over distances of less
than 0.1 mm, with the Mn concentration in the tri-
chomes greater than 1,000-fold higher than that in the
leaf blade (Fig. 6D). Furthermore, Mn was many times
higher at the base than further along the NGT, as il-
lustrated by a traverse along the middle of a trichome
(Supplemental Fig. S8).

Further attention was given to Ca distribution in leaf
tissue in view of the effects of elevated Mn in solution
on plant Ca status (Supplemental Fig. S3). There was
high Ca andMn in necrotic lesions due toMn toxicity in
soybean at 100 mM Mn (Supplemental Fig. S9, A and B).
Interestingly, however, Mn accumulated in or near the
veins, where Ca was below the detection limit. Fur-
thermore, high Mn but not high Ca was present in the

Figure 3. Distribution of Ca and Mn in parts of
soybean and narrow-leafed lupin leaves. A, In
soybean, Ca is located in vacuoles of cells in un-
damaged areas of the leaf with Mn visible in a
lesion (top right) and in incipient necrotic lesions
identified by the three white arrows in A. B, In
narrow-leafed lupin, Ca and Mn are colocated in
vacuoles as illustrated by the white arrow in B. For
more detail, see Supplemental Figures S6 and S7.
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incipient necrotic lesions within the undamaged leaf
blade (Fig. 3; Supplemental Fig. S6D). At the resolution
of Supplemental Figure S9, there was no close associa-
tion between Mn and Ca in the two lupin species. In
white lupin, Mn was spread throughout the leaf blade,
notably toward the leaf edge but not in or near the
veins, while high Ca was located primarily in the tri-
chomes at the leaf edge (Supplemental Fig. S9, C and
D). In narrow-leafed lupin, there was lower Ca in the

region of highest Mn accumulation near the edge of the
leaf (Supplemental Fig. S9, E and F). In contrast to these
three species, both Mn and Ca were highest in sun-
flower NGTs (Supplemental Fig. S9, G and H). Closer
examination revealed that most Mn was towards the
base of the trichome (Supplemental Fig. S9G), as might
be interpreted from the darkened NGTs (Supplemental
Fig. S2C), while high Ca was nearer the tip of the tri-
chome in many instances (Supplemental Fig. S9H).

Figure 4. Compton-corrected m-XRF images of
Mn in a leaf of a white lupin plant grown for 16 d
at 100 mM Mn. A, Overview of a whole leaf il-
lustrating higher Mn toward the leaf edge. B,
Relative Mn concentration along the transect
identified in A illustrating the increase from the
midvein to the leaf edge. C, Detailed Mn distri-
bution in a leaf section identified by the white box
in A, with low Mn near the veins and high Mn in
the interveinal areas. D, Relative Mn concentra-
tion along the transect identified in C illustrating
the variation near the leaf edge.
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Although m-XRF analyses in this study focused on
leaves where highMn exerts its toxic effects (Wissemeier
andHorst, 1992), the distribution ofMnwas determined
also in the roots of the four plant species grown at 100mM

Mn. Overall, Mn was highest in narrow-leafed lupin
roots (Supplemental Fig. S10), as found in the analysis of
bulk roots (Fig. 1C). In particular, there was high Mn at
the root apex and in the older root tissues, with lower
Mn in the tissues immediately behind the apex. Quan-
titative analysis determined that Mn was located pref-
erentially in the rhizodermis of the four species, with at
least 10 times more Mn in the rhizodermis of narrow-
leafed lupin than in that of the other species (Supplemental
Fig. S11).

As hypothesized, Mn in a sunflower leaf increased
substantially 1 d after plant transfer from 0.5 to 100 mM

Mn (Supplemental Fig. S12). An overview scan of a leaf
grown continuously at 0.5 mM Mn indicated that Mn
was associated with NGTs (Supplemental Fig. S12, A
and D). Even at this 0.5 mM Mn in solution, Mn accu-
mulated at the trichome base (Supplemental Fig. S12, B
and E) and increased substantially after only 1 d at

100 mM Mn (Supplemental Fig. S12, C and F). Accu-
mulation of Mn was evident at the base of the tri-
chomes, while Ca dominated toward their tips.

Manganese Speciation in Plant Tissues

The oxidation state of Mn was a major discriminant
in the XANES spectra of the standard compounds
(Supplemental Fig. S13), with the white-line peak
being approximately 6,552 eV for Mn(II) compounds
and approximately 6,560 eV for Mn(III) and Mn(IV).
While these changes in oxidation states were easily
distinguished due to shifts in the white-line peak,
there were only minor differences in the spectra for
the Mn(II) compounds (aqueous Mn, Mn citrate, Mn
malate, and Mn oxalate). For aqueous Mn and Mn
oxalate, although the differences were small, they
were sufficient to allow discrimination (Supplemental
Fig. S14). However, given the close similarity of the
spectra for Mn citrate and Mn malate (Supplemental
Fig. S14), we did not distinguish between these two
compounds when later doing linear combination

Figure 5. Compton-corrected m-XRF images of
Mn in a leaf of a narrow-leafed lupin plant grown
for 16 d at 100 mM Mn. A, Overview of a whole
leaf illustrating high Mn in patches near the leaf
edge and especially toward the tip. B, Relative Mn
concentration along the transect identified in A
illustrating the increase from the midvein to the
leaf edge. C, Detailed Mn distribution in a leaf
section identified by the white box in A. D, Rela-
tive Mn concentration along the transect identified
in C illustrating the variation in Mn accumulation
near the leaf edge.
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fitting (LCF). Results of liquid chromatography (LC)-
mass spectrometry (MS) analysis showed that con-
centrations of citrate and malate exceeded that of
oxalate in tissues of the four species (Supplemental
Table S2), which was below the detection limit. Citrate
was higher than that of malate in roots, especially in
the lupin species. Except for soybean, malate was
higher in the stems and leaves, especially in white

lupin. Sunflower had low concentrations of both or-
ganic ligands in all tissues.

We examined the speciation of Mn in plant tissues
using two approaches. First, laterally resolved data on
the speciation of Mn within plant tissues was obtained
using the Maia detector system at the Australian Syn-
chrotron. With fluorescence-XANES imaging, specia-
tion data (i.e., XANES spectra) were collected for every

Figure 6. Compton-corrected m-XRF images of
Mn in a leaf of a sunflower plant grown for 16 d
at 100 mM Mn. A, Overview of a whole leaf il-
lustrating Mn accumulation associated with
NGTs. B, Relative Mn concentration along the
transect identified in A illustrating the variation
in Mn accumulation. C, Detailed Mn distribu-
tion in a leaf section identified by the white box
in A. D, Relative Mn concentration along the
transect identified in C illustrating high Mn
accumulation in NGTs.
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pixel in the map as explained by Kopittke et al. (2014).
This procedure differs from the typical approach of
obtaining micro-XANES spectra at specific individual
locations. However, fluorescence-XANES imaging has
lower sensitivity than bulk x-ray absorption spectros-
copy (XAS), which was was used in our second ap-
proach at the Advanced Photon Source.

We used florescence-XANES imaging to examine
Mn in the undamaged areas and in adjacent necrotic
lesions in leaves of soybean grown at 100 mM Mn. The
Mn in the background leaf tissue was below the de-
tection limit, precluding speciation analysis. Further-
more, all Mn within the necrotic lesions in soybean
leaves appeared to be of a single form, as did Mn in
leaves of the two lupin species (data not shown). This
indicates that better data would be obtained using XAS
given its higher sensitivity.

Fluorescence-XANES imaging was used to examine
the trichomes of sunflower grown at 100 mM Mn. Pixel
populations were identified as differing in Mn specia-
tion in a single trichome (Fig. 7; Supplemental Fig.
S15A) using the energy association module in GeoPIXE
(Kopittke et al., 2014). Three Mn populations (other
than the background pixels) were identified in which
Mn concentration changed from the base to the tip (Fig.
7; Supplemental Fig. S15). The XANES spectra extrac-
ted from the population of pixels at the base of the tri-
chome (Supplemental Fig. S15, A and D, Population 1)
had a white-line peak at approximately 6,560 eV, which
corresponds to oxidized forms of Mn, with a shoulder
at approximately 6,552 eV corresponding to Mn(II; Fig.
7C). Using LCF, it was predicted that 66% of the Mn at
the base of the trichomewas present asmanganite, with
the remaining Mn present as aqueous Mn(II). The
similarity of the Mn(II) spectra (Supplemental Fig. S13)
and the comparatively low sensitivity of the XANES
imaging technique prevented the determination as to
whether the remaining Mn(II) was aqueous Mn2+ or
complexed by simple organic ligands. In pixel popu-
lations further along the trichome (Supplemental Fig.
S15A), there was a decrease in the peak at 6,560 eV,
indicating a decreased proportion of manganite with
distance from the base of the trichome (Fig. 7C). This
was coupled with an increase of Mn(II) compounds at
6,552 eV. It was estimated from LCF analysis that
manganite decreased from 66% in Population 1 to 10%
and 5% in Populations 2 and 3 (Fig. 7B). With this de-
crease in manganite in Populations 2 and 3, there was a
concomitant increase in soluble Mn(II) to approxi-
mately 90% of the Mn present.

Using bulk XAS, the Mn spectra for the roots showed
that Mn speciation was similar in all four species, with
thewhite-line peak at 6,552 eV indicating solubleMn(II)
forms (i.e. aqueous Mn, Mn citrate, Mn malate, or Mn
oxalate; Fig. 8). This was confirmed using LCF analysis,
which indicated Mn(II) malate or citrate to be the
dominant form in all four species: 87% in soybean and
narrow-leafed lupin, 90% in white lupin, and 91% in
sunflower (Supplemental Table S3). The form of the
remaining 9% to 13% of the Mn was unclear, with only

small variations in the R-factor when the remaining
ligand was varied widely (data not shown). For ex-
ample, in narrow-leafed lupin, the R-factor changed
from 0.00864 to 0.00879 when the ligand was Mn2O3
instead of manganite. The speciation of Mn in stems
was similar to that in the roots of all species, withMn(II)
malate or citrate accounting for 74% to 86% of the Mn
(Fig. 8; Supplemental Table S3). Again, speciation of the
remaining Mn (14%–26%) was unclear.

Figure 7. Distribution of Mn in part of a leaf blade and in NGTs of a
sunflower leaf grown for 16 d at 100 mM Mn. A, High Mn is present
mostly at bases of NGTs. B, Close-up of the base of a trichome identified
by the white box in A that was examined using XANES imaging overlaid
with the three pixel populations identified using the energy association
module in GeoPIXE as shown in Supplemental Figure S15. C, Average
XANES spectra extracted from the three pixel populations identified
in B.
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In contrast to the roots and stems, XAS analyses of
bulk leaf tissues identified marked differences in Mn
speciation among the four plant species exposed to
100 mM Mn (Fig. 8; Supplemental Table S3). In soybean,
the white-line peak corresponded to approximately
6,560 eV (i.e., oxidizedMn), with a shoulder at 6,552 eV,
indicating soluble Mn(II). In the two lupin species, the
position of the white-line peak corresponded to Mn(II),
indicative of aqueous Mn, Mn citrate, Mn malate, or
Mn oxalate. In sunflower, the white-line peak was at
6,552 eV [i.e., Mn(II)], but there was a shoulder at
6,558 to 6,560 eV for oxidized Mn.
In all species, therefore, it appears that Mn malate or

citrate was present in and translocated through roots
and stems. LCF analysis showed that Mn malate or

citrate was the dominant form in leaves of the two lupin
species, being 84% of the Mn in white lupin and 85% in
narrow-leafed lupin (Supplemental Table S3). In both
soybean and sunflower, however, it was concluded that
Mn(II) in roots and stems was oxidized to Mn(III) to
varying extents in the leaves. Using LCF analysis,
manganite was predicted to account for 66% of the total
Mn in soybean leaves, with the form of the remaining
Mn unclear. In sunflower, 43% of theMnwas attributed
to manganite, with the remainder as Mn(II), either as
aqueous Mn or bound to simple organic ligands.

DISCUSSION

This study with four crop species used synchrotron-
based techniques in combination with plant growth
response, visible symptoms, and measured Mn status
to investigate the mechanisms of sensitivity and toler-
ance to high Mn in the root environment.

XAS analyses determined that Mn(II) dominated in
roots of all species grown at 100 mM Mn (Fig. 8), despite
their differences in tolerance to high Mn. Soybean had
the highest quantity of Mn in roots of the four species
when grown at high Mn, retaining 40% of total plant
Mn in roots as found by Edwards and Asher (1982). Of
the species tolerant to high Mn, narrow-leafed lupin
also retained high Mn (35%) in the roots, but white lu-
pin and sunflower retained only 5% and 15%. The Mn
in roots of the four species was mostly Mn(II) com-
plexed by malate or citrate. This finding and that of LC-
MS analysis is in keeping with that of Fernando et al.
(2010), who concluded that malate or citrate is the
most likely carboxylate to complex Mn in hyperaccu-
mulators. Dou et al. (2009), however, determined oxa-
late to be important, a finding not supported by data for
the species examined in this study. The concentration of
Mn was considerably higher in the stems than in the
roots and differed markedly among the four species. At
8.6mmol kg–1 FM, white lupin grown at 100mMMn had
the highest Mn concentration in stems, greater than
3-fold higher than that of the other three species (Fig.
1B). Analysis using XAS identified most Mn in shoots
as Mn(II) complexed with malate or citrate, indicating
Mn(II) to be the major form translocated via the xylem.
This is consistentwith the rapid uptake ofMnby cowpea
(Kopittke et al., 2013) and the transport of 54Mn via the
transpiration stream in white lupin (Page et al., 2006). In
this study, therefore, responses of species to high Mn
were not related to Mn concentration or speciation in
roots and stems. This, in turn, directed our focus to the
leaves, where high Mn exerts its toxic effects in cowpea
(Wissemeier and Horst, 1992; Führs et al., 2008).

The first question that arises is why does the effect of
high Mn in soybean leaves differ from that in the other
three species that tolerate high Mn? Clearly, this is not
due simply to a high Mn concentration in soybean
leaves that is approximately one-half of that in white
lupin and similar to that in narrow-leafed lupin and
sunflower (Fig. 1A). It is more likely that the difference

Figure 8. Normalized K-edge XANES spectra for freeze-dried leaves,
stems, and roots of soybean, white lupin, narrow-leafed lupin, and
sunflower grown for 16 d at 100 mM Mn. To allow comparison, the
vertical lines correspond approximately to the white-line peaks of Mn
(II; 6,552 eV) and Mn(III) and Mn(IV; 6,560 eV).
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between soybean and the other species lies in the cel-
lular distribution and speciation of Mn (Figs. 2–6). In
soybean leaves, there was a marked localization of high
Mn in or near the veins and especially in the necrotic
lesions that were high in Mn(III). This was in marked
contrast to the low Mn in the undamaged areas (Fig. 2,
C and D). m-XRF analysis indicated that Ca was located
mostly in the vacuoles (Supplemental Fig. S6B), which
Stael et al. (2012) concluded contain approximately
80 mM Ca compared with only approximately 100 nM

in the cytoplasm. The concentration of Mn must be
maintained at less than 100 nM in the cytoplasm also
(Hughes and Williams, 1988), but in contrast to Ca,
there was low Mn in the vacuoles but high in some
intervening spaces (Fig. 3A; Supplemental Fig. S6C).
The same transporter is often involved in Ca and Mn
accumulation in the vacuole (Millaleo et al., 2010),
suggesting that elevatedMn in the apoplast exceeds the
limited capacity of the transporters required tomeet the
low Mn requirements in the cytoplasm. Alternatively,
high Mn may enter the cytoplasm only to be retrans-
ported to the apoplast via exocytosis, which is a con-
served mechanism for heavy metal tolerance in plants
(Peiter et al., 2007). Hughes and Williams (1988) con-
cluded that the eukaryotic cell pumps Mn into almost
any vesicular partition of the cell rather than leave it in
the cytoplasm, where high levels are toxic (Führs et al.,
2008). High Mn in the veins further suggests the absence
of an effectiveMn sink in soybean leaves, with excessMn
remaining in or moving to the walls of cells in the inter-
veinal regions where necrosis occurs through oxidation
of phenolics (Wissemeier et al., 1992) and highperoxidase
activity in the apoplast (Horst et al., 1999). Oxidation of
Mn(II) to Mn(III) would be a likely consequence, as
would be callose formation through cellular injury. The
mechanisms causing the difference in vacuolar Mn and
Ca in soybean clearly require further research.

The second question that arises is why does high Mn
in the leaves of lupin species not result in toxicity?
Taking narrow-leafed lupin grown at 100 mM Mn as an
example, high Mn accumulated in patches near the
edge of the leaf (Fig. 5, A and B), with moderate vari-
ation inMn concentrationwithin these areas of highMn
(Fig. 5, C and D). Examination of Ca and Mn distribu-
tion (Supplemental Fig. S7, B and C) showed that these
two elements were colocated in the vacuoles (Fig. 3B),
thereby ensuring low cytoplasmic concentrations of Ca
(Stael et al., 2012) and Mn (Hughes and Williams, 1988;
Peiter et al., 2007). This suggests that narrow-leafed
lupin is able to translocate Mn(II) from the apoplast
for storage in the vacuole, possibly via a Ca transporter
(Millaleo et al., 2010), limiting the accumulation of Mn
in the cytoplasm and cell wall. A similar mechanism
would occur in white lupin also (data not shown). Us-
ing XANES, Fernando et al. (2010) concluded that
Mn(II) predominates in Mn hyperaccumulators, with
Fernando et al. (2008) being the first to show that Mn
is evenly distributed in leaf photosynthetic and non-
photosynthetic tissues. White lupin would be classi-
fied as a Mn accumulator (van der Ent et al., 2013) by

growing well at 100 mM Mn, with leaves containing
17.1 and 25.0 mmol Mn kg–1 FM (14,100 and 20,700 mg
Mn kg–1 DM; Fig. 1; Supplemental Fig. S16). This find-
ing of vacuolar Mn accumulation differs from that
suggested by Page et al. (2006), who attributed the high
54Mn in leaves of white lupin to result from restricted
loading of the phloem or accumulation of insolubleMn.

The third question is why does manganite [Mn(III)]
in sunflower NGTs limit the toxic effect of Mn? Many
studies have identified trichomes as sites of metal ac-
cumulation, with Broadhurst et al. (2004), for example,
reporting high levels of Ni, Mn, and Ca in trichomes of
A. murale. Despite a marked difference in trichome
morphology, sunflower NGTs accumulatedMn and Ca
when grown at 100 mM Mn in solution (Figs. 6 and 7).
With Mn present at a concentration below the detection
limit in the leaf blade (Fig. 6C), we conclude that sun-
flower has a mechanismwherebyMn(II) is translocated
via the apoplast to the NGT, where it is oxidized to
insoluble manganite. Such a mechanism would limit
Mn(II) accumulation in the cytoplasm and in the cell
wall, where it is toxic (Hughes and Williams, 1988;
Wissemeier and Horst, 1992; Führs et al., 2008). It is
unclear, however, if this mechanism is the same as has
been demonstrated in a number of plant species that
accumulate high Mn in trichomes (Elamin and Wilcox,
1986b; Horiguchi, 1987; Hughes and Williams, 1988;
Broadhurst et al., 2009; McNear and Küpper, 2014). For
example, deposition of Mn by phosphate and conver-
sion toMn(III) have been implicated in tolerance to high
Mn by A. murale (McNear and Küpper, 2014). Uncer-
tainty remains also as to the subcellular location of
manganite, other than its basal accumulation in sun-
flower NGTs (Fig. 7). Blamey et al. (1986) suggested an
accumulation of Mn in and around the trichomes.
However, manganite may be present in the vacuole, as
found with Ni accumulation in trichomes of Alyssum
lesbiacum (Küpper et al., 2001).

The fourth question is why is manganite associated
with Mn toxicity in soybean but a sign of Mn tolerance
in sunflower? We conclude that, in soybean, Mn accu-
mulates in the apoplast through lack of a suitable Mn
sink, resulting in oxidative damage and subsequent
oxidation of Mn(II) to manganite. In sunflower, how-
ever, this study has indicated that a mechanism exists
whereby oxidation to manganite at the base of NGTs
limits Mn accumulation in the apoplast or cytoplasm,
thereby preventing metabolic damage.

Finally, m-XRF analysis demonstrated the efficiency
of the Mn tolerance mechanism in sunflower, with Mn
accumulation at the base of NGTs within 1 d of transfer
to 100 mM Mn solution (Supplemental Fig. S12). This
timeframe should be considered when further studying
the mechanisms of high Mn effects.

CONCLUSION

Synchrotron-based techniques and others have pro-
vided detailed information relating to the mechanisms
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whereby four crop species respond to high Mn in the
root environment. Differences in response could not be
ascribed simply to differences in Mn concentration in
roots or stems, with XAS and LC-MS analyses indicat-
ing the predominance ofMn(II), mostly asMnmalate or
Mn citrate, in all species grown at 100 mM Mn. Fur-
thermore, differences in sensitivity or tolerance to high
Mn could not be ascribed simply to differences in leaf
Mn status.
The toxicity of Mn to soybean was first evident

as visible necrotic symptoms followed by reduced
growth. Necrotic lesions were shown by m-XRF to be
high in Mn and Ca, with high Mn in the veins also. This
was in contrast to Mn below the detection limit in the
undamaged interveinal areas. The presence of Ca but
not Mn in the vacuoles indicated the lack of an efficient
mechanism of Mn sequestration, in turn resulting in
localized necroses and subsequent oxidation of Mn(II)
to manganite in the walls of cells in the interveinal
regions.
Mn(II) was distributed throughout the leaves of the

two lupin species, with a moderate increase toward
the leaf edges. Interestingly, Mn was low in or near the
veins, even in regions of high Mn in white lupin; in-
distinct venation precluded an assessment in narrow-
leafed lupin. High Ca and Mn in the vacuoles of
narrow-leafed lupin leaves suggest that high Mn(II) is
translocated from the apoplast into the vacuoles, where
it is nontoxic. The presence of manganite at the base of
NGTs in sunflower was considered a tolerance mech-
anism by preventing Mn(II) accumulation in the cyto-
plasm or apoplast of leaf blade cells.
Overall, therefore, the microscopic distribution and

speciation of Mn has provided insights into the mech-
anisms whereby four crop species respond to high Mn.
The toxicity of high Mn in soybean resulted from Mn
accumulation in leaf cell walls through an inability to
sequester Mn in vacuoles or other vesicles. Two mech-
anisms of tolerance to highMn in leaves were identified:
sequestration of Mn malate or Mn citrate in vacuoles by
the two lupin species and oxidation of Mn(II) to man-
ganite at the base of sunflower NGTs. The biochem-
istries of these two tolerance mechanisms remain to be
determined.

MATERIALS AND METHODS

Plant Growth, Elemental Mapping, and Laterally
Resolved Speciation

A solution culture experiment was conducted following two preliminary
experiments to establish appropriate control and high-Mn conditions for soy-
bean (Glycine max) ‘Bunya,’ white lupin (Lupinus albus) ‘Kiev mutant,’ narrow-
leafed lupin (Lupinus angustifolius) ‘Mandelup,’ and sunflower (Helianthus
annuus) ‘Hyoleic 41.’ Seeds were germinated in rolled paper towels held ver-
tically in tap water and 3-d-old seedlings transplanted into 33 L of aerated so-
lution containing nominal concentrations of (mM): 1,000 Ca, 120 NH4

+-N, 95Mg,
300 K, 10 Na, 6 Fe, 0.5 Mn, 0.5 Zn, 0.2 Cu, 1,250 Cl, 670 NO3

–-N, 340 SO4
2–-S,

5 PO4
–-P, 1 B, and 0.01 Mo at pH 5.6. A 10-mL aliquot of 0.0033 M KH2PO4 was

added daily to ensure adequate P in solution. Solutions were replaced weekly,
and three treatments of 0.5 (control), 30, and 100 mM Mn imposed after 4 d, with

plants of all species grown in each of the three containers. Concentrations of
selected nutrients in solution were determined at the start and end of eachweek
using inductively coupled plasma optical emission spectroscopy, resulting in
mean values (n = 18) of (mM): 990 Ca, 78Mg, 190 K, 20Na, 22 P, 350 S, 5.5 Fe, 0.11
Cu, and 0.36 Zn. The mean concentration (n = 6) of Mnwas 0.5, 26, and 92 mM in
the nominal 0.5, 30, and 100 mM Mn treatment solutions.

The plants were grown at 25°C under fluorescent lights in a controlled en-
vironment room at the Centre for AgroBioscience (La Trobe University) and for
the final 4 d at 22°C in a laboratory at the Australian Synchrotron under high-
pressure sodium lights. This arrangement permitted sampling andmounting of
fresh leaf and root tissues, with a delay of less than 5 min between excision and
the start of m-XRF analyses. At the end of the experimental period, plants were
harvested and separated into root, stem plus petiole, and leaf. The FM and DM
at 65°C of these plant parts were determined and then ground and digested in
perchloric acid:nitric acid (1:5) to measure concentrations of Mn and of Ca, Mg,
K, Na, Fe, Cu, Zn, P, and S in bulk tissues by inductively coupled plasma optical
emission spectroscopy. (Nutrient concentrations are presented on an FM basis
because m-XRF analyses were carried out on fresh tissue but may be converted
to a DM basis using data in Supplemental Table S4).

Details of the x-ray fluorescencemicroscopy (XFM) beamline at the Australian
Synchrotron have been described by Paterson et al. (2011). Kopittke et al. (2011)
have provided information on operating conditions for the study of fresh plant
material. Briefly, x-rays were selected by a Si(111) monochromator and focused
(approximately 2 mm 3 2 mm) on the specimen by a pair of Kirkpatrick-Baez
mirrors. The x-ray fluorescence emitted by the specimen was collected using the
384-elementMaia detector system in a backscatter position at an excitation energy
of 12,700 eV. Specimens consisted of whole or parts of leaf blades and the apical
30-mm sections of roots mounted between two 4-mm Ultralene films to provide
support and limit dehydration. Elemental mapping of each specimen involved
continuous on-the-fly analysis in the horizontal direction and discrete steps in the
vertical direction. The step size and stage velocity varied as outlined below. The
full x-ray fluorescence spectra were analyzed using the CSIRO Dynamic
Analysis method in GeoPIXE (http://www.nmp.csiro.au/dynamic.html),
which enables quantitative, true-elemental images (Ryan and Jamieson, 1993;
Ryan, 2000). These scans provide two-dimensional representations (i.e., areal
concentrations) of three-dimensional objects that vary in thickness. For the
leaves, all m-XRF images other than those in Supplemental Figure S4A have
been normalized to the Compton scatter to correct for variation in leaf thickness
and relative concentrations reported. m-XRF images of roots were not corrected
for variations in thickness across the root cylinder because projected volumetric
concentrations were obtained by multiplying the areal concentration by the
calculated relative thickness of the root at each selected point (Wang et al.,
2013).

Three types of scanswere carried out to examine the tissue samples.An initial
survey scanwas utilized to obtain an overview of the leaf and to identify an area
of interest. These scans had a step size (i.e., pixel size) of 80mm for the leaves and
6 mm for the roots. The horizontal stage velocity was 4.1 mm s–1 for both leaves
and roots, resulting in a pixel transit time of approximately 20 ms. Depending
upon the size of the scanned area, each survey scan typically took 20 to 60 min.
Following the survey scan, a detailed scan was collected within a small area of
interest with a step size of 2 mm for both leaves and roots. The horizontal stage
velocity was 2.0 or 4.1 mm s–1, resulting in a pixel transit time of approximately
0.5 or 1ms. Each detailed scan typically took 30 to 60min for these smaller areas
of interest. For some tissues, a XANES imaging scan was used to provide lat-
erally resolved data regarding the speciation of Mn. This XANES imaging scan
consisted of 116 individual scans forming a stack of m-XRF maps. These 116
scans were collected at decreasing incident energies from 6,690 to 6,510 eV
across the Mn K-edge. To match the energy location of the features of the Mn
XANES spectra of the differentMn species, the energies of these 116 progressive
scans were: 6,690 to 6,640 in 10 eV decrements (six energies), 6,636 to 6,580 in
4 eV decrements (15 energies), 6,579 to 6,565 in 1 eV decrements (15 energies),
6,564.5 to 6,530.0 in 0.5 eV decrements (70 energies), and 6,528 to 6,510 in 2 eV
decrements (10 energies). For the fluorescence-XANES imaging, the step size
was 2 mm in the horizontal direction and 6 mm in the vertical direction, with a
stage velocity of 2.0 mm s–1. The total scan time for the 116 scans in the XANES
stack was approximately 4 h.

Ten standard compounds were analyzed to allow interpretation of the
fluorescence-XANES data. The following solids, after grinding and spread-
ing thinly across the surface of a filter paper, were examined: Mn(IV) as Mn
oxide (MnO2); Mn(III) as Mn oxide (Mn2O3) and manganite [MnO(OH)];
Mn(II) plusMn(III) as hausmannite (Mn2+Mn3+

2O4); andMn(II) as hureaulite
[Mn2+

5(PO3OH)2(PO4)20.4H2O] and Mn carbonate (MnCO3). Solutions of aque-
ous MnSO4, Mn(II) L-malate, andMn(II) citrate were prepared at a final Mn
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concentration of 3 mM and 15 mM malate or citrate adjusted to pH 6 using
NaOH. A strip of filter paper (approximately 3 mm wide) was immersed for
3 s in each standard solution. All 10 standards were wrapped in polyimide
film, placed on a sample holder, and analyzed using fluorescence-XANES
imaging.

For the fluorescence-XANES stacks, the GeoPIXE energy association
module was used to identify pixels in selected areas where the speciation
varied by comparing the concentration ratios between two energies for each
pixel. Pixels were excluded where the concentration of Mn was low and in-
distinguishable from background noise. The XANES spectra were extracted
from pixels within the selected areas in the stack series and subsequently
background- and baseline-corrected using Athena version 0.9.2 (Ravel and
Newville, 2005). As detailed by Kopittke et al. (2014), LCF was performed
using Athena, with the combination of standards yielding the lowest residual
parameter chosen as the most likely set of components. No differentiation was
made between Mn(II) malate and Mn(II) citrate due to the similarity of the
XANES spectra.

The appearance of darkened NGTs in sunflower 8 d after imposing the
100 mM led to the hypothesis that high Mn would accumulate in sunflower
leaves soon after transfer to high-Mn solution. This was tested using a short
period of remaining allocated time on the XFM beamline using m-XRF analysis
of leaves from plants grown at 0.5 and 100 mM Mn for 1 d. Elemental
mapping was conducted, and the fluorescence spectra was analyzed using the
CSIRO Dynamic Analysis method in GeoPIXE as described above.

Bulk Speciation

A second solution culture experiment was conducted to determine the bulk
speciation ofMn in plant tissues using XAS at theAdvanced Photon Source. The
same plant growth procedures were used as in the previous experiments to
obtain root, stem plus petiole, and leaf samples of plants grown at 100 mM Mn.
Mean values (n = 15) of selected nutrients in solution at the start and end of each
weekwere (mM): 855 Ca, 82Mg, 220 K, 11Na, 18 P, 370 S, 5.4 Fe, 0.12 Cu, 0.56 Zn,
and 10 B. The concentration ofMn averaged 89 mM (n = 9) in the nominal 100 mM

Mn treatment solution. Upon excision, plant tissues were immediately frozen in
liquid nitrogen and stored for up to 1 h at220°C before being freeze dried and
then ground at ambient temperature. Concentrations of selected nutrients in
freeze-dried plant tissues were determined as in the previous experiment. In
keeping with the data in Figure 1, 25 mmol Mn kg–1 FM in leaves of white lupin
was 3 times higher than that in leaves of the other three species (Supplemental
Fig. S16). The Mn in stems was lower than that in the leaves, with the highest
Mn in white lupin also. Soybean and narrow-leafed lupin had the highest Mn
concentration in roots. Concentrations of other nutrients measuredwere similar
to those of plants at 100 mM Mn in the m-XRF experiment (data not shown).

XAS data were collected in transmission mode at the Materials Research
Collaborative Access Team beamline 10-BM, Sector 10, at the Advanced Photon
Source of the Argonne National Laboratory (Kropf et al., 2010). The storage ring
operated at 7 GeV in top-up mode. A liquid nitrogen-cooled double crystal Si
(111) monochromator was used to select the incident photon energies. Cali-
bration was performed by assigning the first derivative inflection point of the
absorption K-edge of Mn metal (6,539 eV), and each sample scan was collected
simultaneously with a Mn metal foil. The freeze-dried and ground plant sam-
ples were formed into 7-mm pellets and mounted between two sections of
Kapton tape in a plastic sample holder for analysis. The leaf, stem, and root
tissues from the four plant species (12 samples) were analyzed, with each
analysis consisting of two replicate scans. The spectra were truncated to
7,100 eV due to the presence of Fe in the plant tissues. Standards were analyzed
as solids, with the solutions ofMn(II) malate andMn(II) citrate first freeze dried
and then ground. Scans were energy normalized using the Athena version 0.9.2
software package (Ravel and Newville, 2005). Athena was used for LCF, with
the fitting range of 220 to +30 eV relative to the calibration energy. Principal
component analysis of the derivative sample spectra was used in the first in-
stance to estimate the number of Mn species contributing to the overall spectra
(Webb, 2005).

Organic Ligand Analysis

Plant samples were analyzed using LC-MS to measure bulk tissue concen-
trations of simple organic acids. Samples of tissues grown in nutrient solutions
with 100 mM Mn were prepared as described by Cataldi et al. (2003). Briefly,
samples were frozen in liquid nitrogen, freeze dried, and ground at room
temperature. MilliQ water (3 mL with specific resistance of 18.2 MV cm) was

added to 300 mg tissue, shaken, and centrifuged: samples were then filtered to
0.45mmprior to analysis. Complete separation of all organic acidswas achieved
using a reversed-phase column (Zorbax Eclipse Plus C18, 100- 3 4.6-mm
i.d., 3.5 mm) and guard column (12.5-3 4.6-mm i.d., 5 mm) with a mobile phase
of aqueous acetic and formic acids (pH of 2.86). The instrument was operated in
the negative mode. The injection volume was 10 mL, and the flow rate was
0.7 mL min–1 at a temperature of 20°C. An LC-MS single quadrupole method
was developed for the simultaneous determination of amixture of organic acids
comprising citrate, malate, oxalate, maleate, and succinate. Separation occurred
within 7 min, and tissue results were compared with standard calibration
curves. Mainly malate, citrate, and succinate were present in the plant samples,
with oxalate and maleate being below the detection limit and succinate aver-
aging only 0.35 6 0.03 mg kg–1 DM.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Symptoms of Mn toxicity on soybean leaves and
effects on plant growth.

Supplemental Figure S2. Sunflower linear glandular trichomes and NGTs,
the latter becoming darkened when grown at 100 mM Mn.

Supplemental Figure S3. Effects of Mn in solution on the Ca concentration
in plant leaves, stems, and roots.

Supplemental Figure S4. m-XRF images of Mn, Ca, and Zn in leaves of
plants grown at 0.5 mM Mn in solution.

Supplemental Figure S5. Light micrographs and a m-XRF image of Mn of a
soybean leaf grown at 100 mM Mn.

Supplemental Figure S6. Distributions of Ca, Mn, and Zn in part of a leaf
of soybean grown at 100 mM Mn.

Supplemental Figure S7. Distributions of Ca, Mn, and Zn in part of a leaf
of narrow-leafed lupin grown at 100 mM Mn.

Supplemental Figure S8. m-XRF image of Mn in sunflower NGTs and the
relative Mn concentration along a traverse of an NGT at 100 mM Mn.

Supplemental Figure S9. m-XRF images of Mn and Ca distributions in
leaves of plants grown at 100 mM Mn in solution.

Supplemental Figure S10. m-XRF image of Mn in plant roots grown at
100 mM Mn in solution.

Supplemental Figure S11. Projected volumetric concentration of Mn in
transects of roots grown at 100 mM Mn in solution.

Supplemental Figure S12. m-XRF images illustrating the distributions of
Mn, Ca, and Zn in sunflower NGTs at 0.5 mM Mn and after 1 d at 100 mM

Mn.

Supplemental Figure S13. Normalized K-edge XANES spectra of standard
Mn compounds.

Supplemental Figure S14. Normalized K-edge XANES spectra of four Mn
(II) standard compounds.

Supplemental Figure S15. Illustration of the procedure used to identify the
distribution of Mn populations using XANES imaging and the energy
association module in GeoPIXE.

Supplemental Figure S16. Concentration of Mn in freeze-dried leaves,
stems, and roots of soybean, white lupin, narrow-leafed lupin, and sun-
flower grown for 13 d at 100 mM Mn.

Supplemental Table S1. Effects of Mn in solution on the DM of soybean,
white lupin, narrow-leafed lupin, and sunflower.

Supplemental Table S2. Concentrations of citrate and malate in leaves,
stems, and roots of the four plant species.

Supplemental Table S3. Percentage Mn speciation in roots, stems, and
leaves of plants grown for 13 d at 100 mM Mn in solution using LCF.

Supplemental Table S4. DM percentage of soybean, white lupin, narrow-
leafed lupin, and sunflower tissues.

Supplemental Results S1. m-XRF analysis of Mn in the Control treatment.
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