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ABSTRACT

Schulze, D. G., McCay-Buis, T., Sutton, S. R., and Huber, D. M. 1995.
Manganese oxidation states in Gaeumannomyces-infested wheat rhizo-
spheres probed by micro-XANES spectroscopy. Phytopathology 85:990-
994.

The take-all disease, caused by Gaeumannomyces graminis var. tritici,
is one of the world’s most damaging root diseases of wheat. It has been
hypothesized that the fungus reduces the host’s defense mechanism prior
to invasion by catalyzing the oxidation of soluble Mn? to insoluble
Mn* on the rhizoplane and in the soil surrounding the root. For the first
time, a direct test of this hypothesis has been accomplished using micro-
X-ray absorption near edge structure (XANES) spectroscopy to obtain
information about the spatial distribution of Mn oxidation states in and
around live wheat roots growing in agar infected with G. graminis var.

tritici. Mn in clear agar occurred only as Mn?*, whereas Mn around dark
roots infected with G. graminis var. tritici was predominately present as
Mn**, The distribution of Mn oxidation states clearly showed the pres-
ence of Mn*-containing precipitates in the interior of a root infected
with G. graminis var. tritici. This was consistent with a map of Mn
concentration that showed a relative accumulation of total Mn in the
interior of the root as a result of G. graminis var. tritici-catalyzed bio-
mineralization. Given the penetrating nature of X rays, the micro-XANES
technique should be applicable to roots growing in soil, thus providing a
technique to measure Mn oxidation states during pathogenesis under
conditions that closely simulate the natural soil environment.

Additional keywords: nutrient interactions, resistance, root rot, Triticum,
virulence.

Manganese chemistry plays a crucial role in the etiology of a
number of economically important bacterial and fungal plant dis-
eases (11). Examples of increased disease severity associated with
reduced soil Mn availability include the take-all disease of wheat
(Triticum aestivum L.) caused by the fungus Gaeumannomyces
graminis (Sacc.) Arx & D. Olivier var. tritici J. Walker, wilt of
tomato (Lycopersicon esculentum) caused by Verticillium albo-
atrum, blast of rice (Oryza sativa) caused by Pyricularia grisea,
and common scab of potato (Selanum tuberosum) caused by Strep-
tomyces scabies (11). Most of the evidence supporting the re-
lationship between the Mn status of the plant and disease severity
has been based on a comparison of Mn concentration in tissues of
healthy versus diseased plants (11). Although there are reports
associating microorganisms and the reduction of Mn with disease
severity (11,14), mechanistic information, which is essential for
the development of improved methods of disease control, has
been lacking.

Manganese is easily oxidized and reduced in soils and biologi-
cal systems and can exist in either Mn**, Mn**, or Mn** oxidation
states. The Mn®* ion is soluble and is the predominant form taken
up from the soil by plants (5,13), whereas Mn** is essentially in-
soluble and precipitates as various oxide and hydroxide minerals
(6,17). The behavior of Mn* in soil is poorly understood, but
aqueous Mn** can be stabilized by complexation with ligands (16).
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Biological oxidation or reduction of Mn in soil dynamically al-
ters Mn availability to plants. It has been hypothesized that G.
graminis var. tritici reduces the host’s defense mechanism prior to
invasion by catalyzing the oxidation of soluble Mn?* to insoluble
Mn** in the soil surrounding the root (8). Although indirect evi-
dence supports this hypothesis (1,9,10,18), it has not been tested
directly because of a lack of appropriate analytical techniques.
Spatially resolved information on Mn within biological samples
can be obtained by a number of spectroscopic techniques. Energy
dispersive X-ray analysis (EDAX) conducted with an appro-
priately equipped electron microscope is often used to analyze the
mineral content of biological specimens (1). Although EDAX anal-
ysis provides semiquantitative concentration information, it does
not provide the oxidation state information important in host-
pathogen interactions, and it requires that the sample be dried and
placed in a high-vacuum environment. X-ray absorption near edge
structure (XANES) spectroscopy is an analytical technique with
the potential for measuring Mn oxidation states directly within
plants, soils, or other environmental samples. An advantage of
micro-XANES spectroscopy over other spectroscopic techniques
is that no sample pretreatment is needed. Thus, wet samples or
live plants can be analyzed without pretreatments that might alter
Mn oxidation states.

XANES analytical method. In a micro-XANES spectroscopy
experiment, the sample is placed in a monochromatic (narrow en-
ergy range) X-ray beam, and the absorption of the X-rays by the
sample is measured as the energy of the beam is scanned across a
specific energy range. The energy range is chosen to include the
binding energy of a specific electron level of the element of




interest. In the present work on Mn, the innermost, or K, electron
shell with a binding energy of about 6,550 eV was used to study
Mn oxidation states. When the energy of the incident X rays is
below the binding energy of these electrons, very few X rays are
absorbed by the sample. In contrast, when the incident energy is
just above the binding energy, there is a much higher probability
that X rays will eject the electrons through photoelectric inter-
actions, and absorption of X rays by the sample is, therefore,
much higher. The large increase in X-ray absorption at the onset
of electron ejection is called the “absorption edge” or “absorption
edge jump,” and the energy at which an absorption edge occurs is
characteristic of the absorbing element. Absorption by the sample
can be monitored by directly measuring the intensity of the trans-
mitted X-ray beam or by detecting secondary products of the ab-
sorption process. In the present work, the intensity of the secon-
dary fluorescent X rays was used. A fluorescent X ray is given off
by an atom when another electron in the atom refills the vacancy
left by the ejected electron. Fluorescent X-ray detection generally
provides much lower detection limits than measuring transmitted
beam intensity and is the method of choice when the absorbing
element is present at low concentrations.

The XANES spectrum is a plot of sample absorption (moni-
tored in the current study by X-ray fluorescence) versus X-ray
energy in the vicinity of the absorption edge (traditionally within
40 eV of the edge). Although in general the XANES spectrum
looks like a step, in detail, the X-ray absorption is altered by the
atoms in close proximity to the atom of interest. Consequently,
XANES spectra typically contain ripples superimposed on the ab-
sorption edge jump. These features can extend up to 1,000 eV
above the edge. The intensities and frequencies of this X-ray ab-
sorption fine-structure can provide information about the numbers
and distances of the nearest and next-nearest neighboring atoms
(reviewed in references 3, 4, and 21). The key characteristic of
XANES with regard to the present work is that the exact energies
of the absorption edge and associated spectral features vary sys-
tematically with the oxidation state of the absorbing element. This
effect reflects the fact that the loss of an electron by oxidation
causes the remaining electrons to be bound more tightly by the
nucleus, and, therefore, greater X-ray energy is required to re-
move the remaining electrons. As a result, the X-ray absorption
edge and related spectral features shift to a slightly higher energy
with each increase in oxidation state. In principle, the oxidation
state of an element can be deduced from the precise energies of
the XANES spectral features.

The objective of this study was to evaluate the use of micro-
XANES spectroscopy to determine the oxidation state of Mn in
and around wheat roots growing in an agar matrix infested with
G. graminis var. tritici, These initial experiments were conducted
in agar because agar is easy to work with and the roots, fungus,
and precipitates can be seen easily. The long-term goal of this
work is to develop experimental approaches for studying the Mn
oxidation state in and around live roots growing in soil to better
understand the infection process that occurs in the field.

MATERIALS AND METHODS

Specimen preparation. Petri dishes containing neutral pH, 4%
potato-dextrose agar (PDA) amended with 0, 50, or 100 pg of Mn
per g added as MnSO, (Mn?*) were inoculated with G. graminis
var. tritici cultured on PDA at 20°C. The fungus was allowed to
grow for 5 to 7 days at 20°C, after which one surface-sterilized
wheat seed was planted on each agar plate and allowed to ger-
minate and grow (Fig. 1). Control plates without G. graminis var.
tritici were prepared similarly. After 2 to 7 days of growth, se-
lected seedlings were analyzed by micro-XANES spectroscopy.

Oxidation state standards. Manganese sulfate (MnSO,-H,0) was
the Mn?* standard, and a synthetic bimessite (Na,Mn,40,,-9H,0),
prepared as described by Golden et al. (7), was the Mn** standard.

Bimessite was chosen because it is a common Mn oxide mineral
in soils (15) and because it was identified previously by X-ray
diffraction in a black fungal precipitate obtained by growing G.
graminis var. tritici in a nutrient broth containing MnSO; as the
Mn** source (D. G. Schulze, T. McCay-Buis, and D. M. Huber, un-
published data).

Micro-XANES spectroscopy. XANES measurements were con-
ducted on beam line X26A at the National Synchrotron Light
Source at the Brookhaven National Laboratory, Upton, NY. The
synchrotron operated at 2.5 GeV and 200 mA current; the X-ray
source on X26A was a bending magnet (19). The X-ray micro-
probe beam line consisted of a primary aperture, a channel-cut
Si(111) monochromator, an 8:1 ellipsoidal focusing mirror, and a
4-jaw slit assembly. The intensity of the incident beam was moni-
tored with an ion chamber, and the resulting Mn K, fluorescence
signal was detected using a Si(Li) energy-dispersive detector (150-eV
resolution at Mn K,) placed at 90° to the incident X-ray beam
and within the horizontal plane of the synchrotron. An optical
microscope was used for viewing and positioning the sample
(mounted on a motorized target assembly with 1-pum precision) in
the X-ray beam. Additional technical details have been discussed
previously by Baijt et al. (2). Although incident X-ray spot sizes
approaching 1 pm? have been produced with this instrument, a
spot size of about 300 x 300 um was used to increase sensitivity.

The primary aperture was 0.2 mm high at 6 m from the syn-
chrotron source (0.3 mm vertical by 0.15 mm horizontal) result-
ing in a beam divergence on the monochromator of 0.04 mrad.
The corresponding energy spread due to this angular divergence
was 0.9 eV. The natural line width for the Mn K, transition is 1.2
eV (12). Together with the intrinsic Darwin width of the crystal,
these energy broadening effects led to an overall energy resolu-
tion of about 1.5 eV. Thus, instrumental effects only slightly de-
graded the intrinsically attainable resolution.

The samples consisted of small squares (about 20 x 20 mm) of
agar and roots freshly cut from a larger agar plate, carefully sand-
wiched between two pieces of 8-um Kapton film and mounted in
5 x 5-cm cardboard slide mounts for insertion into the sample
stage. The sample mounts were placed in a stepping motor con-
trolled sample stage to allow positioning of any desired feature of
the sample under the incident beam. More than 20 spectra were
collected from nine agar plates to compare the Mn oxidation
states in clear agar with Mn oxidation states in infected and un-
infected roots.
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Fig. 1. A wheat seedling and the fungal root pathogen Gaeumannomyces grami-
nis var. fritici growing on potato-dextrose agar amended with 50 pg of Mn2*
(MnSOq) per g. The G. graminis var. tritici mycelia radiate from the dark,
circular inoculum plug in the center of the dish. Dark areas along the root are
sites of fungal attack. Squares of agar plus root tissue were removed from
plates like this and mounted between Kapton film for micro-X-ray absorp-
tion near edge structure spectroscopy.
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XANES spectra were obtained by scanning the monochromator
in 0.18-eV steps over a 45-eV energy range that included the
absorption edge and recording the Mn K, fluorescence intensity
at each energy step. Each energy step was counted for 2 to 10 s
live time, depending on the Mn concentration of the sample, to
give several-thousand counts per energy step above the absorp-
tion edge and a maximum total scan time of about 1 h for each
spectrum. Energy calibration was relative to the XANES spec-
trum of Mn metal measured under the same experimental con-
ditions. The half-height edge jump energy of Mn metal was as-
sumed to be 6,539 eV,

Mapping Mn oxidation states. Maps of relative Mn** and Mn*
concentrations in and around an infected root also were produced.
A 15 x 15-mm square of agar containing an infected root was cut
from the agar plate and mounted between Kapton film as de-
scribed above. A 2 x 2-mm area, oriented so the root diagonally
traversed this region, was scanned under the synchrotron beam in
a raster pattern using 100-pm steps to collect three separate data
sets. The first data set was collected with the monochromator tuned
to 6,552.6 eV, the peak energy of absorption for Mn**. The sec-
ond data set was collected with the monochromator tuned to
6,560.9 eV, the peak energy of absorption for Mn*. The third
data set was obtained with the monochromator tuned to 6,615.4
eV, an energy well above the absorption edge and an energy at
which the signal is due mainly to the total Mn in the sample (20).
The first and second data sets were used to prepare a map of mole
fraction Mn?* in and around the infected wheat root, where mole
fraction Mn** = [Mn**]/([Mn**] + [Mn**]). A calibration function
derived from the intensity ratios of the Mn** and Mn** spectral
peaks of dry powders of MnSO,-H,O (the Mn?** source) and a
synthetic Na-birnessite (the Mn** source) (20) was used to convert
the spectral data into mole fraction Mn?*. An image of the distribu-
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Fig. 2. Representative Mn K micro—X-ray absorption near edge structure spectra of
A, standard mixtures containing 1,000 pg of Mn* (MnSO4H;0) or Mn** (syn-
thetic Na-birnessite) per g, diluted with corundum (o-Al203) and B, a section
of wheat root infected with Gaeumannomyces graminis var. tritici (Ggt) com-
pared with an adjacent area of clear agar.
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tion of total Mn in the sample (Mn** + Mn**) was prepared by
plotting the absolute intensity of the third data set. Two Mn oxi-
dation state maps, one of which is illustrated below, were prepared
from two agar plates.
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Fig. 3. A, Light microscopy image of a wheat root imbedded in potato-dex-
trose agar amended with 50 pg of Mn?* (MnSO4) per g. Arrow indicates
runner hyphae approaching the root. B, A 2-dimensional map of the Mn oxi-
dation state for the same area. Manganese within the agar exists primarily as
Mn?*, whereas Mn within the infected root is present primarily as Mn** as a
result of oxidation by Gae inis var. tritici. C, A 2-dimensional
map of the relative total Mn concentration for the same area, showing the
accumulation of Mn within the root. The images in B and C consist of a matrix of
21 x 21 pixels smoothed by bilinear interpolation. fiMn**) = mole fraction Mn2*,
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RESULTS AND DISCUSSION

Agar plates that had not been amended with Mn contained too
little Mn to yield useful XANES spectra and were not investi-
gated further. The initial spectra were obtained from two agar
plates containing 100 pg of Mn per g, but after it was determined
that plates containing 50 pg of Mn per g yielded spectra with
acceptable signal-to-noise ratios, plates containing 50 pg of Mn
per g were used for the remainder of the study. The 8-eV shift in
the absorption edge jump position between the spectra of the
Mn?* and Mn** standards made it possible to easily distinguish
Mn?** from Mn** (Fig. 2A). Mn in clear agar and in uninfected
roots growing in Mn-amended agar occurred as Mn** as indicated
by the occurrence of the absorption edge crest at 6,552.6 eV (Fig.
2B). The count rate on the fluorescence X-ray detector was pro-
portional to the quantity of Mn present in the incident X-ray
beam. Count rates indicated little or no net accumulation of Mn?*
by healthy roots (data not shown). Roots infected by G. graminis
var. tritici were black, and the peak of the absorption edge jump
occurred at 6,561.8 eV (Fig. 2B), indicating the presence of Mn**,
Count rates 10 to 20 times greater than the clear agar or unin-
fected roots confirmed the accumulation of Mn* precipitates around
the infected area of the root. This pattern of XANES spectra indi-
cating Mn?* in the clear agar and uninfected roots and Mn** in the
dark, G. graminis var. tritici-infected roots was similar for each of
the agar plates investigated.

Oxidation state mapping. A light microscopy image, obtained
from the microscope attached to the XANES spectrometer, of a
wheat root imbedded in PDA amended with 50 pg of Mn per g as
MnSQO, is shown in Figure 3A. The main root traversed the field
of view from the upper left to lower right, and root hairs radiated
perpendicularly from the main root. Fungal mycelia of G. grami-
nis var. tritici approached the root from the lower left, but these
mycelia were transparent and, thus, did not appear to be oxidizing
Mn. This particular area of the root was not the site of fungal
invasion and did not contain dark fungal mycelia (runner hyphae)
in the cortical tissue around the root; however, the interior of the
root was darkened, apparently due to Mn precipitation caused by
the presence of G. graminis var. tritici within the root.

The oxidation state map of the same area (Fig. 3B) clearly
shows the presence of Mn** precipitates in the interior of the root,
apparently as a result of oxidation by G. graminis var. tritici, whereas
Mn in the agar was in the reduced Mn** form. There also was an
accumulation of total Mn in the interior of the root (Fig. 3C) as a
result of oxidation by G. graminis var. tritici. Count rates indi-
cated that up to 10 times more Mn was present in the interior of
the root compared to the agar. There are two possible reasons for
the accumulation of Mn. First, mass flow could have continually
brought additional Mn?* to the site where oxidation and precipi-
tation was occurring. Second, in the absence of mass flow, the
oxidation and subsequent precipitation reduced the concentration
of Mn?" in the immediate area, and additional Mn?** was then free
to diffuse along a gradient to replenish the Mn?** removed by oxi-
dation.

Mole fraction Mn?*, by definition, should only vary between 0
and 1. Therefore, the presence of mole fractions that exceed 1
(Fig. 3B) requires an explanation. The data set from which Figure
3B and C were derived consisted of a 21 x 21 matrix of picture
elements, or pixels, each containing an estimate of the mole frac-
tion Mn?* for a corresponding point on the sample. A histogram
showing the number of pixels with a given mole fraction Mn**
(Fig. 4) shows a bimodal distribution, with peaks at mole frac-
tions 0.3 and 1.1.

The peak centered at mole fraction Mn?* of 1.1 was due to the
clear areas of agar containing only Mn**, This peak should occur
at mole fraction Mn** of 1.0; the shift to 1.1 was the result of a
matrix effect. Dry powders were used to prepare the standard mix-
tures for the calibration function, whereas the agar was essentially

an aqueous system. Qualitative comparisons of the spectra of aqueous
and solid MnSO,-H,0 (data not shown) have shown that the spec-
tra differ in the intensities of the absorption edge jump and that
this difference translates into an error in mole fraction Mn?* simi-
lar in magnitude to that observed in Figure 3B.

Additional work is needed to quantify these matrix effects and
to produce approaches for better quantification of oxidation state
images. The scatter of £0.2 mole fraction Mn?** around the mean
of 1.1 (Fig. 4) was due to statistical uncertainty. The agar con-
tained only 50 pg of Mn per g, and under the particular experi-
mental conditions used in this study, the areas of the image
containing clear agar only yielded 300 to 500 counts when the
monochromator was tuned to the Mn** peak (6,561.8 eV). An
error analysis showed that if a pixel contained only 300 counts
for the Mn** peak, the predicted mole fraction Mn** would vary
about the mean by #0.17 at the 95% confidence level. If a pixel
contained 500 counts, the mean mole fraction Mn?* would vary
by +0.13. These predicted errors are consistent with the approxi-
mately +0.2 mole fraction Mn?* scatter about the mean of 1.1
observed in our image (Figs. 3B and 4). Areas of the sample in
which Mn had accumulated yielded up to 3,000 counts, and the
predicted mole fraction Mn?* varied by only +0.05 due to sta-
tistical uncertainty in these areas. The peak at mole fraction Mn?*
of 0.3 was due to the oxidized areas of the image. The one pixel
with mole fraction Mn?* = —0.1 appears to be a statistical outlier.
The observation that the oxidized pixels had a mean mole fraction
Mn?* of 0.3 rather than O indicates that the parts of the sample
represented by these pixels contained mixtures of Mn** precipi-
tate and soluble Mn?*,

Black Mn** precipitates can be observed visually in agar sys-
tems, but it is difficult or impossible to visually identify the pres-
ence of small amounts of Mn precipitates in soil, particularly if
the soil is already darkened by organic matter. We have demon-
strated that Mn XANES spectra can be obtained from air-dried or
moist soils containing about 700 pg of Mn per g sampled from
field plots used for take-all research (20). We also have shown
that if aqueous Mn** (as MnSQy) is added to oxidized, air-dried
soil in an amount equivalent to the total soil Mn already present,
then the XANES spectrum from the soil slurry shows an increase
in the intensity of the Mn** peak (C. Rottenberger and D. G.
Schulze, unpublished data). Thus, the adaptation of the XANES
techniques described above to roots growing in soil should be rela-
tively straightforward. One potential problem, however, is that the
fraction of Mn in the rhizosphere that actually participates in
redox reactions may be small relative to the total soil Mn, making
it difficult to detect a small change against a much larger back-
ground. If this is the case, then it may be necessary to use soils
that are naturally low in total Mn. All reported biological control
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Fig. 4. Histogram showing the frequency distribution of mole fraction Mn?*
for the 441 individual pixels that make up Figure 3B.
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organisms for take-all are strong Mn reducers in agar culture (9),
but their reducing ability in soils is difficult to evaluate. The real
utility of micro-XANES spectroscopy is that the Mn oxidation
state in and around roots growing in soil can be studied in a nat-
ural environment. This will permit the evaluation of nutrient avail-
ability and adsorption by plants, changes in nutrient availability
during the infection process, and the mechanisms by which bio-
logical control organisms influence Mn availability.

In summary, these initial results indicate that micro-XANES spec-
troscopy can be used to directly probe the Mn oxidation state near
wheat roots infected with G. graminis var. tritici. Mn in clear agar
occurred only as Mn?*, whereas Mn around dark roots infected
with G. graminis var. tritici was predominately Mn**. The micro-
distribution of the Mn oxidation states clearly showed the pres-
ence of Mn**-containing precipitates in the interior of a root in-
fected with G. graminis var. tritici. It should be possible to use
this technique to study roots growing in soil under conditions
chosen to simulate field conditions. We have already demon-
strated that XANES spectra of Mn in soils can be obtained at am-
bient Mn concentrations (20). Many spectroscopic techniques re-
quire that the sample be placed in a high-vacuum environment
and require fixing and drying steps that may introduce artifacts
such as changes in oxidation state or redistribution of elements in
the sample. Micro-XANES spectroscopy is unique in that live
roots growing in agar or moist soil can be easily studied in the
presence of soilborne, root-infecting organisms or their potential
biological control agents.
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