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Abstract

Soil organic N (SON) comprises 90% of all N in surface soils, yet as much as
half remains in forms which are chemically unknown or, at best, poorly understood.
Analytical methods such has pyrolysis field-ionization mass spectrometry (Py-
FIMS) and '°N cross polarization magic-angle spinning nuclear magnetic resonance
(CPMAS-NMR) spectroscopy are widely used for the characterization of SON;
however, these methods have limitations which contribute to the gaps in our
understanding of SON chemistry. For example, Py-FIMS may produce heat-
induced secondary compounds, and ’N-NMR may lack sensitivity and resolution
for experiments at natural 1°N abundance. X-ray absorption near edge structure
(XANES) spectroscopy probes the bonding environment of individual elements.
The application of this technique to complex environmental samples such as
soil is still in its infancy, but early studies suggest that this technique may help
resolve SON molecular structure. This dissertation sought to develop and apply
synchrotron-based N and C K-edge XANES spectroscopy to the study of soil and
soil extracts to determine the structures in which SON is bound. In these studies,
Py-FIMS was coupled with XANES as a corroboratory technique.

Initial methodological development resulted in a calibration method whereby
Ny gas generated in ammonium-containing salts was used to calibrate a soft X-ray
beamline at the N K-edge. Although XANES can produce secondary compound
artifacts, contrary to early assertions that it is a non-destructive technique, it was
shown in a second study that beam-induced decomposition can be minimized by
moving the beam to a fresh spot between scans.

Three applied studies exploring SON composition were conducted. These
studies followed a spatial gradient ranging from the landscape scale, through
a rhizosphere study, and ended with a study of glomalin-related soil protein

(GRSP). Glomalin-related soil protein is a persistent soil glycoprotein of arbuscular
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mycorrhizal origin (AMF) implicated in aggregation and long-term C and N
storage. Nitrogen and C K-edge XANES and Py-FIMS were used in all studies,
and GRSP was further characterized using proteomics techniques.

Soil organic N composition was largely controlled by topographic position, and
to a lesser degree, by cultivation. Divergent (i.e., water shedding) positions were
enriched in carbohydrates and low molecular weight lignins, whereas convergent,
depressional and level positions showed enrichment in lipid-type compounds.
These differences were attributed to tillage-induced redistribution of soil, and
water movement from upper to lower slope positions. Nitrogen XANES revealed
a unique form of organic N, identified as N-bonded aromatics, particularly in the
divergent positions.

Rhizosphere soil was enriched in higher molecular weight lipid-type materials
and depleted in low molecular weight polar compounds. This was attributed
to increased input of fresh plant material and higher microbial turnover in the
rhizosphere. Nitrogen-bonded aromatics also were detected in the rhizosphere.

The GRSP extracts were characterized as mostly proteinaceous, but also
contained many co-extracted, non-protein compounds. Despite being previ-
ously described as a glycoprotein, only weak carbohydrate signals were observed.
Proteomics-based assessment of GRSP showed no homology to any proteins of
AMF origin, instead showing homology with thioredoxin and with heat-stable
soil proteins. This may be because protein databases do not yet contain glomalin-
related sequences, or that glomalin is homologous to non-AMF soil proteins.

This dissertation demonstrated that N XANES is a sensitive and novel method
for characterizing SON, and can be used complementarily with other analytical
techniques such as Py-FIMS and proteomics. The continued development of

XANES will provide a useful tool for SOM research into the future.
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Chapter 1

Introduction

Organically bound N comprises more than 90% of the N in most surface soils (Bremner,
1965; Stevenson, 1982; Olk, 2008b). These compounds are both a source and sink for N in the
global N cycle, providing substrates for microbial formation of mineral N (NH; and NOj ).
While essential for plant production, excess N application leads to environmental problems
including groundwater contamination, acidic deposition, and production of N,O, a potent
greenhouse gas (Vitousek et al., 1997; Galloway and Cowling, 2002; Galloway et al., 2003;
Schindler et al., 2006; Robertson and Vitousek, 2009). Despite decades of research, 30-50%
of the soil organic N pool remains in chemical forms which are unknown, or at best are only
poorly understood, indicating an enormous gap in the knowledge base (Stevenson, 1982; Olk,
2008b). Undoubtedly, identifying the chemical forms of this ‘unknown N’ will be essential to
achieving a better understanding of N-cycling and storage.

There is wide consensus that amide and peptide N predominate in soil organic matter,
whereas estimates on the types and amounts of heterocyclic-N are contested (Olk, 2008b).
Controversy surrounding the understanding of soil organic N chemistry arises from conflicting
data provided by a diverse range of analytical techniques. Among the various analytical ap-
proaches used are wet chemical acid hydrolysis (Stevenson, 1982), pyrolysis-mass-spectrometry
(Py-MS) (Schulten and Schnitzer, 1998), and *N-CPMAS NMR (Preston, 1996a). While
each technique has advanced our understanding of SON composition, each also has been

fundamentally criticized. Firstly, there are uncertainties surrounding the effectiveness and



products released through acid hydrolysis (Stevenson, 1982, 1994). Secondly, there is evidence
for the formation of secondary compounds from pyrolysis heating (Knicker et al., 2005; Olk,
2008b). Finally, poor sensitivity toward lower abundant forms of organic N using *'N-NMR
has been demonstrated (Smernik and Baldock, 2005; Olk, 2008b).

Synchrotron-based X-ray absorption near-edge structure (XANES) spectroscopy is a
promising technique which offers an isotope-independent, purportedly non-destructive (My-
neni, 2002; Vairavamurthy and Wang, 2002) assessment of SON chemistry in whole field
soils (Leinweber et al., 2007). X-ray absorption spectroscopy provides information on the
binding chemistry of compounds by probing the electronic structure (Stohr, 1992). Each
element absorbs X-rays at unique energies, which allows chemical analyses of specific elements
in complex media, rendering this technique especially valuable for environmental samples
(Myneni, 2002). For soil organic matter, probing at the N and C K-edges is most relevant,
and these techniques have been applied in this dissertation.

Proteomics is a technique which specifically characterizes proteins (Bastida et al., 2009).
Although SON is dominated by protein-N, very little is known about the proteins themselves.
One candidate for study is glomalin, a purportedly widespread glycoprotein of AMF origin
which is highly persistent and may be an important long-term pool of organic C and N
sequestration (Wright et al., 1996; Treseder and Turner, 2007). This protein is operationally
defined (as glomalin-related soil protein - GRSP) through an autoclaving extraction and
AMF-specific immunoreactive assay (Wright et al., 1996; Wright and Upadhyaya, 1996), and
has not as yet been conclusively identified or characterized.

The overall goal of this PhD dissertation project was to use synchrotron-based XANES
techniques and mass-spectrometric-based proteomics in conjunction with established pyrolysis
field-ionization mass-spectrometry (Py-FIMS) to determine the structures in which organic
nitrogen is bound. The project is focused on developing, and applying these techniques
to whole soil samples and soil fractions and exploring how SOM structures are affected by

landscape, rhizosphere processes and extraction techniques.



This dissertation is structured in nine chapters. Following an introduction (Chapter 1) and
a literature review (Chapter 2), are two studies addressing methodological questions. Chapter
3 presents a simple method of calibrating a soft X-ray beamline at the N K-edge using Ny gas
released by beam-induced decomposition of ammonium-containing salts. Chapter 4 presents
a study using X-ray photoelectron spectroscopy (XPS) to providing a time series assessment
of amino acid and peptide degradation under the X-ray beam.

The three next chapters describe experiments characterizing whole soils and soil extracts
using XANES, Py-FIMS and proteomics. The sequence of chapters follows a spatial gradient
starting at the field scale, moving to the rhizosphere scale, and ending with an assessment
of an operationally extracted pool. Chapter 5 demonstrates a study where XANES and
Py-FIMS were used to explore the impact of topography on the organic N and C chemistry
in whole soils. Chapter 6 applies XANES and Py-FIMS at a finer scale, investigating the
complexities of organic N and C in the rhizosphere of Pisum sativum. Chapter 7 focuses
on the characterization of GRSP using XANES, Py-FIMS, and proteomics. This study
investigated the bulk chemistry of the operationally-defined GRSP extract, and attempts to
characterize the protein(s) within GRSP.

Over the course of this research, there was substantial progress in the development
and refinement of XANES data collection and handling. This included ongoing beamline
improvements, and methods of handling of XANES data. Most notable were improvements
in the handling of C K-edge data, where refinement of normalization procedures improved
through the course of the program of study. Chapters in this dissertation were arranged
according to content rather than strict chronology. Chapter 6 (rhizosphere study) was written,
and published, before Chapters 5 and 7 (landscape and glomalin studies); thus, to follow
the improvement in spectral quality and data handling that evolved over the course of this
dissertation project, the reader should view the spectra in the order Chapters 6, 5 and 7.

The dissertation ends with a synthesis, overall conclusion, critical evaluation of methods

and directions for future research (Chapter 8), and a list of references (Chapter 9).






Chapter 2

Literature Review

2.1 Importance of nitrogen in the biosphere

Nitrogen is essential for plant growth, but is often the most limiting nutrient. Nitrogen is
abundant, with dinitrogen gas (N3) comprising 78% of the atmosphere. However, the triple-
bonded Ny is essentially inert, and biologically unavailable to most organisms. The biosphere
thus exists in an environment of available nitrogen scarcity, because molecular Ny first must
be cleaved and fixed into reactive forms before incorporation into living biomass (Stevenson
and Cole, 1999; Smil, 2001; Voroney and Derry, 2008). The entry of N into the biosphere is
through the process of dinitrogen fixation, where Ny from the atmosphere is converted to
ammonia by the nitrogenase enzyme found in some prokaryotic organisms. Indeed, biological
N fixation by free-living organisms and through the legume-rhizobium symbiosis was the main
input of fixed N into the biosphere until the development of chemical fertilizer (Posgate, 1998;
Voroney and Derry, 2008; Fani and Fondi, 2009). Farmers in preindustrial times realized the
benefits of cultivating legumes and have included No-fixing pulses in rotation with cereals and
other crops since the earliest agrarian civilizations (Smil, 2001). Post-industrially, farming
and indeed, humanity, have undergone rapid and fundamental changes with the discovery of
the Haber-Bosch process, where atmospheric N is fixed at industrial scales into ammonia by

combining Na(g) with Hy(g) at high temperatures and pressures:

Na(g) + 3Hz(g) = 2NH;(g) magnetite catalyst (AH = -92.4 kJ-mol ™)



The first industrial ammonia plant was built in Germany in 1910 (Aldrich, 1980) marking
the beginning of the modern fertilizer industry and of modern fertilizer-based agriculture.
Since that time, it is estimated that humanity has doubled the amount of fixed N in the
terrestrial ecosystem (Vitousek et al., 1997), and that approximately 40% of all people alive
today have derived their N nutrition from the Haber-Bosch process (Crews and Peoples,
2004).

The ability for humanity to fix N provided a more secure food supply for a growing
population and allowed societies to diversify away from farming. At the same time, this
drastic increase in fixed N has had widespread environmental consequences. Nitrous oxide
(N20O), produced through nitrification and denitrification reactions, is a potent greenhouse
gas and a contributor to stratospheric ozone depletion (Vitousek et al., 1997; Galloway
et al., 2003). Other gaseous oxides of N, nitrogen dioxide and nitric oxide (NOg, NO),
participate in photochemical reactions that produce ground level ozone, causing problems
with urban air quality (Vitousek et al., 1997; Galloway et al., 2003). Reactive N is also
redistributed over large areas through volatilization and deposition, leaching, and runoff of
surface waters (Galloway and Cowling, 2002). These deposition processes affect N-budgets in
areas (sometimes pristine or unmanaged) far from the initial point of application, and may
alter plant species composition and organic matter turnover rates (Aldrich, 1980; Vitousek
et al., 1997). Acidification (from HNOj) and basification (from NHJ) are other serious
problems resulting from deposition (Vitousek et al., 1997; Schindler et al., 2006; Robertson
and Vitousek, 2009). The range of environmental consequences of excess reactive N in the
terrestrial biosphere is rendered more poignant when realized against the consequences of
a secure food supply and the needs of human nutrition. Management of fixed N is thus
essential to balance food production for a growing population with the need to protect the
environment from problems associated with excess N in terrestrial and aquatic ecosystems

(Robertson and Vitousek, 2009).



Nitrogen is important in biological systems because it can occur in oxidation states
ranging from -3 to +5; N can thus carry energy by participating in electron transfer reactions.
Nitrogen can also form double and triple bonds through orbital hybridization, allowing it to
incorporate into organic molecules. This bonding flexibility allows N-containing compounds
to bind with structural carbon atoms, and provide function (along with phosphorous and
sulphur) to biomolecules. Nitrogen-containing macromolecules are essential to biological
systems; proteins, DNA nucleotides, vitamins, alkaloids, chitin and chlorophyll all contain
N. In soils, the fate of N-containing molecules is debated, with some researchers arguing
for physical protection as a method of stabilization (Kleber et al., 2007; Simpson et al.,
2007; Marschner et al., 2008; von Liitzow et al., 2008) while others argue in favour of
chemical transformation of soil organic N (SON) into humic materials, the structures of
which are still largely speculative (Schnitzer and Khan, 1972; Stevenson, 1994; Schulten and
Schnitzer, 1998; Jokic et al., 2004b). (See Appendix A for structures of organic nitrogen-
containing molecules identified in soils.) This controversy arises largely through conflicting
assessments of SON using available analytical methods. As a consequence, understanding
the structures, distributions and transformations of N-containing compounds is essential to a
better understanding of the possible environmental impact of excess N in the biosphere. New

analytical approaches may yield new insights into the nature an fate of SON.

2.2 The nitrogen cycle

Figure 2.1 shows a simplified version of major N transformations in soil. While it is
helpful to visualize N cycling, a diagram such as this oversimplifies the reality of how N moves
through the biosphere. Indeed, this implies that N atoms move in a linear fashion through
the different organic and inorganic pools; however, any given N atom will randomly move
between pools and forms (Stevenson and Cole, 1999). Once N has been fixed into organic

forms, the first step for N release into the soil system is through depolymerization (Schimel



and Bennett, 2004; Nasholm et al., 2009) and subsequent ammonification or mineralization
(Marschner, 1995; Stevenson and Cole, 1999). It is widely accepted that microbes release NHj
by enzymatic degradation of N-containing compounds (Ladd and Jackson, 1982; Myrold and
Bottomley, 2008). Mineralized N is released as ammonium (NHJ) ions into a competitive
system with a variety of possible fates; microbial assimilation, plant uptake, and the redox
pathways of nitrification/denitrification. The classical approach to plant N nutrition has been
that ammonium and organic N are quickly assimilated by microbes, and that N available to

plants comes as a result of net mineralization beyond microbial needs and through nitrification
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Fig. 2.1. Simplified schematic of the nitrogen cycle in soil from the point of view of
organic N. Main N fluxes into and out of organic N pool shown with solid arrows,
inorganic N transformations shown with dotted arrows, and contentious fluxes shown

with dashed arrows.



processes (Marschner, 1995; Sylvia et al., 2005). The main bottleneck for N supply and plant
productivity is thus the depolymerization and subsequent mineralization of organic N from
the organic N pool. In recent years, however, a ‘paradigm shift’ in the understanding of
plant N uptake has occurred. This new evidence shows that plants can take up ammonium
(Jackson et al., 2008) and low molecular weight organic N directly (Schimel and Bennett, 2004;
Badalucco and Nannipieri, 2007). Proteins (Paungfoo-Lonhienne et al., 2008), particularly
in N-limited and unmanaged environments (Nésholm et al., 2009; Rennenberg et al., 2009),
may also be assimilated. Nonetheless, in Figure 2.1, the organic N pool is show as a black
box, largely because the forms, structures, fluxes and transformations so important to

N-mineralization and plant nutrition are still largely unknown.

2.3 Soil organic nitrogen: an analytical controversy

In surface soils, organically-bound N comprises approximately 90% of the total N (Bremner,
1965; Stevenson, 1982; Olk, 2008b). Despite decades of research, 30-50% of the soil organic
N pool is bound in chemical forms that remain unknown or, at best, are only poorly
understood (Stevenson, 1994; Olk, 2008b). This indicates an enormous gap in the knowledge
base. Consider the following quotations taken from comprehensive reviews of soil organic N

published over the span of 43 years:

“Many theories have been advanced concerning the nature of the organic soil
nitrogen which has not been identified ... However, there is very little evidence
to support these theories, and the chemical nature of about half of the organic

nitrogen in soils remains obscure” (Bremner, 1965, p.97).

“The importance of this organic N from the standpoint of soil fertility has long been
recognized, and our knowledge concerning the nature and chemical composition of

the organic N is extensive. Nevertheless, approximately one half of the soil organic



N has not been adequately characterized, and little is known of the chemical
bonds linking nitrogenous constituents to other soil components” (Stevenson, 1982,

p.67).

“Elucidation of the chemical structure of soil organic N has progressed slowly,
due to technological limitations, incomplete understanding of the binding of
nitrogenous molecules and of the macromolecular structure of SOM, and the
absence of an organic N fractionation that is meaningful for all soils” (Olk, 2008b,

p.57).

Identifying the composition of unknown soil N is thus a long-standing challenge in soil
chemistry, and identifying the chemical forms of this ‘unknown N’ is an essential first step in
achieving a better, more thorough understanding of N-cycling and storage.

The main challenges toward understanding the full range of N-containing compounds in
soils are analytical in nature. Many techniques adopted from the fields of pure analytical
chemistry have been applied to the characterization of soil and soil organic matter. These
techniques generally fall under one of three families: fractionation and quantification with wet
chemical methods; depolymerization and molecular characterization; and atomic/functional

group characterization.

2.3.1 Wet chemistry - hydrolysis

The conventional method used to describe soil organic N has for many years been acid
hydrolysis followed by chemical fractionation (Stevenson, 1982; Feng et al., 2008). Table 2.1,
reproduced from (Stevenson, 1982), shows the pools into which organic N is fractionated,
along with the reagents and methods used to classify these different hydrolyzate fractions.
This method shows amino acid-N as the most abundant form of organic N in soils, and also
detects small quantities of amino sugar-N. Inorganic N, measured as NHg, is also a large part

of N in soils, and the remaining N is in unknown forms which are either non-hydrolyzable or
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Table 2.1. Classical fractionation soil N based on acid hydrolysis."

Form Definition and method % of soil N*

Acid-insoluble N N remaining in soil residue following acid 20-35
hydrolysis; usually obtained by difference
(total soil N — hydrolyzable N).

NH;-N Ammonia recovered from hydrolyzate by 20-35
steam distillation with MgO.
Amino acid N Usually determined by the ninhydrin-CO or 30-45

ninhydrin-NH3 methods; recent workers have
favoured the latter.

Amino sugar N Steam distillation with phosphate-borate 5-10
buffer at pH 11.2 and correction for NH3-N;
colourimetric methods are also available.

Hydrolyzable Hydrolyzable N not accounted for as NHs, 10-20
unknown N amino acids or amino sugars; part of this N

occurs as non-a-amino N in arginine,

tryptophan, lysine, histidine and proline.

TReproduced with permission (see Appendix B) from Stevenson (1982); also reproduced
in Stevenson and Cole (1999), Olk (2008a), and Olk (2008b).

IIn each method, the NHj liberated by steam distillation is collected in a H3BOgs-indicator solution
and determined by titration with standard (0.0025 M) H2SOy4.

11



unidentified. Essentially, fractions are operationally separated using steam distillation in the
presence of different reagents, and quantified using colourimetric reactions. Many variants
are reported in the literature with respect to acid concentration, temperature, and length
of hydrolysis time, rendering it difficult to compare results between studies (Bremner, 1965;
Kowalenko, 1978; Stevenson, 1982, 1996). The main criticisms of this technique are that
the initial hydrolysis reactions, and subsequent steam distillation steps, introduce artifacts.
Amino acid-N is underestimated because of degradation of some amino acids to NH} in the
hydrolysis step (Bremner, 1965; Badalucco and Kuikman, 2001). This, along with extraction
of interlayer NH} | which is normally unavailable to plants, combines to yield an overestimation
of NH3-N (Stevenson, 1982). Amino sugar-N in turn, is underestimated because of incomplete
conversions during the distillation process and because an artificially high value for NH3-N is
subtracted (Mulvaney and Khan, 2001). A second criticism is that this classical fractionation
has not successfully correlated these fractions to measures of agronomic significance, such as
crop yield, or fertilizer recommendations (Stevenson, 1982; Olk, 2008b). Thirdly, distillation
reagents are selected to fractionate specific compounds, which require prior assumptions of
what compounds are likely to be found. This method targets known pools, and by design,
omits information on unknown pools. Finally, this method is unable to assign functionality to
50% of the N in most soils, leading researchers to seek other techniques to characterize SON.
Nevertheless, a large body of research into SON has been published using hydrolysis, and the
findings that SON is primarily bound in amino acids and peptides is still widely accepted

(Catroux and Schnitzer, 1987; Leinweber and Schulten, 1998; Nannipieri and Paul, 2009).

2.3.2 Analytical Pyrolysis

Pyrolysis refers to applications whereby complex organic samples are thermally decom-
posed in the absence of oxygen. Absorbed heat energy causes physical cleavage of weaker
chemical bonds, and volatilizes the decomposition products, making this technique ideal

for characterizing complex and polymeric substances such as soil organic matter (Sorge
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et al., 1994; Schnitzer and Schulten, 1995; Schulten, 1996; Schnitzer et al., 2006). Volatilized
pyrolysis products are then identified using mass spectrometry, either with prior separation
of compounds by gas chromatography, or by employing a temperature ramp in the pyrolysis
procedure, whereby volatilization temperature provides diagnostic information complemen-
tary to the measured mass (Schulten, 1996). One technique of particular value to SOM
characterization is pyrolysis field-ionization mass-spectrometry (Py-FIMS), where soft electric
field ionization is used to yield the molecular masses of the decomposition products with
little fragmentation (Schulten, 1996). This allows the detection of higher molecular weight
monomers from soil samples which would otherwise be fragmented using a harder ionization
technique such as electron impact ionization. Pyrolysis techniques thus provide information
about soil organic matter structures at the molecular level.

The strength of Py-FIMS lies in the ability to monitor many mass-to-charge (m/z) signals,
and assign them to precursor compounds. Assignment of m/z signals comes from extensive
study of natural substances, including soils and soil fractions, microbial mucilages and
plant materials (Haider and Schulten, 1985; Hempfling et al., 1991; Schulten, 1996; Wilcken
et al., 1997). Natural polymeric materials such as lignin, proteins and cellulose release
characteristic families of monomers with unique m/z signals. These m/z signals correspond
to individual compounds found in natural materials, which can also be grouped and treated
as compound classes (see Appendix C). This technique has been successfully applied to
humic substances (Haider and Schulten, 1985), dissolved organic matter (DOM) (Kuzyakov
et al., 2003; Melnitchouck et al., 2005), organic-mineral particle-size and aggregate fractions
(Leinweber and Schulten, 1999; Schulten and Leinweber, 2000) and whole soil samples (Sorge
et al., 1994; Schnitzer and Schulten, 1995; Schulten and Sorge, 1995; Gregorich et al., 1996;
Wilcken et al., 1997; Schnitzer et al., 2006; Leinweber et al., 2009).

Data from pyrolysis techniques support evidence from hydrolysis experiments that amino
acid and amide-N are the most abundant forms of organic N in soils (Schulten et al., 1997).

The novel information revealed by pyrolysis-based studies was the presence of heterocyclic
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N-containing compounds in various environmental and whole soil samples (Schnitzer and
Schulten, 1995; Schulten et al., 1995, 1997; Jokic et al., 2004b). Heterocyclic N is part
of many molecules important to biological systems, including the nucleotides of DNA and
the porphyrin molecule in chlorophyll; consequently it is conceivable that these materials
should also exist in soil. It is well-known, however, that thermal decomposition causes bond
rearrangements, and that heterocyclic N compounds can be formed from certain amino acid
precursors (Boon and De Leeuw, 1987; Schulten and Schnitzer, 1998), and from plant and
microbial substances (i.e., non-humic materials in soils) (Schulten and Sorge, 1995; Nierop and
Van Bergen, 2002; Olk, 2008b). This problem of precursor assignment is the main criticism of
pyrolysis techniques (Burdon, 2001; Olk, 2008b). Even so, spectra obtained through pyrolysis
still provide a fingerprint of SOM compounds, which can be used to compare treatments and

gain a stronger understanding of the composition of SOM.

2.3.3 Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) spectroscopy is a useful technique for the charac-
terization of SOM because it provides information regarding the chemical nature of certain
elements in a sample. The principle of NMR is that nuclei, when aligned in a magnetic field,
can absorb electromagnetic radiation in the radio frequency range. The absorption depends
on the nuclear spin, and this varies with the type of bond present; NMR thus provides
information at the atomic scale. Silverstein et al. (2005) and Simpson and Preston (2008)
provide technical overviews of NMR. Great insights into the structures of SOM have come
with the development of P*C-NMR (Baldock et al., 1992; Preston, 1996b,a; Kogel-Knabner,
1997, 2000; Preston, 2001; Schnitzer, 2001; Simpson, 2001). Research into N structures using
NMR, however, has proven more challenging. The most abundant isotope of nitrogen, N,
while accessible to NMR, has a large quadrupole moment, which broadens the resulting signal
and renders high resolution NMR impossible (Silverstein et al., 2005). The other stable

N isotope, °N, is accessible, but suffers from sensitivity problems because of a small and
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negative gyromagnetic ratio (Knicker et al., 1993; Silverstein et al., 2005). More importantly,
detection limits become a serious problem because of the low natural abundance of *N (0.336
atom % for '°N; Junk and Svec, 1958) coupled with low concentrations of total N in soils
(Smernik and Baldock, 2005).

In soils, amide-N, found in the amide bond of proteins and acetylated amino sugars, is by
far the highest proportion of organic N detected using *’N-NMR. In most studies, amide-N
accounts for over 80% of total organic N (e.g., Knicker et al., 1993; Knicker and Liidemann,
1995; Mahieu et al., 2000; DiCosty et al., 2003). Signals for heterocyclic-N compounds are
rarely recorded in soils, even in studies where N labeled materials were incubated for up to
630 d (Knicker and Liidemann, 1995). The lack of these signals in spectra of mineral soils
may be attributed to an overlap with the amide peak, or to the result of multiple smaller
signals distributed across many different types of N-heterocycles (Schulten and Schnitzer,
1998; Smernik and Baldock, 2005). More problematic is a fundamental criticism of the NMR
sensitivity to heterocyclic N in general. Specifically, the cross polarization (CP) technique is
most often used, and operates by transferring polarization from 'H nuclei to the N nuclei
(Simpson and Preston, 2008). This increases sensitivity, allowing collection of spectra at a
practical time scale. The problem is that heterocyclic-N compounds do not have protonated
N (see Appendix A). This means that protonated N forms (such as amide) will have a faster
polarization transfer, thus biasing the signal transfer away from non-protonated N. This same
phenomenon is observed in CP studies using **C-NMR, where aromatic and carbonyl carbon
are underrepresented (Smernik et al., 2004). Indeed, Smernik and Baldock (2005) used spin
counting to determine that signals from caffeine, a non-protonated N-heterocycle, accounted
for only 20% of the signal from an equivalent amount of amide-N in gliadin, a wheat protein.
They argued that these results show that characteristics inherent in CP >N-NMR may be
underestimating, or even omitting, N-heterocyclic signals in environmental samples.

Heterocyclic-N has been observed, however, in studies on fire affected soils, where charring

was attributed to heterocyclic-N formation (Knicker and Skjemstad, 2000), and in highly
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humified samples where enrichment occurred through long-term microbial turnover (Mahieu
et al., 2000). Interestingly, both these NMR studies detected heterocyclic N only in physically
or chemically stable fractions. Knicker and Skjemstad (2000) removed unprotected organic
material using UV radiation, and Mahieu et al. (2000) differentiated between mobile humic
acids and calcium-bound humic acids using a fractionation technique described by Olk
(2006). The authors thus imply a link between heterocyclic-N formation and stability through
long-term humification (Mahieu et al., 2000) and burning (Knicker and Skjemstad, 2000).
Although the authors of these papers argue that N-NMR is, in fact, capable of detecting
heterocyclic N if it is present, Mahieu et al. (2000) do not specify specific types of heterocyclic-
N, and Knicker and Skjemstad (2000) describe results only for pyrrolic-N (see Appendix
A). Pyrrolic-N is protonated, which would impart higher sensitivity when using a CP-NMR
technique, which still leaves the question of unprotonated heterocyclic-N (i.e., pyridinic)
detection limits unanswered. Also, Knicker and Skjemstad (2000) drew connections between
their observations of heterocyclic-N in charred material and the production of heterocyclic-N
through pyrolysis, suggesting that estimates of heterocyclic-N observed using analytical
pyrolysis may be inflated.

A new technique, termed saturation-pulse induced dipolar exchange with recoupling
(SPIDER), is a method that selects for '3C that is bonded to *N (Schmidt-Rohr and Mao,
2002). This technique has been applied to humic acid samples and to submerged triple-
cropped rice soils and revealed significant amounts of pyridinic N, with large amounts (up to
30%) detected as anilide-N (Schmidt-Rohr et al., 2004; Olk et al., 2006). Some of these same
soils were investigated using conventional CP '’N-NMR, (Mahieu et al., 2000), and it was
concluded that amide signals originally detected using conventional techniques were more

likely attributable to anilide-N.
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2.3.4 X-ray absorption spectroscopy (XAS)

Ambiguities and criticisms of existing methods of characterizing SON reveal that there
is still a pressing need for corroborating analytical methods. Synchrotron-based X-ray
absorption near-edge structure (XANES) spectroscopy is an emerging technique applicable
to the study of SON, and offers complementary information to '’N-NMR and Py-FIMS. The
ability to probe N and C speciation of soil samples in situ with soft X-rays offers a unique,
purportedly non-destructive (Vairavamurthy and Wang, 2002) opportunity to characterize
SON in field soils and other environmental samples (Myneni, 2002). Original studies of humic
acids and petroleum products using X-ray photoemission spectroscopy showed a dominance
of amide structures with contributions from pyrrolic and pyridinic structures (Kelemen et al.,
2002; Abe and Watanabe, 2004; Abe et al., 2005). Vairavamurthy and Wang (2002) used N
K-edge XANES to characterize marine sediments and humic acids and found heterocyclic-
and amide-N as the dominant forms. Wetland soils were studied by Jokic et al. (2004a),
who also found small amounts of heterocyclic pyridinic- and pyrrolic-N in addition to large
amounts of amide functionality. These studies relied on small libraries of reference compounds,
and as such may limit the interpretations of spectra obtained for whole soils. Leinweber et al.
(2007) conducted a comprehensive study whereby a spectra library was constructed for many
compounds and N functionalities expected to be found in environmental samples. These
included DNA nucleotides, nitriles, and inorganic N-containing compounds (Figure 2.2). In
addition to showing the potential for beam damage to peptide-N, this dataset also showed
potential overlap for some features, including those for amide-N and the NH moiety in DNA
nucleotides.

These potential overlaps may be addressed by characterizing samples with C K-edge
XANES. Organic N must be bound to C, and so an exploration of C functionality in a sample
will provide insight into the overall structure of organic N. Carbon K-edge studies have been
performed on soils and sediments (Jokic et al., 2003; Solomon et al., 2005), soil extracts

(Christl and Kretzschmar, 2007), synthetic systems (Hardie et al., 2007), and whole soils
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Fig. 2.2. Summary of characteristic XANES resonances for N-containing reference

compounds. Adapted from Leinweber et al. (2007)

(Leinweber et al., 2009). Moreover, they have been coupled with the imaging technique of
scanning transmission X-ray microscopy (STXM) to elucidate the spatial distribution of

C-containing moieties at the nanoscale (Lehmann et al., 2005, 2008; Kinyangi et al., 2006).

2.4 Glomalin: a special case of protein-N

Assessments of SON composition using various techniques all report that proteins, peptides
and amino acids comprise the most abundant forms of SON (e.g., Stevenson, 1994; Stevenson
and Cole, 1999; Olk, 2008b; Nannipieri and Paul, 2009).

characterized by hydrolysis with a strong acid, followed by colourimetric quantification using
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the ninhydrin reagent (Stevenson, 1982; Knicker and Skjemstad, 2000; Chantigny et al., 2008)
or by chromatographic separation of individual amino acids (Bremner, 1965; Schnitzer and
Khan, 1972; Stevenson, 1982, 1994). Studies characterizing intact proteins from soils are less
common, focusing mainly on assaying enzyme activities (Skujins, 1967; Boyd and Mortland,
1990; Tabatabai, 1994; Badalucco and Nannipieri, 2007); however, study of non-catalytic
proteins is in its infancy (Bastida et al., 2009).

One such soil protein may be glomalin, a putative glycoprotein produced by arbuscular
mycorrhizal fungi (AMF) (Wright and Upadhyaya, 1996; Wright et al., 1998; Bolliger et al.,
2008). Glomalin is produced in the cell walls of AMF hyphae, and deposited in soil after
hyphal death (Driver et al., 2005). Glomalin is reportedly hydrophobic and has been linked
with aggregate stability (Wright and Upadhyaya, 1998; Rillig, 2004). This protein is produced
in copious amounts (mg g~! soil) and is also persistent in the environment, with an estimated
residence time of 6 to 42 y (Rillig et al., 2001). The discovery of glomalin has thus generated
great interest in the soil ecological community because slow turnover coupled with large
quantities of this material implies that it may be a significant long term sink for C and N in
terrestrial systems (Wright et al., 1996; Rillig et al., 2001; Lovelock et al., 2004; Treseder and
Turner, 2007).

2.4.1 Glomalin is operationally defined

Many fractions of SOM are often operationally defined. These include, for example, humic
substances (Schnitzer and Khan, 1972; Stevenson, 1994; Anderson and Schoenau, 2008),
density fractions (Gregorich and Beare, 2008), and the classical distillation fractionations
of N (see Table 2.1; Bremner, 1965; Stevenson, 1982, 1996). Operational definitions seek
to separate or isolate components of SOM based on particular characteristics. While it is
generally understood that operationally fractionated pools are not pure, it is presumed that
they are dominated by a specific group of compounds (Nichols and Wright, 2006). Glomalin

is operationally defined as the material released from soil after autoclaving in citrate buffer
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(Wright and Upadhyaya, 1996; Wright et al., 2006). This material is then quantified using
either the Bradford total protein assay (Bradford, 1976), or an enzyme-linked immunosorbant
assay (ELISA), with MAb32B11 antibodies generated against spores of Glomus intraradices
(Wright et al., 1996; Rosier et al., 2006). The Bradford total protein assay method is a
simple, non-specific quantification method where Coomassie Brilliant Blue dye changes from
red to blue when complexed with protein residues (Bradford, 1976). Problems with this
detection method for the quantification of glomalin stem from cross-reactivity of the dye
with polyphenols, tannins and nucleotides, all which apparently are co-extracted in glomalin
(Nichols and Wright, 2006; Schindler et al., 2007; Whiffen et al., 2007). Because the Bradford
assay can be performed without specialized equipment, it is likely to find widespread use. This
has negative consequences, because it is likely contributing to overestimations of glomalin
stocks if cross-reacting impurities or non-glomalin proteins are present in the glomalin extract
(Roberts and Jones, 2008).

Because this material is operationally defined, Rillig (2004) argued that the term ‘glomalin’
should be reserved only for the gene product, and proposed the term ‘glomalin-related
soil protein’” (GRSP) as a means to distinguish the gene product from the operational
extract. In addition, Rillig (2004) and Rosier et al. (2006) also recommended differentiating
between Bradford-reactive and immunoreactive GRSP as a means of reinforcing that the
specificity of each detection method yielded differing results. This nomenclature reflects the
acknowledgement that the operationally extracted material is, at best, poorly characterized
and that the structure and molecular characterization of glomalin-proper is still unclear

(Rosier et al., 2006).

2.4.2 Characterizing glomalin-related soil protein

Analytical characterization of bulk GRSP is limited to an NMR characterization, which
showed that this material more closely resembles humic acid rather than protein (Schindler

et al., 2007). Bolliger et al. (2008) sought to evaluate the purity of the GRSP extract using
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) combined with a
suite of visualization methods including western blot, lectin affinity and crossed immuno-
and lectin affinity electrophoresis (CIE-CLAE). The authors concluded that GRSP is in fact
a single glycosylated protein based on its reactivity to the glomalin-defining antibody, and
on CIE-CLAE evidence (which showed a single, diffuse precipitate arc, indicative of a single
protein). This report was made despite evidence presented showing PAGE gels with multiple
bands reactive to silver stain, western blot and lectin blot. In addition, the authors indicate
that the diffused character of the precipitate arc in the CIE-CLAE gel suggested multiple
isoforms of a single protein coupled with heavy glycosylation.

Indeed, early attempts at partial characterization of glomalin focused on the glycan
domain. Glomalin was determined to be a glycoprotein because it exhibited a strong binding
affinity for lectin. This was followed by a study which used capillary electrophoresis to
characterize the N-linked oligosaccharides released from AMF cultures and from GRSP using
enzymatic deglycosylation (Wright et al., 1998). This study found that a single glycan group
was released from AMF cultures, and that several different glygan groups were released from
GRSP extracts, of which dominant soil glycan possessed the same retention time as that
observed from AMF.

A study focusing on the protein portion of glomalin identified it as a homolog of a stress
protein, namely heat-shock protein 60 (Hsp60, Gadkar and Rillig, 2006). In this study, a
protein isolated from an in wvitro mycorrhizal culture of G. intraradices was sequenced, and
found to have homology to Hsp60. A sequence encoding the Hsp60 gene from a G. intraradices
library was used to encode the protein, which was reactive to the glomalin-defining antibody
MAD32B11. The qualification (and quantification) of glomalin in most studies relies on
the material’s immunoreactivity against the MAb32B11 antibody (e.g., Driver et al., 2005;
Gadkar and Rillig, 2006; Rosier et al., 2006; Schindler et al., 2007; Bolliger et al., 2008). The
monoclonal antibody is developed by immunizing a mouse against crushed G. intraradices

spores (Wright et al., 1987, 1996), culturing multiple hybridoma from recovered spleen cells,
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and determining which hybridoma has the strongest immunoreactive response toward the
target isolate spores (Wright et al., 1996). In this case, Wright et al. (1996) named their
hybridoma 32B11 which was the most reactive to a range of AMF fungi, and did not cross
react with other, non-AMF fungi (Rillig and Mummey, 2006). The link between AMF and
glomalin has thus been made by satisfying two criteria: autoclave stability and a positive
reaction against the MAb32B11 antibody generated against spores of G. intraradices. The
binding site of the 32B11 antibody is not yet known; however evidence that it reacts with
Hsp60 produced in vitro (Gadkar and Rillig, 2006) and that it changes in reactivity with
multiple autoclave cycles (Janos et al., 2008) suggests that it is on the protein domain, and
that the site is sensitive to denaturation. While it has been shown that the MAb32B11
antibody is specific to AMF-derived protein (Wright et al., 1996), one would assume that
the antibody would be reactive to any of a number of proteins found in AMF spores (Xavier
et al., 2000). This suggests that the current methods of detection are rather indirect, and
perhaps a more directed, protein-centric approach to glomalin characterization should be

explored.

2.4.3 Proteomics as a soil analytical tool

Proteomics comprises a suite of techniques developed for the isolation, characterization
and identification of proteins (Ogunseitan, 2006; Solaiman et al., 2007; Bastida et al., 2009).
In this multistep procedure, protein mixtures are separated based on their molecular weight
using SDS-PAGE, and visualized using a staining technique (commonly using Coomassie
Blue dye or colloidal silver staining). Bands of interest are then excised, and subjected to
proteolytic digestion, commonly using the trypsin enzyme. Individual peptides are then
sequenced using tandem mass spectrometry, and these sequences are compared to a database
to identify, or find homology to, a known protein. The concept of using metaproteomics
for the characterization of soil proteins is an emerging tool for characterizing soil biology

(Solaiman et al., 2007; Bastida et al., 2009). Like metagenomics, where the collective DNA
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from many organism is used to describe soil processes, metaproteomics focus on characterizing
the collective proteins as a way of elucidating gene functionality (Maron et al., 2007; Bastida
et al., 2009; Nannipieri and Paul, 2009). This technique is being applied to study protein
profiles in AMF (Xavier et al., 2000; Dumas-Gaudot et al., 2004), dissolved organic carbon
(Schulze et al., 2005), contaminated soil (Benndorf et al., 2007), and forest soil (Masciandaro
et al., 2008).

While this technique shows great promise, there exist challenges to its implementation.
First, proteins are isolated using SDS-PAGE, which requires removal of interfering compounds
such as humic substances and nucleotides, which are common in soil (Bastida et al., 2009).
This requires systematic evaluations of extraction and purification methods specific to soils.
Secondly, unlike DNA, proteins cannot be amplified to increase detection limits (Bastida et al.,
2009). This means that extraction protocols may require consideration of an enrichment step.
Finally, proteomics relies on the completeness of the database, which for soil microorganisms
remains poorly covered (Bastida et al., 2009).

Currently, the most direct structural information on the structure and/or function of
glomalin comes from the study published by Gadkar and Rillig (2006), which found homology
between a MAb31B11-reactive protein isolated from AMF and Hsp60. No studies exist,
however, which seek to characterize the protein(s) which are extracted in GRSP. At this
point, little information exists on the actual protein structure, or on other protein (and
non-protein) impurities in the GRSP extract. Applying metaproteomics to the study of
GRSP may validate the connection between glomalin and AMF, and would also allow a direct

understanding of the composition, and ecological significance of the material comprising

GRSP.
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2.5 Synchrotron-based X-ray absorption spectroscopy

2.5.1 The synchrotron facility

The construction and use of synchrotron radiation has been described in detail in Winick
(1994), Peatman (1997), and Sham and Rivers (2002). Presented here is an overview of the
synchrotron setup and the phenomenon of X-ray absorption relevant to studies of soils (see
also Ginder-Vogel and Sparks, 2010). A synchrotron produces high-intensity photons that
can be used to probe the chemical, physical, and biological properties of matter. Electrons,
when traveling at relativistic speeds (i.e., almost the speed of light) will emit radiation when
they are accelerated by a force perpendicular to their velocity (Elder et al., 1947; Sham
and Rivers, 2002). Early synchrotron experiments were parasitic off machines designed
for high-energy particle physics, where circular particle accelerators were being used and
synchrotron radiation was considered a nuisance because it was a waste of energy from the
system (Winick, 1994). It was discovered, however, that this radiation had specific and
desirable properties, namely high brightness, collimation (directionality), and polarization,
and could be used as a high-intensity light source for a range of spectroscopic studies (Winick,
1994; Peatman, 1997).

In a modern synchrotron, electrons are generated and accelerated by a linear accelerator.
This is followed by a second acceleration step whereby electrons are brought to relativistic
speeds using a booster ring (Winick, 1994). These electrons are then fed into a storage ring,
and it is here that synchrotron radiation is generated for experimental use. The storage ring
is a polygon, and each corner is fitted with a dipole magnet (Figure 2.3A). As relativistic
electrons travel around the ring, they are accelerated at each corner by the dipole magnet
(also called a “bending magnet”) and directed along the next straight section (Figure 2.3B).
Each corner around the ring produces synchrotron radiation, and thus may support an
experimental station, or beamline (Winick, 1994).

Modern third generation synchrotrons are designed to increase flux (brightness) by
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including insertion devices, known as wigglers and undulators. These devices are installed
into the straight sections of the storage ring, between the bending magnets. These devices
are arrays of multiple magnet pairs, arranged in alternating polarity (Figure 2.4). When
an electron beam enters an insertion device, the beam oscillates between the poles, and
follows a sinusoidal path with a period equal in length to the distance between two like
magnetic poles. This system produces a photon release each time the beam is diverted,
thus mimicking multiple bending magnets, and providing a substantial increase in photon
flux compared to a bending magnet (Peatman, 1997). Wigglers and undulators differ in
how the repeated magnet periods relate to the wavelength of energy transmitted through
them. Wigglers use fewer, larger, magnets so that the electrons passing through undergo a
large angular deflection, producing a beam with a wide, continuous, incoherent spread of
radiation. Undulators are built so that the magnetic periods are shorter, and are equal to the
wavelength of photons desired for the experiment (Winick, 1994; Sham and Rivers, 2002). As

electrons move through the undulator, out-of-phase photons that are produced will cancel out
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Fig. 2.3. Schematic of (A) Electron path and position of bending magnets on a
synchrotron storage ring and (B) photon production as the electron beam is
accelerated by a dipolar bending magnet.
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through destructive interference. The result is a highly brilliant and quasi-monochromatic
beam that is delivered to the optics of the beamline (Sham and Rivers, 2002). The undulator
thus offers a degree of tunability to the delivered radiation, which is related to the distance
between the top and bottom array of magnets (undulator gap). Because of this, the upper
magnet array is motor-driven, and the undulator gap is varied so as to track along with a
monochromator, which further selects radiation energy, to achieve the maximum flux to the
sample of a particular energy.

In general, beamlines contain similar components, including shutters to protect the ring
vacuum, and mirrors to divert and focus the beam onto the sample. For the user, the two
most important components are the monochromator and the endstation. Monochromators
are devices that select the energy of the radiation that will be delivered to the sample.

These devices are diffraction-based, and, according to Bragg’s Law (n\ = 2d sin @), deliver a

Magnetic Poles

Electron Path

Fig. 2.4. Electron flow and production of high intensity photon flux from an
insertion device (undulator or wiggler).
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highly-resolved, narrow band of photon energies to the sample by altering the angle of the
monochromator with respect to the incoming beam (Peatman, 1997). The monochromator is
thus one of the most important components of a synchrotron beamline, because it allows fine
control over the photons delivered to the sample, and thus has the potential to produce a
highly resolved spectrum.

The endstation is where the sample is presented to the beam, and where the data is
collected. The endstation is application specific, and in theory, can be exchanged depending
on the experiment. Examples of endstations include X-ray photoemission chambers, X-ray
absorption chambers, scanning-transmission X-ray microscopes (STXM), and photoemission
electron microscopes (PEEM). Soft X-rays, which do not penetrate air, are used for experi-
ments at the N and C K-edges. Moreover, air is 78% N», which will overwhelm any signal
produced from N in a sample unless it is excluded. The prime requirement of a soft X-ray
endstation, therefore, is that it be kept under high vacuum. The endstation also houses the
detection apparatus. Detectors are designed to record the outcomes of the X-ray absorption

process.

2.5.2 The X-ray absorption process

The technique of X-ray absorption spectroscopy (XAS) is an element-specific probe of
the electron structure of a material. This means that XAS can detect specific bonds and
functional groups in a sample (Stohr, 1992). Every electron shell of every element in the
periodic table absorbs at a unique X-ray energy. This phenomenon is referred to as the
absorption edge. The power of XAS thus lies in the ability to probe the chemistry of specific
elements of interest in complex samples by exploring electron structures. Since electronic
structure explains different bonding and speciation arrangements of an element, the resulting

spectral shifts provide a fingerprint of the elemental chemistry in the sample.

27



2.5.3 Experiments using X-ray absorption
2.5.3.1 X-ray photoemission spectroscopy (XPS)

The first studies to use X-rays to characterize chemical structures were performed by Dr.
Kai Siegbahn in Uppsala, Sweden using X-ray photoelectron spectroscopy (XPS), or electron
spectroscopy for chemical analysis (ESCA) (Siegbahn et al., 1967; Siegbahn, 1990; Briggs,
1998; Ratner and Castner, 2009). In this technique, the incident photon energy is fixed,
and the kinetic energies of emitted electrons are measured. The kinetic energy is related
to the binding energy of the electron, by the equation Eg = hv — Ex — ¢, where Eg =
binding energy, h = Planck’s constant, v = photon frequency, Ex = Kkinetic energy, ¢ =
work function (which is the minimum energy needed to remove an electron from a solid)
(Hrbek, 2002; Ratner and Castner, 2009). The ejection of a photoelectron requires the input
of energy greater than the ionization potential (or binding energy + work function) of the
particular electron (Figure 2.5). These electron binding energies are sensitive to the charge
distribution of the valence electrons, imparting chemical bonding information related to the
element (Siegbahn, 1990; Hrbek, 2002; Ratner and Castner, 2009). An example of an XPS

spectrum of a soil is shown in Figure 2.6.

2.5.3.2 X-ray absorption near-edge structure (XANES) spectroscopy

X-ray absorption near-edge structure (XANES) spectroscopy differs from XPS in that
the incident photon energy is varied, and the amount of absorbed photons is measured. The
final result of an electron excitation event is dependent on the energy of the incident photon,
where the electron need not be completely ejected from an atom after interaction with a
photon. Figure 2.7 shows four possible outcomes for an excited electron: (1) hr < Ep: no
photon absorption; (2) hy = Eg: resonance - a well defined final state where the electron is
not removed, and has a high probability of occurring; (3) hv > Eg, hv < Ep + ¢: absorption,

but electron not removed; (4) hv > Eg + ¢: electron removed, same as XPS.
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Fig. 2.5. Schematic of the X-ray absorption process in X-ray photoelectron
spectroscopy. An incident photon excites a core electron, removing the electron into
the continuum. Ep = binding energy, h = Planck’s constant, v = photon frequency,
FEx = kinetic energy, Erpryr = position of zero binding energy, Ey 4c = energy of an
isolated electron at rest, ¢ = work function, which is the energy required to remove
electron from a solid (the difference between Eppgry; and Ey40). Two common
nomenclatures for labelling electron shells are included here: Atomic Notation (1s,
2s, 2p, 3s, etc.) and X-ray Notation (K, L;, Ly 3, M, etc.)

In a XANES experiment, outcomes 2 and 3 are of particular interest. Here, different the
electron can be promoted to specific resonant final states by tuning the photon energy to
the electron transition energy. These final states correspond to unfilled molecular orbitals,
which reflect the local bonding structure of the element (Stohr, 1992; Myneni, 2002; Sham
and Rivers, 2002). Patterns in the XANES spectra can provide a fingerprint of the elemental

chemistry in the sample. Figure 2.8 shows a schematic of a wide XANES scan across a range
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Fig. 2.6. Example of X-ray photoelectron spectrum of a soil.
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Fig. 2.7. Schematic of the X-ray absorption near-edge structure process. An
incident photon excites a core electron, resulting in several outcomes depending on
the photon energy. Ep = binding energy, h = Planck’s constant, v = photon
frequency, Fx = kinetic energy, ¢ = work function (which is the minimum energy
needed to remove an electron from a solid). (1) hv < Ep - no absorption; (2) hv = Ep:
resonance - a well defined final state where the electron is not removed; (3) hv > Ep,
hv < Ep + ¢: absorption, but electron not removed; (4) hv > Ep + ¢: electron
removed, same as XPS.
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of photon energies and absorption edges.

The K-edges for N and C fall in the soft X-ray region, which cannot pass through samples
deeper than ca. 100 nm (Myneni, 2002). Measuring X-ray absorption therefore cannot
be accomplished simply by measuring transmittance. Instead, two surrogate methods of
measurement may be used: fluorescence yield and total electron yield.

Electron promotion leaves an electron core hole, which is filled through the relaxation of
another electron from a higher energy shell (Ratner and Castner, 2009). This electron must
lose energy to do this, and does so in one of two competing secondary de-excitation processes.
The first is a radiative process, where the energy is lost as a fluorescence photon (Figure
2.9). The second process is non-radiative, where the energy is lost through the emission
of an Auger (pron: Oh-zhay) electron (Figure 2.10) (Stohr, 1992; Sham and Rivers, 2002).
Fluorescence yield (FLY) and Auger electron emission, measured as the drain current from the
sample (total electron yield, TEY), both are proportional to the number of electron core holes
created, and are thus proportional to the number of photons absorbed. These phenomena
can therefore be used as surrogate measurements of X-ray absorption. Both processes are
recorded simultaneously in a XANES experiment, and they provide complementary data with
respect to the probing depth (Stohr, 1992). The mean free path for electrons escaping the

surface is <10 nm (Frazer et al., 2003), whereas fluorescence yield has an estimated escape

O K-edge

Ca L-edge
K L-edge
C K-edge

X-ray Absorption (not to scale)

Photon Energy (eV — not to scale)

Fig. 2.8. Example of a XANES spectrum
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Fig. 2.9. Schematic of fluorescence photon release through relaxation process after
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Fig. 2.10. Schematic of Auger electron release through relaxation process after
X-ray-induced photoelectron removal. Process is competitive with fluorescence.
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depth of 70-100 nm (Katsikini et al., 1997). TEY is thus a surface-sensitive detection method,
whereas FLY probes more of the bulk material.

As mentioned above, the spectral features observed in a XANES scan correspond with
unfilled molecular orbitals. When two atoms are brought together into a chemical compound,
their atomic orbitals blend together, and form delocalized molecular orbitals (Stohr, 1992;
Mymneni, 2002). These transitions to unoccupied orbitals still leave a core hole that must be
filled, which is done so either by fluorescence or electron emission.The detection of fluorescence
or electron emission in a XANES experiment are thus measurements of unoccupied 7* and
o* antibonding orbitals, which reflects the electronic configuration, giving insight into the

local bonding structure of the molecule (Stéhr, 1992; Myneni, 2002; Sham and Rivers, 2002).

2.6 Novel Approaches Toward Characterizing SON

Understanding the forms and chemistry of organic N in soil is crucial to understanding N
cycling at the global scale. Despite many years of study, considerable controversy remains
surrounding organic N chemistry, largely due to analytical limitations inherent in the available
methods. The challenge is to develop and adopt new and relevant technologies from analytical
chemistry and biochemistry and apply them to the characterization of organic N.

Advantages in analytical techniques such as synchrotron-based XANES, pyrolysis mass
spectrometry and proteomics present new opportunities to further our basic understanding
of SON. Complementary, multipronged approaches may be the answer to elucidating the
fundamental structures in which SON is bound, thus providing insight into the cycling,
persistence, agronomic significance and global environmental distribution of N-containing

compounds.
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Chapter 3

Calibration method at the N K-edge using
interstitial nitrogen gas in solid- state
nitrogen-containing inorganic compounds'

Abstract

The standard method of soft X-ray beamline calibration at the N K-edge
uses the v = 0 peak transition of gas-phase N,. Interstitial Ny gas trapped or
formed within widely-available solid-state ammonium- and amine-containing salts
can be used for this purpose, bypassing gas-phase measurements. Evidence from
non nitrogen-containing compounds (KHyPO,) and from He-purged ammonium
salts suggest that production of Ny gas is through beam-induced decomposition.
Compounds with nitrate or nitrite as anions produce coincident features and are

not suitable for this calibration method.

3.1 Introduction

The ideal method for energy calibration of soft X-ray analysis at the nitrogen K-edge is
the measurement of the vibrational peak positions of gas-phase Ny with an in-line mounted

gas cell. The vibrational manifold of the 1s — 7* transition is well known from electron

tThis work has been published in Gillespie, A.W., F.L. Walley, R.E. Farrell, T.Z. Regier, and R.L.R. Blyth.
2008. Calibration method at the N K-edge using interstitial nitrogen gas in solid-state nitrogen-containing
inorganic compounds. J. Synch. Rad. 15:532-534. Minor modifications have been made for consistency in
formatting.
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spectroscopy, and the v = 0 peak has an energy of 400.8 eV (Sodhi and Brion, 1984;
Schwarzkopf et al., 1999). Not all beamlines have facilities for gas-phase measurements,
however, and in beamtime shifts where solid-state measurements are planned, setup and use
of the gas cell can be unwieldy and time-consuming.

Characteristic Ny molecular vibrations in nitrogen-containing salts were observed during
an investigation of natural reference compounds (Leinweber et al., 2007). As well, trapped
N, gas has been reported in the characterization of N3 -bombarded alumina (Holgado et al.,
2003), and of compound semiconductors (Ruck et al., 2004; Petravic et al., 2006). The
objective of this study was to conduct an assessment of suitable inorganic compounds that
can be used for a simple, alternative calibration method at the N K-edge using high-resolution

scans over energies corresponding to Ny gas.

3.2 Materials and Methods

3.2.1 Reference compounds

The inorganic, N-containing salts used as reference compounds are listed in Table 3.1.
All reference compounds were pulverized with a mortar and pestle, affixed to double-sided
conductive carbon tape (SGE, Toronto, ON) and mounted onto stainless steel sample discs.
In addition, hydroxylamine hydrochloride and ammonium sulfate were dissolved in deionized
water, purged with ultra-high purity helium, evaporated under helium to remove existing
N, gas, and pulverized and mounted as described above. Gas-phase photoabsorption Ny
measurements were obtained using a double ionization gas cell with a 10 cm active pathlength
in each chamber (Yates et al., 2000) for comparison to Ny vibrations measured in solid-state

samples.
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Table 3.1. Names, formulae, CAS (Chemical Abstracts Service) and suppliers for
compounds used in this study.

Compound Formula CAS # Supplier

Ammonium chloride NH,CI 12125-02-9 AnalaR
Ammonium phosphate, Dibasic (NH4)2HPO, 7783-28-0 BDH
Ammonium phosphate, Monobasic  (NH4)H,PO, 7722-76-1 EMD

Ammonium sulfate (NH,4)2SO4 7783-20-2  Fisher
Ammonium nitrate NH4NO;3 6484-52-2  Sigma-Aldrich
Hydroxylamine hydrochloride NH,OH-HCI 5470-11-1  Chemservice
Potassium nitrate KNOg3 7757-79-1  EMD

Sodium nitrite NaNO, 7632-00-0  Sigma-Aldrich
Potassium dihydrogen phosphate’ — KH,PO, T7778-77-0  Baker

Tultra high purity (99.8%)

3.2.2 N K-edge XANES

Nitrogen K-edge X-ray absorption near edge structure (XANES) spectra were collected
using the Spherical Grating Monochromator (SGM) beamline 11ID-1 at the Canadian Light
Source (CLS), Saskatoon, SK, Canada. This facility delivers 10* photons s™! at the N K-edge
with a resolving power (E/AE) greater than 10,000 (Regier et al., 2007a,b). Fluorescence yield
(FLY) data were recorded using a two-stage multichannel plate detector that was operated in
parallel with total electron yield (TEY) data collection through measurement of the drain
current from the sample. High-resolution scans were taken using a step size of A0.01 eV over
the expected range for Ny gas, and of A0.1 eV for the remainder of the scan. Spectra were
normalized to the incident flux using an in-line Au mesh which was refreshed by evaporation
in situ prior to data collection. Data processing was done using the Athena software package
(Version 0.8.050) (Ravel and Newville, 2005). Data from at least two scans were averaged,
and background corrected by a linear regression fit through the pre-edge region followed by

normalization to an edge step of one.
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3.3 Results and Discussion

Figure 3.1 shows FLY data of N K-edge XANES scans for the inorganic N-containing
compounds studied, with panel A illustrating the energy region surrounding the vibronic
structure of Ny gas in detail, and panel B showing the full scan. Nitrogen gas vibronic
structure is clearly evident in the reduced N- (i.e., ammonium- or amine-) containing salts
that do not have an oxidized N anion. The v = 0 transition occurs at the same peak position
in the solid phase as it does in the gas phase (Figure 3.1A). The data of show no significant
shift in the peak position until the peak width broadens by over 100 meV, by which time a
significant change in the overall shape has occurred. Provided there is a valley between the
second and third peaks, we quantitatively estimate the accuracy to be within 100 meV. Peak
widths, however, vary due to lifetime reduction through solid state mechanisms. This change
correlates with the crystal lattice constant, and thus with confinement of Ny gas within the
solid phase. This has been discussed in detail with respect to compound semiconductors by
Petravic et al. (2006).

The presence of nitrate (NOj3) or nitrite (NO5 ) produces a feature at 401.7 eV, which
is coincident with 1s — 7* of Ny gas, rendering these compounds less useful for calibration
purposes. Although observed previously (Leinweber et al., 2007), this feature remains
unidentified. It should be noted, however, that this feature was not observed in previously
published analyses of KNO3 (Vinogradov and Akimov, 1998; Rodrigues et al., 2007), suggesting
that it may be a product of beam-induced decomposition. If this is the case, it is not likely
to be decomposing to nitrous oxide (NyO) or nitrogen dioxide (NOy), as this feature does not
match previously published spectra for these oxides of N (Adachi and Kosugi, 1995; Gejo
et al., 2003). Decomposition to NO, however, is observed here in NH4;NO3, with vibrations
corresponding to published results (Remmers et al., 1993; Adachi and Kosugi, 1995; Yates
et al., 2000).

Certainly, atmospheric Ny trapped within the solid phase would explain the occurrence

of this feature; implying that the use of any inorganic salt would suffice as a calibration
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Fig. 3.1. Nitrogen K-edge fluorescence yield (FLY) spectra showing Ns gas in the
solid state of inorganic salts used in this study. Panel A shows detail of
high-resolution section, and panel B shows the full N K-edge scan. Dotted line
corresponds to 400.8 eV, which is the v = 0 peak for the vibrational manifold of the
1s — 7* transition for Ny gas (Sodhi and Brion, 1984; Schwarzkopf et al., 1999).
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material. However, spectra obtained for N-free, ultrapure potassium phosphate (dibasic)
showed no evidence of Ny gas vibrational structure (Figure 3.1). In addition, we analyzed
ammonium sulfate and hydroxylamine hydrochloride that had been dissolved, purged of Ny
and recrystallized under an ultra-high purity helium atmosphere. These scans showed the
presence of Ny gas, matching those obtained for the unprocessed salts (data not shown).
While it is beyond the scope of this paper to determine the mechanism of entrapment or
production of interstitial Ny, these results suggest that it is derived from decomposition of
the ammonium moiety. Indeed, for calibration purposes, the salt must contain ammonium-
or amine-N to be of use.

Total electron yield (TEY) spectra for selected scans are shown in Figure 3.2, with panel
A illustrating the region encompassing Ny gas within the full scan pictured in panel B. Scans
for all the ammonium-containing salts, except NH4;NOs, showed similar characteristics; thus
only data for (NH4)2SOy is presented here as a representative scan. The Ny gas vibronic
feature is suppressed in all TEY scans for all substances, and is absent from NH,;NO3 and
KNOj3. Total electron yield (with an estimated penetration depth <10 nm) is more surface
sensitive than FLY (with an estimated penetration depth of 70-100nm) (Katsikini et al.,
1997; Frazer et al., 2003). This suggests that the Ny gas originates (i.e., is entrapped or
produced) below the surface layer, and that any Ny at/near the surface is removed in the
vacuum chamber. Therefore, as a calibration method, TEY provides a less useful measure of
absorption when compared to FLY. Total electron yield data also revealed a stronger feature
at 401.7 eV seen in KNO3 and CaNO,, indicating that if this is a decomposition product,

then the mechanism of its formation is surface-sensitive.

3.4 Conclusions

Interstitial Ny gas contained within solid-state inorganic ammonium- and amine-containing

salts can be used to quickly and accurately calibrate soft X-ray beamlines at the N K-edge
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Fig. 3.2. Nitrogen K-edge total electron yield (TEY) spectra showing suppressed Ny
gas detection. Panel A shows detail of high-resolution section, and panel B shows the
full N K-edge scan. Spectrum for ammonium sulfate is representative for all spectra

of ammonium- and amine- containing salts.

without the need for gas-cell measurements. Dinitrogen gas contained within these solids
may be generated via beam-induced decomposition. Other, as yet unknown compounds may
be produced if the anion is an oxidized N moiety such as nitrate or nitrite. Characteristic

Ny molecular features are observed more strongly with FLY, indicating formation/presence

within the bulk material.
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Chapter 4

Time-scale assessment of amino acid and
peptide degradation using synchrotron-based
photoemission spectroscopy

Abstract

XANES spectroscopy provides a unique and powerful approach to analysing
peptides, proteins and amino acids in environmental samples. Once considered
non-destructive, development of this method through the evaluation of reference
compounds has shown degradation of these substances through beam exposure
over time, particularly on high flux undulator beamlines. The rate of degradation
may be occurring more quickly than that which can be observed at the timescale of
a typical XANES scan at the C and N K-edges (ca. 7 min). Photoemission scans
across binding energies for C 1s and N 1s can be performed quickly (75-180 s), and
thus provides a tool to examine the rapidity of decomposition. Presented here is
a time-resolved study of simple peptides containing histidine, glycine, methionine
and arginine to evaluate the decomposition rates and possible products from
beam exposure of these proteinaceous substances. Results showed that irradiation
increased the conductivity (i.e., removed differential charging) of these insulating
organic compounds. Irradiation also produced a secondary set of compounds
for which charging was lifted completely, suggesting physical damage as well
as chemical changes to the amino acid/peptide material. In addition, different

chemical changes were observed in the ‘insulating’ compounds compared to the
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‘conducting’ products. Finally, peptides containing methionine and histidine were
more sensitive, with physical and chemical changes occurring within 10 min,
whereas glycine and arginine-containing compounds were more stable. XANES
scans of sensitive material must therefore be monitored for beam damage that

may occur before completion of the first scan.

4.1 Introduction

Synchrotron-based X-ray absorption spectroscopy provides a unique and powerful approach
to the characterization of organic material in environmental samples. In particular, N and C K-
edge XANES spectroscopy has been successfully used to characterize N-bonding environments
in soils and sediments (Myneni, 2002; Vairavamurthy and Wang, 2002; Jokic et al., 2003,
2004a; Solomon et al., 2005; Kinyangi et al., 2006; Leinweber et al., 2007, 2009). Once
purported as a non-destructive method (Vairavamurthy and Wang, 2002), XANES studies
have shown degradation and transformation of some reference compounds through beam
exposure over time, particularly when using high photon flux undulator beamlines (Coffey
et al., 2002; Ascone et al., 2003; Kade et al., 2007; Leinweber et al., 2007; Cody et al., 2009;
Schéfer et al., 2009; Wang et al., 2009). Amino acids and peptides appear to be highly
susceptible to X-ray damage (Bozack et al., 1994; Kade et al., 2007; Leinweber et al., 2007;
Wilks et al., 2009), which is of concern for analyses of soil and environmental samples where
protein and amide N predominates (Schulten and Schnitzer, 1998; Olk, 2008b). While it is
clear that X-ray exposure induces chemical changes in proteins and amino acids, (Zubavichus
et al., 2004a,b; Kade et al., 2007; Wilks et al., 2009; Zubavichus et al., 2009), the question
remains as to whether degradation reactions are occurring more quickly than the time required
to acquire a single spectrum.

A typical XANES scan on the spherical grating monochromator (SGM) beamline at

the Canadian Light Source (CLS) lasts ca. 7 min, where the analysis time is limited by
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optical system movements. Another option available to assess X-ray absorption is to use
the complementary technique of X-ray photoemission spectroscopy (XPS). This technique
uses a different detector mounted on the beamline which measures the kinetic energy of
electrons emitted from the sample during irradiation (Siegbahn, 1990; Briggs, 1998; Ratner
and Castner, 2009). Kinetic energy can be measured more quickly across binding energies for
N 1s and C 1s (75-180 s) than a typical XANES scan, and thus provides a tool to examine
the speed of decomposition at higher temporal resolution.

Kinetic energy is related to the binding energy of a core electron by:

Where Ep = binding energy, hi = incident photon energy, Ex = kinetic energy, ¢ = work
function (which is the minimum energy needed to remove an electron from a solid) (Hrbek,
2002; Ratner and Castner, 2009). The electron binding energies are, like XANES, unique
to the individual elements. They also are sensitive to the charge distribution of the valence
electrons, yielding information pertaining to the chemical bonding of the element (Siegbahn,
1990; Hrbek, 2002; Ratner and Castner, 2009).

Presented here is a study of soft X-ray irradiation effects on proteinaceous materials over
time using XPS. The model substances selected include amino acids (methionine, arginine),
simple peptides (methionyl-methionine, glycyl-glycine, pyroglutamyl-histidyl-proline amide)
and non-peptides (2,3-pyrazinedicarboxylic acid, guanine) for comparison to non-protein
materials. This study was undertaken by recording time-resolved XPS scans across Ey
equivalent to the N 1s and C 1s binding energies, to evaluate and compare the decomposition

rates and possible products from beam exposure of these proteinaceous substances.
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4.2 Materials and Methods

4.2.1 Reference compounds

Methionine (met; CAS#: 7005-18-7); arginine (arg; CAS#: 74-79-3); methionyl-methionine
(met-met; CAS #: 7349-78-2); glycylglycine (gly-gly; CAS#: 61499-00-1); pyroglutamyl-
histidyl-proline amide (PHP; CAS#: 24305-27-9); 2,3-pyrazinedicarboxylic acid (PZDA;
CAS#: 89-01-0) and guanine (CAS#: 73-40-5) were obtained from Sigma-Aldrich (Mis-
sissauga, ON). Compounds were powdered in a mortar and pestle and affixed to a sample
plate using double-sided conductive carbon tape (SGE, Toronto, ON), after which they were

pumped to ultra-high vacuum in the XPS chamber for ca. 24 h.

4.2.2 XPS

X-ray photoelectron spectra were collected using a Scienta SES100 photoemission analyzer
(VG Scienta Inc., Newburyport MA) using the Spherical Grating Monochromator (SGM)
beamline 11ID-1 at the Canadian Light Source (CLS), Saskatoon, SK, Canada. This beamline
delivers 10! photons s at the N K-edge with a resolving power (E/AE) better than 10,000
(Regier et al., 2007a,b). The monochromator and undulator were set to provide an incident
photon flux of 600 eV with a slit opening of 50 pum. Without shifting the beam from the
original incident spot on the sample, single XPS spectra were consecutively recorded across
E corresponding to the N 1s and C 1s binding energies while recording each start time.
Each scan lasted between 75-180 s, depending on the Ej range required to capture the N 1s
and C 1s regions, and was recorded in a separate data file.

Curve fitting was carried out on the t=22 min spectrum of met-met to determine possible
degradation products using fityk (ver. 0.8.6). Voigt lineshapes, which are convolutions of
Gaussian and Lorentzian curves, were used in the deconvolution (Briggs, 1998; Ratner and
Castner, 2009). For insulating samples such as amino acids (and other polymers), the Ep

may be calculated based on an internal reference for the C 1s of saturated hydrocarbons,
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where Fp = 285.00eV . In this study, Ep for peaks resulting from beam decomposition were
calculated relative to the C 1s for the graphitic C tape substrate where Eg = 284.70eV .
Carbon 1s peak assignments were made using values calculated from Briggs (1998) and
presented in Appendix D.1. Nitrogen 1s assignments were estimated from data presented in
Nordberg et al. (1968), Zubavichus et al. (2004a,b, 2005a), Plekan et al. (2007) and Zhang
et al. (2009).

4.3 Results and Discussion

4.3.1 XPS

Successive scans for met and met-met are shown in Figure 4.1, with N spectra plotted on
the left and C on the right. These results were plotted as Ex rather than the conventional
method of presenting XPS data (as Ep) to show the changes in differential charging on the
sample over time. When electrons from within an insulating material do not balance emitted
photoelectrons, a positive charge builds up at the material surface (Briggs, 1998; Gregoratti
et al., 2009). This creates a positive charge at the surface, which slows the emitted electron
(i.e., decreases Fi), resulting in an apparent increase in Ep (Gregoratti et al., 2009; Ratner
and Castner, 2009). This phenomenon is referred to as ‘charging’. This apparent shift in Fp
is actually due to a changing value for the work function of the electron (¢) in Equation 4.1.
In Figure 4.1, both met and met-met show single peaks for N and C XPS scans at time =
0 min. Charging appears to be lessened from the sample over time, with shifts in these N
and C peaks toward higher kinetic energies, indicating changes to ¢, and thus changes to the
charging characteristics of the sample. The distance (i.e., AEk) between C and N peaks also
remains constant over the course of the experiment, indicating that charging is responsible
for the shift, and not the development of chemical changes in the material.

New peaks, representing different C and N functionalities (at ca. Ex = 310 eV and 195

eV, respectively), appear within minutes of radiation incidence. These new peaks do not
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experience shifts due to charging, indicating closer contact with the graphite substrate and
suggesting physical fragmentation and removal of material. Indeed, the initial peak heights
decrease with subsequent scans along with an increase in height of the newly-formed peaks
(Figure 4.1). XPS is well known as a surface-sensitive analytical method (Siegbahn, 1990;
Briggs, 1998; Hrbek, 2002; Ratner and Castner, 2009), and although photons may be able
to penetrate the bulk material, the mean free path for electrons to escape elastically (i.e.,
without losing energy) is shallow (<10A; Hrbek, 2002). Removal and fragmentation of these
amino acids thus allows progressive exposure of the C tape substrate, introducing graphitic
C (at ca.Ex = 310 V) into the XPS spectrum.

Chemical changes to the structure of met and met-met are also taking place as a result of
irradiation. Figure 4.2 shows the deconvoluted spectrum of met-met after a 22 min exposure.
After deconvolution, the assignment of C and N functionalities to each peak was not possible
when using a single reference C 1s peak with the lowest Ex (peak 5). This is because the
peak positions farthest from the C 1s peak occurred at binding energies that were higher than
those corresponding to C functionalities that were possible in this sample (e.g., no compounds
exist for Eg > 290.4 eV, see Appendix D.1). The deconvolution procedure instead revealed
that irradiation of this dipeptide mounted on conductive C tape produced a bimodal system,
each cluster with its own conduction regime and photoreaction products. Group A (Figure
4.2, peaks 1-4) comprises compounds derived from the original amino acid/peptide material,
and group B (peaks 5-9) comprises a secondary set of compounds, where charging has been
removed completely. When converting Ex to Eg, peak 1 was used as the reference for group
A, where C 1s ¢_¢c = 285.00 eV, and peak 5 was used for the reference for group B, where C
1s c—¢ = 284.7 for the graphitic carbon substrate (Briggs, 1998). Progressive exposure of
the substrate indicates that physical degradation, in addition to chemical changes, of the
material is occurring with beam exposure.

The N 1s lineshape starts (0 min) as a dominant peak with a binding energy of 400.2 eV

(See Figures 4.1B and 4.2). At the end of the experiment (22 min exposure), the bimodal
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Fig. 4.2. N 1s (left) and C 1s (right) XPS spectra of methionyl-methionine at 0 min
irradiation (C 1s peak adjusted to 285.00 eV) and deconvolution of XPS of met-met
after 22 min radiation exposure. Irradiation creates two sets of peaks (A and B).
Binding energies relative to C 1s binding energy for saturated hydrocarbons (Group
A; charging) or graphite from carbon tape (Group Bj; charging lifted). Peaks
numbered as: (1) 285.0 eV, C-C (C 1s reference); (2) 288.3 eV, N-C=0 (peptide);
(3) 290.2 eV, C—COj; (carbonate) (4) 400.2 eV, -NH] / -NHo; (5) 284.7 eV, C=C
(reference); (6) 285.9 eV, C-N<; (7) 287.8 eV, N-C-0; (8) 398.9 eV, NHy; (9) 400.6
eV, NHJ.
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N 1s lineshape is seen, with a single peak remaining at 400.2 eV (referenced to group A)
and two new peaks generated at 398.9 eV and 400.6 eV (referenced to group B). Studies of
amino acid decomposition also show a dominant initial peak, assigned as protonated amine
(-NHj ), followed by the development of a second peak at a lower binding energy, assigned
as unprotonated amine (-NH,) (Bozack et al., 1994; Zubavichus et al., 2004a,b). This is
the result of progressive irradiative deprotonation of the -NHj moiety; in this experiment,
however, the observed phenomenon of deprotonation is only observed in the material for
which charging has been removed. This shows an interaction between the mechanisms of
physical and chemical decomposition of met-met due to irradiation.

The C 1s lineshape also starts as a single peak (Figures 4.1B and 4.2), and develops
into a complex bimodal spectrum. In this case, group A progressively shows peptide (N-
C=0) functionality (peak 2) and a highly oxygenated peak corresponding closely in Eg to
organic carbonate (Appendix D.1). The Ep for group B, in contrast, correspond closely
with C-N (peak 6) and saturated N-C-O bonds (peak 7). Again, like the development of
the N 1s spectra, there are distinct patterns of chemical differentiation under irradiation
in the group of compounds which are insulating (group A) as compared to the group
for which charging has been removed (group B). Zubavichus et al. (2004a) have outlined
several mechanisms for chemical degradation of amino acids, including dehydrogenation
(deprotonation), decarboxylation, dehydration, deamination and desulphurization. One or
more of these destructive processes appear to be occurring in the present study; however,
there also appears to be the development of new compounds, such as organic carbonates.
This indicates that these amino acid systems undergo extensive rearrangement of chemical
bonds under irradiation (Wilks et al., 2009).

Similar patterns of charging and subsequent bimodal spectral development are observed in
analyses of gly-gly and PHP (Figure 4.3). Again, the N 1s and C 1s lineshapes begin as single
peaks, and immediately drift toward higher kinetic energies as a result of charge removal.

The development of secondary compounds is also evident, with N 1s changes following the
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same pattern observed in met and met-met (i.e., deprotonation of -NHj is only observed
for the material from which charging has been lifted - see inset). The same pattern of C
1s changes is also observed, with charge lifting occurring on the original material, physical
deterioration of the sample resulting in the development of a secondary set of compounds,
and the development of chemical changes in both sets of compounds over time.

This contrasts with the data for arg (Figure 4.4), where the onset of charging is slower,
and the appearance of secondary compounds is slow. Chemical changes of N are occurring;
however, in this case, the deprotonation of -NHj is occurring in the original material (see
inset). This indicates that different amino acids and peptides have vastly different degradation
characteristics under soft X-ray irradiation.

Finally, two compounds were evaluated for which radiation damage was not observed in
the evaluation of reference compounds (Leinweber et al., 2007). Figure 4.5 shows the time-
resolved XPS for heterocyclic N-containing PZDA and heterocyclic N- and amine-containing
guanine. For these compounds, physical degradation was slow, and chemical degradation
was not observed over the course of the experiment. Indeed, amino acids are comparatively
much more sensitive to soft X-ray irradiation than these heterocyclic and amine-containing

compounds.

4.3.2 Time-scale degradation assessment

There exists concern that radiation damage occurs in XANES scans of peptides before
the completion of the first spectral collection (Zubavichus et al., 2004a,b; Leinweber et al.,
2007). In this study, met and met-met (Figure 4.1) are most sensitive to degradation, with
quick formation of photodegradation products (< 10min) and the disappearance of original
N-compounds within 30 min. These data show that this methylated thiol-containing amino
acid is highly susceptible to radiation damage, and that the concern reported in Leinweber
et al. (2007) that initial XANES scans of methionine may be damaged before its completion

is justified. This contrasts the data of Zubavichus et al. (2004a), where the thiol-containing
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cysteine is reported to be more stable than other functionalized amino acids (alanine, serine
and aspartic acid). It is possible that demethylation of the methiol group occurred, and
consequently led to a more reactive system.

Pyroglutamyl histidyl proline amide also displays rapid onset of degradation products,
although not as quickly as for the met-containing compounds. This tripeptide contains
histidine, which is also susceptible to beam damage (Zubavichus et al., 2005b). Glycyl-glycine
and arginine are more stable, and are slow in their development of secondary compounds. As
seen in other studies, this shows that functional group side chains of amino acids differ greatly
in their susceptibility to damage by X-ray irradiation. In addition, there is a consistent
difference between degradation products formed by simple peptides, where new carbon
functionalities develop at slightly lower Kpg, (i.e., peak 2 in Figure 4.2) which are absent in
single amino acid scans. This lower Kz peak has been identified as the signal for N-C=0,
which likely represents degradation products of the closely-related peptide bond.

Overall, it appears that the sensitivity of amino acids and peptides degradation under soft
X-ray irradiation varies greatly, and that the most sensitive compounds (e.g., sulfur-containing
met and met-met) degrade within the time-scale of a standard XANES scan. The other
compounds are less sensitive, are stable beyond 7 min, and do not appear to be significantly
changed within the first XANES scan. Caution must thus be exercised when performing
experiments to minimize dose and exposure time, and to ensure that fresh spots are irradiated

when multiple scans are desired from a single sample.

4.4 Conclusions

Quick, consecutive scans of amino acids and peptides show time (dose)-dependant changes
in C and N functionality within minutes. Charging is evident on original material; however
new compounds formed show no changes in charging. Chemical and physical changes can

occur in the sample through beam exposure, and a bimodal series of compounds related to
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their grounding status develops over time. Implications for XANES experiments are that
beam damage is occurring over the time-scale of a standard undulator scan only for the
most sensitive compounds. Less sensitive compounds do not appear to be damaged in the
first scan; however multiple scans on the same spot will result in damage to amino acid and
peptide material. Subsequent soil analyses using XANES will thus be carried out at a fresh

sample spot for each scan.
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Chapter 5

Landscape position and management regime
affect the molecular composition of soil
organic N and C

Abstract

Quantity and quality of soil organic N and C are strongly influenced by vari-
ations in landscape position and management practices such as cultivation. In
this study, we used synchrotron-based N and C K-edge XANES spectroscopy
and Py-FIMS to explore N and C chemistry between soils obtained from different
landscape positions along a hummocky transect and from locations under different
management practices. A distinct landscape pattern in SOM functionality was
observed, but only a small effect of management (i.e., cultivated vs. uncultivated)
was detected. Normally thought as labile, both carbohydrates and low molecular
weight aromatics apparently were stabilized in divergent (i.e., water shedding)
slope positions, while lipids were enriched in depressional areas. Tillage incor-
poration was likely responsible for the enrichment of older, microbially altered
carbohydrates and lignins at divergent positions. A novel application of non-
metric multidimensional scaling ordination to XANES data revealed increased
heterocyclic-N with cultivation. XANES data also showed the presence of unique,
oxidized N-bonded aromatics which predominated at calcareous shoulder slope po-
sitions. These types of organic N compounds are rarely reported in the literature

except for samples obtained in acidic or anaerobic environments.
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5.1 Introduction

Soil properties exhibit spatial variability across landscapes. For example, hummocky
terrains typically show pronounced differences in soil characteristics at different topographic
positions (Verity and Anderson, 1990). These differences have been linked to tillage-induced
translocation of soils (Gregorich and Anderson, 1985; Pennock and Dejong, 1990; Pennock
et al., 1994) and to water redistribution toward downslope positions (Verity and Anderson,
1990). Hummocky landscapes can be divided into landscape segments based on three-
dimensional topographic data of gradient and curvature (Pennock et al., 1987, 1992; Pennock
and Corre, 2001). Field locations which fit the criteria for a particular landscape element
experience similar drainage regimes, and thus show similar soil properties. For example,
landscape-scale elements have demonstrated control over such soil properties as organic C
quantity (Landi et al., 2004), N mineralization (Walley et al., 1996), denitrification (Pennock
et al., 1992; van Kessel et al., 1993) and microbial community composition (Ma et al., 2008).
Land management also strongly affects this same range of soil properties (Breuer et al., 2006),
with conversion of cultivated land to grassland or wetland areas having a significant impact
on C and N dynamics (Bedard-Haughn et al., 2006; Breuer et al., 2006).

Soil organic N (SON) comprises approximately 90% of total N; however, up to half of
organic N exists in forms that are either unknown or poorly understood (Bremner, 1965;
Stevenson, 1982, 1994; Olk, 2008b). Microbial mineralization of organic N is a significant
source of plant N uptake, and the rates of mineralization of different N-containing compounds
are likely to vary. Understanding the relative contributions of different N-containing com-
pounds to the overall composition of organic matter (OM) is thus important to understanding
soil N cycling. Since landscape position and land use affect organic C and total N, they
also may influence the composition of soil organic matter (SOM); however, we are unaware
of studies specifically linking landscape position and management information with OM
speciation.

Organic matter may be characterized spectroscopically using *C-and '*N-solid-state cross-
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polarization magic angle spinning nuclear magnetic resonance (CP-MAS-NMR, Baldock
et al., 1992; Knicker et al., 1996; Simpson, 2001), and classified into functional groups based
on spectral features corresponding to specific compound classes. Soil organic matter is also
characterized using analytical pyrolysis coupled with mass spectrometry, where whole soils
are thermally degraded in the absence of oxygen, and the volatilized monomeric products
characterized using mass spectrometry (Balesdent and Mariotti, 1996; Schulten, 1996; Schulten
and Schnitzer, 1998). A continuing debate surrounds the use of these techniques because
of low sensitivity inherent to CP-MAS N-NMR (Smernik and Baldock, 2005) and the
possible formation of artifacts during pyrolysis of soils (Knicker and Liiddemann, 1995; Nierop
and Van Bergen, 2002). Recently, the application of synchrotron-based X-ray absorption
near-edge structure (XANES) spectroscopy has been explored as a sensitive method to assess
the complex nature of C and N in soils (Myneni, 2002; Vairavamurthy and Wang, 2002;
Jokic et al., 2004a; Leinweber et al., 2007). This technique uses monochromatic X-rays to
select the binding energy of a specific element, and probes the electron structure of that
particular element in the sample. Slight differences in the X-ray absorptivity between the
various binding arrangements of N and C can be used to fingerprint the overall chemical
bonding environment in a soil sample. In this way, XANES may be a valuable tool for the
characterization of soil N and C.

In this study, we use synchrotron-based N and C K-edge XANES and pyrolysis field-
ionization mass spectrometry (Py-FIMS) to compare N and C functionalities among soils
obtained from a cultivated hummocky landscape and from adjacent uncultivated areas. We
also explore the use of multivariate ordination to gain insight into dominant trends influenced
by landscape and site management and to visualize differences between the SOM composition

of these soils.
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5.2 Materials and Methods

5.2.1 Study materials

Soils were collected from distinct landscape positions in a hummocky toposequence located
at the St. Denis National Wildlife Area, (SDNWA - 52°12" N, 106°5" W) ca. 40 km east
of Saskatoon, SK. This research site was established and characterized as a component of
another research program, and is described in detail in Yates et al. (2006). Briefly, this site
is located in the Dark Brown soil zone on a hummocky till terrain with a relative elevation
difference of ca. 5.5 m and slopes ranging from 10 to 15%. The parent material comprises a
mixture of glacio-lacustrine sediments and unsorted calcareous till, with soil textures ranging
from loam at the highest elevations to silt loams in depressional positions. Samples were
collected from a continuously cultivated area (57+ yr, Leinweber et al., 2009) encompassing a
range of landform elements, which were initially classified using topographic data processed by
algorithms described in Pennock et al. (1987, 1992). Samples from uncultivated wetland areas
within the SDNWA| from unbroken native grassland (N1) and from 20 yr bromgrass (B1)
sites immediately adjacent to the research area were also collected. Samples were obtained
from the 0 to 15 cm depth and stored at -20 °C until analysis. The total C and total N
contents were determined by the combustion method using a LECO CNS-2000; organic C
was determined using a LECO Carbonator model CR-~12 at 840 °C (Wang and Anderson,
1998). Particle size analysis was performed using the hydrometer method as described by
Kroetsch and Wang (2008) after sample pretreatment with 1M/ HCI to remove carbonates
and with 30% hydrogen peroxide (H,03) to remove organic matter. Basic soil characteristics

are reported in Figure 5.1.

5.2.2 C and N K-edge XANES

Soils were air-dried and pulverized using a ball-mill; subsamples (ca. 1 mg) were pressed

onto freshly scraped indium metal (Sigma-Aldrich, Mississauga, ON, Canada) that was
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Fig. 5.1. Elevation plot, landform descriptions and agronomic characteristics of soils
from St. Denis site.

affixed to a steel sample disc using double-sided conductive carbon tape (SGE, Toronto, ON,
Canada). Carbon and N K-edge XANES spectra were collected using the Spherical Grating
Monochromator (SGM) beamline 11ID-1 at the Canadian Light Source (CLS), Saskatoon,
SK, Canada. At the time of the experiment, this beamline delivered 10! photons s~! at the
N K-edge with a resolving power (E/AE) better than 10,000 (Regier et al., 2007a,b). The
exit slit was set at 50 ym and fluorescence yield (FLY) data and total electron yield (TEY)
were collected simultaneously. A two stage microchannel plate detector was used to collect
FLY data, and TEY was determined by measuring the drain current from the sample.

For calibration at the N K-edge, an absorption spectrum for Ny was measured using

ammonium sulfate as described in Chapter 3. The vibrational manifold of the N 1s — 7*
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transition has an energy of 400.8 eV for the v = 0 peak. Assignment of the N spectral features
to N functions was based on published analysis of reference compounds (Leinweber et al.,
2007). For calibration at the C K-edge, a solid-state absorption spectrum for glutaric acid
(dicarboxylic acid) was measured. The C 1s — n*c_o transition has an energy of 288.6 eV
(Kim et al., 2003). Carbon spectra were processed using a double normalization technique.
First, the difference was calculated between the raw C sample spectrum and a reference
spectrum from a freshly sputtered gold surface after matching the pre-edge curvatures by
adjusting the gain and offset of the sample spectrum. Second, normalization to the incident
flux (Ip) to account for attenuation of the photon beam by C on the optical components
was carried out using a spectrum obtained from a freshly-evaporated gold mesh positioned
upstream from the sample chamber. Carbon features were assigned based on a review of the
literature (Myneni, 2002; Urquhart and Ade, 2002; Hardie et al., 2007).

Data processing was performed using the aXis 2000 (Hitchcock et al., 2005) and Athena
(Ver. 0.8.050, Ravel and Newville, 2005) software packages. Data for N and C K-edges were
averaged from a minimum of two scans, and background corrected by a linear regression fit

through the pre-edge region followed by normalization to an edge step of one.

5.2.3 Py-FIMS

Soils were dried, pulverized with a mortar and pestle, transferred to quartz capsules and
pyrolyzed at temperatures ranging from 110 °C to 700 °C in steps of 20 °C in the direct
inlet of a Finnigan MAT 731 mass spectrometer (Finnigan MAT, Bremen, Germany). Over
the full temperature range, 91 scans were recorded for masses ranging from 15 to 900 m/z,
and ion intensities were normalized on a sample weight basis (i.e., ion counts per mg soil).
These were combined to produce a single thermogram of total ion intensity (TII) and a single
summed and averaged mass spectrum. A detailed description of the Py-FIMS method and

the statistical treatment of TII and weight normalization is given by Sorge et al. (1993a).
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5.2.4 Data handling

Differences between soils were explored using non-metric multidimensional scaling (NMS)
ordination using PC-ORD (ver. 5.10). NMS is an ordination method suitable for ecological
data because it does not rely on assumptions of normality or linear relationships between
variables (McCune et al., 2002). X-ray absorption data used in NMS were generated by
deconvoluting normalized spectra using fityk (http://www.unipress.waw.pl/fityk/, ver. 0.8.6).
After fitting a background arctan function (parameterized as: f(x) = al x arctan((z — a2) X
a3) + a4; Rovezzi et al., 2009), a series of Lorentzian curves were fitted to the spectral features.
Nitrogen XANES spectra were fitted with six curves corresponding to pyridines, nitrilic and
aromatic N in 5-membered rings (pyrazolic), proteins, pyrroles, N-bonded aromatics and
aliphatic/sigma features. Carbon XANES curves were fitted with eight curves corresponding
to aromatic, substituted aromatic, aliphatic, amide, carboxylic, carbohydrate, carbonate and
sigma features. While included in the fitting procedure, inorganic C (carbonate) features
were not included in the ordination analysis. NMS ordinations using Sorenson (Bray-Curtis)
distance measures were performed using integrated variable area counts in the first matrix. The
second matrix, which generates vectors showing relationships between variables and ordination
scores, contained these same area counts, plus additional topographic data (gradient, profile,
specific dispersal area, specific catchment area), and soil characterization data (total C, total
N, total organic C).

The Py-FIMS data were also subjected to NMS ordination; however, Py-FIMS data were
first explored using Wilks’ lambda feature selection. The Wilks’ lambda scores (F-statistics
comparing the variance within specific landscape positions to the overall variance) were
calculated for each individual m/z normalized to TII. For this dataset, 80% of m/z had
Wilks’ lambda scores which were significant (p < 0.05). All m/z were therefore retained
for visualization using NMS, and the top 100 m/z were retained for analysis of variance
(ANOVA) to determine significant position effects. ANOVA and Wilks’ lambda calculations

were performed using SPSS (ver. 16.0).
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5.3 Results

5.3.1 XANES

Carbon K-edge spectra for the St. Denis soils are presented in Figure 5.2. Resonances
corresponding to C types have been identified (Myneni, 2002; Urquhart and Ade, 2002; Hardie
et al., 2007) as: (1) aromatic C at 285.2 eV; (2) N-substituted aromatic at 286.8 eV; (3)
phenolic at 287.1 eV; (4) aliphatic at 287.5 eV; (5) amide at 288.1 eV; (6) carboxylic at 288.6
eV:; (7) carbohydrate hydroxyl at 289.6 eV; and (8) carbonate at 290.5 eV.

Inorganic carbonate signals predominated in the divergent position soils (Figure 5.2).
This was expected because these soils were derived from calcareous parent material and
upper slope positions experience reduced water infiltration and leaching. Aromatic C signals
were consistent in the convergent, level and footslope positions, except for in the native
soil, where aromatic C showed a weak signal. In the divergent soil spectra, the aromatic
peak varied greatly. All soils displayed strong carboxylic peaks at ca. 288.6 eV. A feature
representing amide carbon occured as a shoulder at ca. 288.1 €V, and was more prominent
in the uncultivated (wetland, bromegrass, and native) samples. Substituted aromatic peaks
at ca. 287.1 eV were consistent among the level and convergent soils, and showed weaker
signals in the divergent and wetland soils. The aliphatic signal at ca. 287.5 ¢V did not show
a consistent relationship with respect to landscape position.

Nitrogen K-edge spectra for the St. Denis soils are presented in Figure 5.3. The dominant
features of the N K-edge spectra include: (1) aromatic N in 6-membered rings (pyridines,
pyrazines) at 398.7 eV, (2) nitrilic, and aromatic N in 5-membered rings (pyrazolic) at 400.0
eV, (3) amide (protein) at 401.1 eV, (4) inorganic nitrite at 401.7 eV, (5) N with unpaired
electrons in 5-membered rings (pyrrolic) at 402.5 eV, (6) N-bonded aromatic at 403.5 eV, (7)
inorganic nitrate at 405.8 eV, and (8) alkyl-N and the 1s— ¢* transition at 406.2 eV.

The types and amounts of N in whole soils showed strong patterns related to landscape

position and management. Most notably, divergent position, native prairie, and level position
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Fig. 5.2. Normalized fluorescence yield of C K-edge XANES scans of soils obtained
from St. Denis National Wildlife Area. Features numbered as: (1) 285.2 eV,
aromatic; (2) 286.8 eV, N-substituted aromatic; (3) 287.1 eV, phenolic; (4) 287.5 eV,
aliphatic; (5) 288.1 eV, amide; (6) 288.6 eV, carboxylic; (7) 289.6 eV, carbohydrate
hydroxyl; and (8) 290.5 eV, carbonate.
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Fig. 5.3. Normalized fluorescence yield of N K-edge XANES scans of soils obtained
from St. Denis National Wildlife Area. Features numbered as: (1) 398.7 eV:
aromatic N in 6-membered rings (pyridines, pyrazines); (2) 400.0 eV: nitrilic &
aromatic N in 5-membered rings (pyrazolic); (3) 401.1 eV: amide (protein); (4) 401.7
eV: inorganic nitrite; (5) 402.5 eV: N with unpaired electrons in 5-membered rings
(pyrrolic); (6) 403.5 eV: N-bonded aromatic; (7) 405.8 eV: inorganic nitrate; and (8)
406.2 eV: alkyl-N and the 1s— o* feature.
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soils showed nitroaromatic and anilide functionalities. These N-bonded aromatics are not
widely discussed in the literature, and have been reported only for anaerobic or acidic soils
(Stevenson, 1994; Schmidt-Rohr et al., 2004; Olk et al., 2006; Schmidt and Matzner, 2009).
The N-bonded aromatic functionality was expressed to a lesser degree in soils from other
positions or management types. Pyridinic and pyrrolic functionalities were evident in the
spectra for all soils except those from the divergent positions. All soils also showed strong
signals for amide-N, which is in consensus with many studies reporting that amide-N is
the predominant form of organic N in soils (Stevenson, 1982; Schulten and Schnitzer, 1998;
Kogel-Knabner, 2006; Olk, 2008b).

Multivariate ordination methods allowed the visualization and comparison of treatment
effect (in this case, landscape position and land use) through an ordination plot, and extracts
factors that have the largest influence on the distribution of the points in the ordination.
Variables for multivariate analysis were obtained by curve fitting to the normalized C and
N K-edge XANES spectra (Figure 5.4). NMS ordinations generated from the area counts
corresponding to C XANES are presented in Figure 5.5. Both axes combined to explain 91%
of the variation in the data, and the stress value of 12.283 indicates an acceptable ordination
has been achieved (i.e., < 20, McCune et al., 2002). Clustering was observed among the
divergent soils, the level soils, and the wetland /convergent soils. Uncultivated bromegrass and
native prairie, however, did not separate from the cultivated level soils. This indicates that soil
organic C composition, as observed using XANES, is predominantly influenced by terrain and
hydrology and less by land use. Vectors overlaid on the ordination plots represent the strength
and direction of correlation between variables and the ordination distribution. Variables
that were correlated with the ordination with 12 >0.4 were total organic C, carbohydrate
content, sigma-type features, whereas substituted aromatic compounds were correlated at
12=0.25. Carbohydrate content increased in soils moving downslope, along with total C.
Sigma features, though important in discriminating between organic matter content of these

different soils, are difficult to assign. That is, sigma features are poorly understood, and in

69



>
Carbox

Subst Arom

. “Arctan

Wwfw:wwal

1T ~ T T T T 1T T 1T 1 1
278 280 282 284 286 288 290 292 294 296 298

Energy (eV)

Normalized Fluorescence Yield

B

N-bonded Arom.

, Pyridine
Aliph/Sigma -

Normalized Fluorescence Yield

Residual

T — —
390 395 400 405 410 415 420 425
Energy (eV)

Fig. 5.4. Representative deconvolutions of (A) C K-edge XANES spectra and (B) N
K-edge XANES spectra used in non-metric multidimensional scaling analysis.
Original spectra, from soil 66 in Figures 5.2 and 5.3, were further processed to yield
a flat post-edge region for proper arctan fitting.
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Fig. 5.5. Non-metric multidimensional scaling analysis of C K-edge XANES features
from soils obtained across landscape elements. Multidimensional analysis performed
using peak areas from deconvoluted XANES spectra. Vectors correspond to
environmental factors which correlate with ordination at r> > 0.40, except
substituted aromatic vector, which correlates at r’=0.25. Peaks included in
ordination were: aromatic (285 eV), N-substituted aromatic (286.8 eV), aliphatic
(287.5 eV), amide (288.1 eV), carboxylic (288.6 eV), carbohydrate hydroxyl (289.6
eV), and 1s— o* feature (292.5 eV).
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complex samples such as soil, a wide variety of compounds contribute to this feature (Stéhr,
1992).

Examining the ordination plots for the XANES N functionalities (Figure 5.6), there was
also strong clustering among the soils recovered from similar landscape positions. The stress
value for this ordination is 9.513, indicating that an acceptable distribution of the data had
been achieved (i.e., < 20, McCune et al., 2002), and the two axes accounted for 95.4% of
the total variation in the data. Similar to the ordination for the C data, soils from divergent
positions clustered together, as did the soils from wetlands and convergent slope positions.
Also, as with the C data, bromegrass and native grass management areas clustered with
their cultivated level slope counterparts, indicating that landscape position had a stronger
controlling effect on organic N composition than did management. Unlike the C ordination,
many of the variables contributed significantly (r? > 0.40) to the distribution of points in the
ordination. N-bonded aromatics were most prominent in the divergent soils, and decreased

in prominence from the level to the wetland soils.

5.3.2 Py-FIMS

The mass spectra and thermograms of total ion intensity from the Py-FIMS analyses of
transect soils are presented in Figures 5.7 to 5.9. These spectra were dominated by signals
identified as carbohydrates (m/z 82, 96, 110), peptides (m/z 58, 67, 70), phenols and lignin
monomers (m/z 124, 150, 194, 208, 210), and a homologous series of alkenes (m/z 252, 266,
280, 294, 308, 322, 336, 350). Py-FIMS spectra can be evaluated by grouping characteristic
biomarker m/z signals into compound classes (Schulten, 1996), and subsequently subjected
to ANOVA. The results of this compound class evaluation are shown in Table 5.1. Divergent
position soils had the highest relative abundance of carbohydrates and peptides, while the
depressional positions had the highest relative amounts of lignin dimers, lipids, sterols and
suberins. Thermograms plot the amount of thermally volatilized material against pyrolysis

temperature, and provide an assessment of organic matter chemical stability and biodegra-
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Fig. 5.6. Non-metric multidimensional scaling analysis of N K-edge XANES features
from soils obtained across landscape elements. Multidimensional analysis performed
using peak areas from deconvoluted XANES spectra. Vectors correspond to
environmental factors which correlate with ordination at r> > 0.40. Peaks included in
ordination were: pyridinic-N (398.7 €V), nitrilic & aromatic N in 5-membered rings
(pyrazolic) (400.0 eV), amide (401.1 eV), pyrrolic (402.5 eV), N-bonded aromatic
(403.5 eV), and alkyl-N and the 1s— o* feature (406.2 eV).
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dation potential (Schulten and Leinweber, 1999; Leinweber et al., 2009). Thermograms
with peaks at higher temperatures thus indicate soils with a higher OM stability. The
thermograms, plotted as insets in Figures 5.7 to 5.9, show mono-, di-, and multimodal peaks.
Thermograms for divergent slope soils yielded curves with single peaks between ca. 500 °C
and 600 °C (Figure 5.7A,B,C). Level cultivated and uncultivated soils also showed intense
peaks at ca. 500 °C, and also showed a smaller peak at ca. 400 °C (Figure 5.7D and Figure
5.8A through D). Wetland soils produced multimodal thermograms, with strong peaks at ca.
400 °C and 500 °C (Figure 5.9A and B). This indicates that landscape position influenced the
stability of organic matter, with increasing stability displayed at divergent landscape positions.
Thermograms for the carbohydrate compound class were obtained by plotting the summed
and averaged carbohydrate m/z signals (Figure 5.10). The thermogram onset temperatures
at the divergent positions were higher and showed a single principal volatilization peak at a
higher temperature (ca. 525 °C) whereas the predominant volatilization temperature at the
convergent, level and depressional positions peaks were at a lower pyrolysis temperature (ca.
350-375 °C).

The extent of carbohydrate and lignin degradation at different landscape positions
was estimated using product:substrate ratios for hemicellulose and vanillin. Biomarkers
corresponding to m/z for xylose (a hemicellulose monomer, m/z 132), xylan (a hemicellulose
polymer, m/z 114), vanillic acid (a lignin metabolite, m/z 168) and for vanillin (a lignin
monomer, m/z 152) were extracted from the Py-FIMS spectra. Product:substrate ratios
(i.e., xylose:xylan and vanillic acid:vanillin) are plotted in Figure 5.11, where increasing
transformation of carbohydrates and lignins has occurred in samples lying at larger values in
the X and Y axes. Convergent, level, and depressional positions showed relatively lower ratios
of product compared to divergent positions, meaning that carbohydrates and lignins are
preserved in their original form at depressions, but are increasingly depolymerized/oxidized
at the slope tops.

Multivariate ordination feature selection was carried out to determine the marker signals
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Fig. 5.10. Pyrolysis thermograms of carbohydrate compound class from St. Denis
soils. Peaks at higher temperatures indicate higher thermal stability.

that contribute the most to inter-sample variability. For this study, almost all the signals
showed significant Wilks’-lambda scores, and so all were included in the ordination analysis.
Figure 5.12 shows the NMS ordination for all signals between m/z 55-500. Soils from similar
landforms cluster together, indicating similar patterns of marker signals in the organic matter
from these locations. For this analysis, data for the compound classes defined by Schulten
(1996) were included for the joint plot analysis (i.e., included in the second matrix for the
ordination analysis). The vectors showed correlations between lower molecular weight classes
of carbohydrates, phenols/lignin monomers and alkylaromatics with the divergent positions,
and correlations between higher molecular weight classes of lipids, sterols and lignin dimers
with the higher TOC-containing soils from level and depressional landscape positions.

Because most m/z biomarkers had significant Wilks’ lambda scores, identification of most
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Fig. 5.11. Fungal depolymerization of carbohydrates and lignins demonstrated using
m/z signals extracted from Py-FIMS analysis. Increasing ratios of product:substrate
shows increasing fungal alteration at shoulder slope positions. Carbohydrates on
X-axis as xylose (m/z 132):xylan (m/z 114), plotted against lignin monomers on
Y-axis as vanillic acid (m/z 168):vanillin (m/z 152).

significant biomarkers was arbitrarily limited to the top 100 m/z signals. An ANOVA was
performed on each m/z and are categorized in Table 5.2 based on their abundance in divergent
positions or in level/wetland positions. While ANOVA (Table 5.1) and ordination plots
(Figure 5.12) showed that the N-containing compound class did not differ between landscape
positions or cultivation regime, many individual N-containing compounds were identified in
the top 100 significant m/z signals using Wilks’ lambda feature selection. Low molecular
weight heterocyclic-N compounds are proportionately higher in divergent positions, whereas
higher molecular weight heterocyclic N compounds, in particular, a homologous family of
indoles, dominate the level /wetland positions. In addition, ranges of m/z tentatively identified
as homologous series’ of aromatic and aliphatic amides were present in the level/wetland

soils.
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pyrolysis-field ionization mass spectra of St. Denis soils obtained across landscape
elements. Vectors correspond to compound classes which correlate with ordination
at r’> > 0.40. Compound class identifications are: Carb, carbohydrate; Phlm, phenols
and lignin monomers; Alkarom, alkylaromatic; Ligdim, lignin dimers; TOC, total
organic carbon. Signal at m/z 60 is pyrolytic degradation product of carbohydrates.
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5.4 Discussion

In this study, a multi-analytical approach coupled with a multivariate statistical analysis
was undertaken to evaluate the influence of landscape-position and land use on the composition
of soil organic C and N. Evidence presented here shows that SOM composition is controlled
principally by landscape position in hummocky terrain through processes arising from water

redistribution and tillage erosion. Management has only a comparatively slight effect.

5.4.1 Landscape position impacts carbohydrates, lignins and lipids

Comparison of the ordination diagrams for the C XANES, N XANES and Py-FIMS data
show similar clustering patterns. Soils from divergent positions cluster together, and are
separated from convergent, level and wetland positions; uncultivated grassland soils cluster
with their level positional counterparts.

Pyrolysis results show a relative enrichment of normally labile compounds such as carbo-
hydrates and low-molecular weight aromatics at the divergent positions (Figure 5.12). Tillage
operations in agricultural hummocky landscapes results in translocation of material from the
upslope divergent to the downslope depressional positions (Pennock and Dejong, 1987; Lobb
et al., 1995; Pennock, 2003). Over many growing seasons, tillage operations at divergent
positions expose and incorporate deeper subsoil material into the topsoil (Lobb et al., 1995;
Papiernik et al., 2005). Evidence for the long-term stabilization of carbohydrates and lignins
in subsoils has been shown to occur (Guggenberger et al., 1994), and the data presented here
supports tillage-induced incorporation of subsoil organic matter at the divergent positions.

Pyrolysis results contrast with the C-XANES data (Figure 5.5), where the vectors for
carbohydrate-hydroxyl and substituted aromatic carbon show enrichment in the convergent
and wetland soils. This is because XANES responds to all carbohydrate-type C atoms in
a sample, regardless of the molecule in which it is found, whereas Py-FIMS is sensitive to

individual biomarkers for sugar monomers and sugar degradation products. The Py-FIMS
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carbohydrate compound class comprises the summed and averaged m/z signals assigned
to individual carbohydrates (see Appendix C). These signals collectively represent sugar
monomers, and pyrolysis transformation products arising from the degradation of sugar
precursors (Schnitzer and Schulten, 1992; Gregorich et al., 1996; Schulten, 1996). The signal
for m/z = 60, however, is identified as acetic acid, which is a thermal breakdown product
of carbohydrates (Schnitzer and Schulten, 1992; Dinel et al., 1998). In this experiment, the
vector representing the individual response of m/z = 60 trends toward the level and wetland
soils, which is opposite to the direction of the composite carbohydrate compound class
(Figure 5.12). This indicates that carbohydrates in the convergent/depressional positions are
degrading more completely through the pyrolysis process, and conversely, carbohydrates at
the divergent positions are fragmenting into larger monomeric units. In addition, thermo-
grams for the carbohydrate compound class showed higher temperatures for both principal
volatilization peak and for the initial onset of volatilization, indicating that carbohydrates
were more thermally stable at the divergent positions than at the convergent and wetland
positions (Figure 5.10). Higher thermal stability has been correlated with higher resistance
to biodegradation (Leinweber et al., 2009), and increased physical protection of OM by the
solid phase.

A similar pattern is seen in the distribution of lignin compounds across the landscape.
Py-FIMS shows increases of monomeric lignins at the divergent positions, and increases of
dimeric lignins at the depressional/convergent/level positions (Figure 5.12). Again, a spatial
pattern of stabilization is revealed that depends on landscape position, with more ‘labile’
compounds enriched at divergent positions. As with the carbohydrate data, a discrepancy
exists between the C XANES and Py-FIMS data for lignins. The C XANES signal for
substituted aromatic compounds has an increasing trend toward the level and downslope
positions (Figure 5.5). The signal for substituted aromatic compounds includes phenol
components as well as an aniline (Arom-NH,) component, whereas the Py-FIMS signal for

lignins is divided into lignin monomers and lignin dimers (Schulten, 1996).
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Older organic matter is expected to have undergone microbial transformations. The extent
of carbohydrate and lignin degradation can be investigated using carbohydrate depolymeriza-
tion (Leinweber et al., 2008b) and lignin oxidation parameters (Feng et al., 2008). Figure
5.11 plots the ratio of product:substrate m/z biomarkers for hemicelluose (a carbohydrate)
on the X-axis and vanillin (a lignin) on the Y-axis, with higher values indicating increased
microbial transformation. This suggests that carbohydrates and lignins have undergone
more degradation at the divergent positions. Xylanase is a fungal enzyme responsible for
the depolymerization of hemicellulose (xylan) to xylose (Hrmova et al., 1989), and fungal
peroxidases carry out vanillin oxidation to vanillic acid (Kirk and Farrell, 1987; Lewis and
Yamamoto, 1990; Otto and Simpson, 2006). This implies a possible fungal link between the
transformation and stabilization of carbohydrates and lignins at different landscape positions.

Pyrolysis (Figure 5.12) and C XANES (Figure 5.5) data show the retention of higher
molecular weight lipid products (i.e., lipids, suberins, lignin dimers) at the convergent and
depressional locations. Moisture transfer regimes would favour higher plant production in
depressional positions, resulting in higher input of fresh plant-based OM in the depressions.
Divergent positions, however, are influenced by re-incorporated subsoil material through
tillage, and by lower inputs of fresh material and thus contains material that has undergone
comparatively more microbial transformation.

Mechanisms of OM stabilization apparently are different between landscape positions.
Divergent positions may be stabilizing polar molecules through interactions with iron and
calcium cations, and represent long-term stabilized SOM (Anderson, 1988; Mikutta et al.,
2006; Christl and Kretzschmar, 2007; Kleber et al., 2007; Marschner et al., 2008; von
Liitzow et al., 2008). As well, clay content was higher in the carbonate-rich divergent
samples (#37 and #94, Figure 5.1), indicating possible carbonate-induced clay flocculation
(Birkeland, 1999), and enhanced stabilization of lower molecular weight polar molecules. At
convergent/level /wetland positions, lipids predominate, and are selectively enriched because

of metabolism of uncomplexed compounds (Sollins et al., 1996; von Liitzow et al., 2006, 2008).
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These compounds represent SOM stabilized in the medium term, because although they are
somewhat recalcitrant, recent evidence has shown that lipid-type materials are not persistent

over long terms in soils (Guggenberger et al., 1994; Gleixner et al., 1999).

5.4.2 N-bonded aromatics

Nitrogen XANES detected nitroaromatic and N-bonded aromatic (anilide) compounds
(see Appendix A). This is an interesting finding because these types of compounds are rarely
discussed within the context of SON, and are only now starting to gain attention in the soils
community (e.g., Olk, 2008b). The ecological function and formation of these compounds is
still largely unclear, and they have only been detected in labeled experiments (Thorn and
Mikita, 2000), model systems (Azhar et al., 1986) or using a specialized form of *C-NMR
(Schmidt-Rohr and Mao, 2002; Schmidt-Rohr et al., 2004). The present study is a step
forward, showing that N XANES offers a corroborating technique which reveals N-bonded
aromatic moiety in whole soils.

In environmental samples, the generation of these compounds has been associated with
nitrification processes in acid soils (Stevenson et al., 1970; Azhar et al., 1989; Stevenson,
1994), or with flooded/anaerobic soils under rice cropping (Schmidt-Rohr et al., 2004; Olk
et al., 2006). Previous studies provided evidence for the incorporation of nitrite (NO3 ) into
aromatic and phenolic structures (Thorn and Mikita, 2000), representing one possible route
of N incorporation into organic matter (Palm and Sanchez, 1991) and a potential pathway for
N2 O production in soils (VanCleemput and Samater, 1996; Thorn and Mikita, 2000; Venterea,
2007). In this experiment, the soils which exhibited the strongest signals for N-bonded
aromatics were calcareous soils from dry, upper landscape positions, which do not fit the
traditional criteria for the observation of these compounds. Instead, other phenomena must
be responsible for the generation and incorporation of these N-containing moieties into soil
organic matter. Davidson et al. (2003) hypothesized that nitrate can be reduced by iron

to nitrite, and incorporated abiotically into aromatic structures. This has been debated by
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several other research groups who have not observed the generation of N-bonded aromatics in
controlled systems (Colman et al., 2007, 2008; Schmidt and Matzner, 2009). This idea may
still have merit, however, if constituents other than iron are involved in a redox mechanism
coupled with nitrate/nitrite. This warrants further investigation.

Other hypotheses involve the incorporation of nitrite with phenolic lignins (Stevenson
et al., 1970; Schmidt-Rohr et al., 2004; Olk et al., 2006). Nitrite is generated as an intermediate
compound in the microbial transformations of ammonium and nitrate through nitrification
and denitrification. Smith et al. (1997) showed an accumulation of nitrite resulting from
nitrification, where excess ammonium inhibited nitrite oxidizers, and Miiller et al. (2006) used
15N tracers to show that denitrification contributed significantly to nitrite content in grassland
soils. Many studies have demonstrated loss or immobilization of inorganic N, which was
attributed to abiotic processes (Smith and Chalk, 1979, 1980; Olk, 2008b). This hypothesis
may have merit for the present study if we consider that for inorganic N to accumulate in soil,
inputs into the inorganic pool through mineralization or fertilization would have to exceed the
rates of microbial /plant uptake or of loss through nitrification/denitrification. This most likely
occurs at divergent slope positions, if microbial activity is reduced due to low amounts of labile
substrates (which has been demonstrated in this study) and low water availability (Pennock
et al., 1992), but where N inputs through fertilizer application would be similar across the
entire landscape. Indeed, considering that monomeric lignins are enriched in divergent soils, it
could be argued that under these conditions N is being abiotically immobilized as N-bonded
aromatic compounds. Schmidt-Rohr et al. (2004) detected anilide-N in mobile humic acids in
rice soil, suggesting a possible short term storage pool of inorganic N. The divergent soils in

this experiment all show lower Coy:N (see Figure 5.1).

5.4.3 N-containing compounds - cultivation and landscape effects

Whereas landscape position controls the majority of the variability in SOM composition,

heterocyclic-N, as detected by N XANES is also influenced by cultivation. Heterocyclic
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N-containing pyridine and pyrrole vectors do not show a clear correlation with soils from
specific slope positions, but do show a decrease in the wetland and the native soil (Figure
5.3). A recent study by Leinweber et al. (2009) demonstrated that cultivation increased the
relative contribution of heterocyclic N to SOM, and data presented here supports this long
term shift in OM composition. Although the bromegrass soil has remained uncultivated for 20
yr, the organic matter composition continues to reflect a similar pattern to the continuously
cultivated soils. This shows that cultivation effects may remain in reclaimed landscapes at the
time frame of decades. Why would N-XANES be particularly sensitive to detecting cultivation
effects? XANES is inherently surface sensitive, because it relies on the penetration depth
of soft X-rays (Stohr, 1992). Soil has been cultivated for a short time (574 yr, Leinweber
et al., 2009) as compared to pedological development since the last glaciation (ca. 10,000
yr, Christiansen, 1979). It is possible that organic matter changes over the short term are
limited to surface modifications, which would enhance their detection using XANES.
Pyrolysis data for heterocyclic-N does not show a cultivation effect. Moreover, the N-
containing compound class also does not show a significant trend for landscape position (Figure
5.12). Wilks’ lambda scores, however, flagged many m/z signals corresponding to individual
heterocyclic-N-containing compounds (Table 5.2). A pattern emerged from this data which
was landscape controlled; low molecular weight, heterocyclic compounds were enriched at
divergent positions and higher molecular weight, polysubstituted compounds (especially
a homologous series tentatively identified as indoles) were enriched in the depressional
positions. Mahieu et al. (2000) used >N NMR to suggest heterocyclic-N as a product of
long-term microbial turnover in soils. The presence of low molecular weight heterocyclic-N
at the divergent position supports the evidence presented above for the enhanced microbial
transformation of carbohydrates and lignins. Conversely, the depressional positions are
enriched by a family of predominantly indole compounds, which may be derived from release
of plant-based alkaloids (Heldt, 1997) and, similar to the lipid-type compounds described

above, may be early-stage degradation components of plant material.
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Molecular signals corresponding to organic aliphatic and aromatic amides were also
detected in downslope soils (Table 5.2). These compounds are not generally considered in
the evaluation of organic N (Schulten and Schnitzer, 1998), and their detection in this study
raises questions surrounding the production and persistence of aliphatic amines and amides in
soil. Moreover, feature selection using Wilks’ lambda scores shows that these compounds may
be highly influenced by landscape position; however, information pertaining to their role in N
cycling and storage remains scarce. It is also possible that these compounds arise as artefacts
of a reaction between interlayer ammonium and lipids catalyzed by the pyrolysis process
(Nierop and Van Bergen, 2002). Nitrogen XANES amide/sigma signals which correspond
with amine N found in amino acids and amino sugars, are not consistent with Py-FIMS
data. These signals increase in the divergent positions and decrease toward the wetland. In
the deconvolution of the N- XANES spectra, this particular region was fitted with a single
Lorentzian curve (Figure 5.4B). It is possible, however, that there is overlap of nitrate-N in

this region which is not resolvable.

5.5 Conclusions

The toposequence investigated in the present study provides evidence for a transition
of OM stability from a passive, stabilized, pool prevalent at the divergent positions, to
a newer, active pool predominating at depressional positions. According to von Liitzow
et al. (2008), the passive pool is characterized by compounds which have been stabilized
through interactions with mineral surfaces and polyvalent cations (Anderson et al., 1981;
Six et al., 2004; Mikutta et al., 2006). These include polar compounds normally considered
as labile (carbohydrates, monomeric lignins and phenols, single-ring N-heterocycles), but
which may be stabilized by polyvalent cations present at divergent positions from tillage
incorporation of iron and calcium carbonates. Conversely, an active pool at the depressional

landscape positions consists of fresh, lipid-type plant materials, and is characterized by
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selective preservation of chemically recalcitrant molecules.

An important finding in this study was the detection of nitroaromatic and N-bonded
aromatic compounds, particularly in upper slope soils. N-bonded aromatics have been
detected in other studies on anaerobic and acidic soils (Stevenson et al., 1970; Olk et al.,
2006); this study detected the same compounds in calcareous, upper slope soils, suggesting
that these compounds may be widespread in the soil system. By showing the presence of
N-bonded aromatics, the data presented here indicates that this class of compounds may
constitute a significant portion of soil organic N, and warrants consideration as a portion of
soil ‘unknown-N’.

This is the first report of the application of multivariate statistics with C and N K-
edge XANES. This data treatment combined with multivariate analysis of Py-FIMS data
provided a sensitive tool for the study of soil organic matter composition in whole soils. This
novel ordination approach shows the sensitivity of XANES to changes in SOM composition,
particularly in the organic N-containing compounds, and that these changes are driven
primarily by landscape-scale processes. Moreover, multivariate ordination of N XANES data
also revealed cultivation effects.

The next steps are to explore the microbial participation in the stabilization and cycling
of SOM across landscapes. In particular, elucidation of microbial and fungal participation in
the generation of N-bonded aromatics is essential to understanding the role of this organic
N pool in soil systems. Indeed, continued application and integration of multi-analytical
research is essential to understanding the stability, pools and fates of SOM, particularly with

respect to N-bonded aromatics and organic amines in agricultural soil systems.
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Chapter 6

Profiling rhizosphere chemistry: Evidence
from carbon and nitrogen K-edge XANES
and from pyrolysis-FIMS'

Abstract

The rhizosphere is region of complex interactions among plants, soil and
microbiota, and by its very nature, presents many technical challenges to the
analyst. Whereas previous studies have generally focused on root exudation in
artificial systems, we compared whole-soil samples from bulk and rhizosphere soils
developed under field pea (Pisum sativum L.). Synchrotron-based C and N K-edge
X-ray absorption near edge structure (XANES) spectroscopy and pyrolysis field-
ionization mass-spectrometry (Py-FIMS) were used to investigate plant effects on
the organic chemistry of rhizosphere in a growth chamber experiment. Soil type
appeared to play a significant role in development of the rhizosphere. Indeed, the C
and N K-edge XANES analyses revealed patterns of rhizosphere development that
were strongly influenced by soil type. Relative to the bulk soil, pea rhizospheres
developed on a clay soil showed increases in heterocyclic N compounds, proteins
and carboxylates. Pea rhizospheres developed on a sandy clay loam soil showed

increased nitroaromatic compounds, and reduced aromatics, whereas proteins,

"This work has been published in Gillespie, A.W., F.L. Walley, R.E. Farrell, P. Leinweber, A. Schlichting,
K.U. Eckhardt, T.Z. Regier, and R.I.LR. Blyth. 2009. Profiling rhizosphere chemistry: Evidence from
carbon and nitrogen K-edge XANES and from pyrolysis-FIMS. Soil Sci. Soc. Am. J. 73:2002-2012. Minor
modifications have been made for consistency in formatting.
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carbohydrates and carboxylic compounds remained unchanged relative to the bulk
soils. Pyrolysis-MS results showed that rhizosphere processes promote selective
enrichment of lipid compounds (alkanes, alkenes, alkylamides, alkylaromatics,
and alkyl/benzoic/phthalic esters) with a concomitant depletion of carbohydrates,
proteins and phenols/lignins. These results suggest enhanced decomposition of
labile organic matter at a molecular level in the rhizosphere; presumably as a result
of enhanced microbial activity. The presence of nitroaromatic and alkylamide
compounds in the rhizosphere indicates a unique cycling of N in this region.
Synchrotron-based analysis of whole soils offers useful, corroborating information
regarding the organic chemistry in the rhizosphere when compared to established

pyrolytic techniques.

6.1 Introduction

Lorenz Hiltner, realizing the importance of plant roots and their effect on soil, coined the
term “rhizosphere” (root sphere) at the turn of the last century (Hiltner, 1904). Loosely
defined, the rhizosphere is the volume of soil that is directly affected by the presence and/or
activity of plant roots (Katznelson, 1965; Curl and Truelove, 1986; Jones et al., 2004) and
exists because of rhizodeposition processes. The rhizosphere is an area of elevated nutrient
availability reflecting (i) the release of carbonaceous and nitrogenous compounds; (ii) the
deposition of necrotic tissue through root turnover; (iii) the interaction of root exudates
with the organic-mineral soil surfaces; and (iv) the translocation of water and dissolved
constituents toward the root (Curl and Truelove, 1986; Jones and Darrah, 1994; Crowley
and Rengel, 1999; Badalucco and Nannipieri, 2007; Uren, 2007). As a result, this region is
characterized by a larger microbial activity, diversity and function compared to the bulk soil
(Curl and Truelove, 1986; Grayston et al., 1998; Brimecombe et al., 2007). Moreover, plants

contribute the raw organic precursors that over time become humic materials and which,
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in turn, can have a profound impact on the chemical and biochemical functioning of soils
(Hempfling et al., 1991; Gregorich et al., 1996).

Root exudates consist of a variety of compounds including, among others, sugars, amino
and organic acids, polyphenols and sterols (Curl and Truelove, 1986; Uren, 2007). In non-
sterile environments, microbial activity also contributes to the suite of compounds present in
the rhizosphere through the release of microbial metabolites, the turnover of plant derived
compounds and the transformation of previously existing humic substances (Lynch, 1990;
Kuzyakov, 2002; Brimecombe et al., 2007). Identification of rhizosphere compounds is
challenging because of the complex mixtures present and the need to extract these compounds
from the soil matrix. Further complicating matters is the fact that, for sampling purposes,
rhizosphere soil is only ‘operationally’ defined by the method used to collect the sample.
Techniques used to isolate and quantify rhizosphere compounds typically involve wet chemical
methods that employ ion exchange resins and solvent extractions from artificial systems (e.g.,
hydroponic or sand cultures) (Badalucco and Kuikman, 2001; Fan et al., 2001; Neumann
and Romheld, 2007). These techniques are usually targeted to specific, low molecular weight
compounds, which are expected to be present in a sample; however, this approach may
ignore important compounds not included in the method development process (Leinweber
et al., 2008a; Schlichting and Leinweber, 2009). The development of techniques that facilitate
investigations of whole soils, with little pretreatment or bias toward specific compounds or
compound classes, affords the opportunity to gain a better understanding of the rhizosphere.
Indeed, the use of techniques such as N and C K-edge XANES can eliminate artifacts that
may be produced during compound extraction and recovery.

Recently, synchrotron-based X-ray Absorption Near Edge Structure (XANES) analysis has
been used to probe the speciation of N in environmental samples (Vairavamurthy and Wang,
2002; Abe and Watanabe, 2004; Jokic et al., 2004a; Leinweber et al., 2007). The applicability
of C K-edge XANES to soil investigations also has been demonstrated (Jokic et al., 2003;

Solomon et al., 2005; Kinyangi et al., 2006; Christl and Kretzschmar, 2007). XANES is

95



a purportedly non-destructive technique (Vairavamurthy and Wang, 2002) that targets
individual elements based on their electron binding energies, and is thus able to determine the
chemical properties of specific substance classes in a mixture. However, the validity of this
technique toward characterizing organic compounds in a heterogeneous and complex medium
such as soil has not been attempted. Pyrolysis coupled with mass spectrometry provides
a suite of applications whereby complex organic samples are thermally decomposed in the
absence of oxygen and the masses of the volatilized decomposition products are determined.
These techniques continue to be widely supported for investigation of organic compounds
in soil (Sorge et al., 1994; Schnitzer and Schulten, 1995; Schnitzer et al., 2006). Pyrolysis
field-ionization mass-spectrometry (Py-FIMS), in particular, uses soft electric field ionization
to minimize fragmentation of the pyrolyzed molecules and, in principle, yield the molecular
masses of the decomposition products with little fragmentation. Futhermore, unlike with
flash pyrolysis, the thermal decomposition products are resolved by employing a temperature
ramp, with the temperature-resolved data providing diagnostic information complementary to
the measured mass. This technique has been successfully applied to humic substances (Haider
and Schulten, 1985), dissolved organic matter (DOM) (Kuzyakov et al., 2003; Melnitchouck
et al., 2005), organic-mineral particle-size and aggregate fractions (Leinweber and Schulten,
1999; Schulten and Leinweber, 2000) and whole soil samples (Sorge et al., 1994; Schnitzer
and Schulten, 1995; Schulten and Sorge, 1995; Wilcken et al., 1997; Schnitzer et al., 2006).
Whereas data obtained using XANES analysis provide information regarding functional
groups and the local bonding environment of the element in question, pyrolysis mass spec-
trometry yield complementary information about the molecules and polymeric monomers of
an organic sample. To date, however, these complementary techniques have not been applied
to studies of the rhizosphere. The objectives of the present study were (i) to characterize bulk
and rhizosphere soils developed under field pea (Pisum sativum L.) using N and C K-edge
XANES and Py-FIMS, (ii) to assess the influence of soil type on rhizosphere development of

field pea, and ultimately, (iii) to compare and contrast the information provided by these
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two techniques.

6.2 Materials and Methods

6.2.1 Soils, growth conditions and recovery of rhizosphere samples

The soils were a clay, Orthic Black Chernozem (Vertic Cryoboroll) collected from Melfort
(Saskatchewan) and a sandy clay loam, Dark Brown Chernozem (Typic Haploboroll) from
Elstow (Saskatchewan). Both soils are smectite-dominated borolls (Dasog, 1986; Hardie,
2008). Bulk (i.e., unplanted) soils were maintained at 5°C. Field pea (Pisum sativum L.) was
planted into 0.7 kg of soil (in 15-cm pots) maintained at 60% of moisture holding capacity
and kept in a controlled growth chamber with a diurnal photoperiod of 16-h, 22°C /8-h, 18°C.
Supplemental nutrients added were 30 ug-g~! P as Ca(HyPO,)-H,0, 50 ug-g™' S as KySO, +
micronutrients, 200 pg-g=! K as K3SO4 + KCI, 0.6 ug-g~! Mo as NaMoO4-H,0, 1.5 pug-g=*
B as H3BOy, 5 pg-g~! Mn as MnSO4-H,0, 4 pug-g~! Zn as ZnSO,4-TH,0 and 0.6 ug-g~! Cu
as CuSO,4-bH,0. Plants were harvested at 28 days after planting. Plants were grown in
non-sterile soil, and visual inspection showed limited nodulation on all plants; no differences
were observed between the two soil types. Rhizosphere soil was collected by carefully removing
the plant and soil from the pot, gently shaking the root mass to remove any loosely adhering
soil, and recovering any soil remaining adhered to the root by manual separation. Gloves
were worn to prevent contamination, and care was taken to exclude root material from the
soil sample. Basic characteristics of the bulk and rhizosphere soils are presented in Table
6.1. The C and N contents were determined using a Vario EL elemental analyzer (Elementar
Analysensysteme GmbH, Hanau, Germany) and the textures were determined using a laser

scattering particle size analyzer (Horiba LA-950, Irvine, California).
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Table 6.1. Chemical and physical characteristics of the Melfort and Elstow soils.

Sample Total Orgt C Total C:N5 TII/ OrgC Sand Silt Clay
ID' C N

gkg l——— ctsx 100 - g=19 %
Mel-B 27.30 22.99 2.65 10.3 295.9 5.8 10.2 84.0
Mel-R 45.40 37.88 3.87 11.7 158.5
Els-B 28.42 26.31 2.56 11.1 127.9 49.9 16.0 34.1
Els-R 42.07 35.11 3.47 12.1 322.0

tMel: Melfort clay; Els: Elstow sandy clay loam; B: bulk soil; R: rhizosphere soil
1O0rg = organic

§C:N = ratio of total C to total N

Y Ratio of total ion intensity (TII) to organic carbon (OC); ion countsx10%.g~tOC

6.2.2 C and N K-edge XANES

Bulk and rhizosphere soils were air-dried, ball-milled, and a ca. 1 mg subsample was
pressed onto freshly scraped indium metal (Sigma-Aldrich, Mississauga, ON, Canada), and
affixed to a steel sample disc using double-sided conductive carbon tape (SGE, Toronto,
ON, Canada). Carbon and N K-edge XANES spectra were collected using the Spherical
Grating Monochromator (SGM) beamline 11ID-1 at the Canadian Light Source (CLS),
Saskatoon, SK, Canada. This beamline delivers 10! photons s=! at the N K-edge with a
resolving power (E/AE) better than 10,000 (Regier et al., 2007a,b). The exit slit was set
at 50 pum and fluorescence yield (FLY) data and total electron yield (TEY) were collected
simultaneously. Whereas a two stage microchannel plate detector was used to collect FLY
data, TEY was determined by measuring the drain current from the sample. TEY and
fluorescence yield are competitive processes, and their relative yields heavily favor electron
emission over fluorescence emission as a function of decreasing atomic number (Stéhr, 1992).
Thus, although both FLY and TEY were satisfactory at the N K-edge, only TEY data were
satisfactory at the C K-edge. For calibration at the C K-edge, a solid-state absorption

spectrum for glutaric acid (dicarboxylic acid) was measured. The C 1s— 7*c_o transition
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has an energy of 288.6 eV (Kim et al., 2003). Carbon spectra were normalized to the incident
flux by using a blank spectrum obtained from a freshly sputtered gold surface to account
for attenuation of the photon beam by C on the optical components. Carbon features were
assigned based on a review of the literature (Urquhart and Ade, 2002; Hardie et al., 2007).

For calibration at the N K-edge, an absorption spectrum for Ny was measured using a
photoionization chamber mounted upstream of the solid state X-ray absorption chamber
(Regier et al., 2007a). The vibrational manifold of the N 1s— 7* transition has an energy of
400.8 eV for the v = 0 peak (Sodhi and Brion, 1984; Schwarzkopf et al., 1999). This was
then calibrated to a secondary solid-state standard (6-hydroxyquinoline) that was used for
routine calibration. Nitrogen spectra were normalized to the incident flux using an in-line Au
mesh which was refreshed by evaporation in situ prior to data collection. Assignment of the
N spectral features to N functions was based on published analysis of reference compounds
(Leinweber et al., 2007). Data processing was performed using the aXis 2000 (Hitchcock
et al., 2005) and WinXAS (Ressler, 1998) software packages. Data for N and C edges were
averaged from a minimum of two scans, and background corrected by a linear regression fit

through the pre-edge region followed by normalization to an edge step of one.

6.2.3 Pyrolysis field-ionization mass-spectrometry(Py-FIMS)

Soils were dried, milled with a mortar and pestle, transferred to quartz capsules and
pyrolysed at temperatures ranging from 110°C to 700°C in steps of 20°C in the direct inlet
of a Finnigan MAT 900 mass spectrometer (Finnigan MAT, Bremen, Germany). Over the
full temperature range, 91 scans were recorded for masses ranging from 15 to 900 m/z; ion
intensities were normalised on a sample weight basis (i.e., ion counts per mg soil). These
were combined to produce a single thermogram of total ion intensity (TII), and a single
summed and averaged mass spectrum. A detailed description of the Py-FIMS method and

the statistical treatment of TII and weight normalization is given by Sorge et al. (1993a).
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6.2.4 Statistics - multivariate feature selection

The Py-FIMS analyses resulted in complicated, multidimensional data sets that were
simplified using Wilks’ lambda feature selection. The Wilks’ lambda scores (F-statistics
comparing the variance within reps to the overall variance) were calculated for each individual
m/z normalized to TII. Variables for which the Wilks’ lambda score was significant (p
< 0.05) were retained and (i) visualized using principal component analysis (PCA) and
(ii) subjected to analysis of variance (ANOVA) to determine significant treatment effects.
Principal component analysis (PCA) was performed using MINITAB (ver. 12.1); ANOVA

and Wilks” lambda calculations were performed using SPSS (ver. 14.0).

6.3 Results and Discussion

6.3.1 X-ray Absorption Near Edge Structure (XANES)

Carbon K-edge spectra for the rhizosphere-bulk soil pairs are presented in Figure 6.1.
The dominant features of the C K-edge spectra included: (1) a normalization artefact, likely
quinone @ 283.7 eV; (2) aromatic C @ 285.2 e¢V; (3) C=C @ 285.7 eV; (4) N-substituted
aromatic @ 286.8 eV; (5) phenolic @ 287.1 eV; (6) aliphatic @ 287.5 eV; (7) carbonyl (ketone,
carboxylic, amide) @ ca. 288.6 eV; (8) carbohydrate hydroxyl @ 289.6; and (9) carbonate @
290.5 eV.

Aromatic functionalities (@ 285.2 ¢V) decreased in the rhizosphere developed in the Elstow
soil, but remained unchanged in the Melfort soils. Carboxylic functionalities (Q 288.7 eV),
on the other hand, increased in the rhizosphere developed in the Melfort soil, but remained
unchanged in the Elstow soil. The line drawn in Figure 6.1 for feature 7 approximates the
region of energies covered by carbonyl functionalities. This peak will shift depending on the
chemical nature of the adjoining molecule. Although these spectra were calibrated to the

carboxylic peak for glutaric acid @ 288.6 eV, we see that this peak has shifted slightly to
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Fig. 6.1. Carbon K-edge XANES spectra from the Elstow and Melfort bulk and
rhizosphere soils. Features numbered as: (1) 283.7 eV, quinone; (2) 285.2 eV,

C ; (4) 286.8 eV, N-substituted aromatic; (5) 287.1 eV,

phenolic; (6) 287.5 eV, aliphatic; (7) 288.7 eV, carbonyl (ketone, carboxylic, amide);

(8) 289.6 eV, carbohydrate hydroxyl; and (9) 290.5 eV, carbonate.

aromatic; (3) 285.7 eV, C
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288.7 eV, indicating that carboxylic acid groups may be bonded to non-aliphatic structures.
The carbonyl peak region also resolved into amide-C (@ 288.4 €V) in both the Elstow and
Melfort soils, but with the bulk soils exhibiting a slightly greater amide-C signal. Carbon
functionalities for carbohydrates and substituted (i.e., phenolic and N-substituted) benzene
compounds were present in all the soils and showed little or no rhizosphere effect. Very weak
aliphatic and triple-bonded C signals also were observed (@ 287.5 eV), and were slightly
stronger in the bulk soils. Weak carbonate signals also were detected (@ 288.6 ¢V), which
was expected given that both the Elstow and Melfort soils developed from calcareous parent
materials. The strong initial peak in all the spectra (@Q 283.7 eV) is believed to originate from
residual C in the beamline that was not removed using the normalization process. This feature
appears in scans of whole soils where carbon content is low (ca. 5%). Data collection at the C
K-edge of soils must measure small changes in absorbance over a large background, whereas
scans of reference materials with high levels of C typically mask this feature. In addition,
C-XANES spectra of whole soils are further complicated by a convolution with second-order
oxygen K-edge features starting from 270 eV (i.e., half the oxygen K-edge occurring at 540
eV). Soil minerals contain large quantities of oxygen in crystal lattices, and so will produce
an extended X-ray absorption fine-structure (EXAFS) spectrum which will overlap with the
C K-edge. Organic C amounts are small compared to oxygen in minerals, and so the spectra
presented here, which have not been adjusted to account for this superposition, appear to
drop in intensity across the C K-edge because they are following a descending background
produced by this second-order oxygen EXAFS.

Nitrogen K-edge spectra for the rhizosphere-bulk soil pairs are presented in Figure 6.2.
The dominant features of the N K-edge spectra include: (1) aromatic N in 6-membered rings
(pyridines, pyrazines) @ 398.7 eV, (2) amino acid decomposition products @ 399.0 eV, (3)
nitrilic and aromatic N in 5-membered rings (pyrazolic) @ 400.0 eV, (4) amide (protein) @
401.2 eV, (5) inorganic nitrate @ 401.7 eV, (6) N with unpaired electrons in 5-membered

rings (pyrrolic) @ 402.5 eV, (7) an unknown feature @ 402.9 eV, (8) nitroaromatic @ 403.5
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eV, (9) inorganic nitrite @ 405.8 eV, and (10) alkyl-N and the 1s— ¢* transition @ 406.2
eV. In soil, contributions to each functional family can come from well-defined compounds
(e.g., nucleotides, amino acids and proteins) together with more complex, poorly defined
transformation products of humification pathways. Thus, XANES data analysis provides
information about compound families regardless of what individual components from each
family are present.

Protein/amide-N is widely reported as being the most dominant form of organic N in
soils (Stevenson, 1982; Knicker et al., 1993). As seen in Figure 6.2, both the bulk and
rhizosphere soils produced spectra with a strong feature (@ 401.2 eV) corresponding to this
N-functionality. As well, spectra for the Melfort soils indicated an increase in protein/amide-N
in the rhizosphere soil compared to the bulk soil.

Leinweber et al. (2007) reported that reference spectra for a variety of amino acid, protein,
and amino sugar standards showed the effects of beam-induced damage (corresponding to the
peak at 399.0 eV; Figure 6.2). This feature occurs near the pyridinic peak and, given that
protein/amide-N is the dominant form of organic-N in soils, is of concern. Each scan reported
here was taken at a fresh spot on the sample. However since each scan requires 7 to 8 min to
complete, it is still unclear how much the sample at the incident spot has been damaged by
beam exposure during the time it takes to scan through the pre-edge region. A few of the
XANES features corresponding to ring-bound heterocyclic N functions (e.g., features 1 and 3)
are coincident with other functionalities. For example, there is little resolution between the
peaks corresponding to the pyridines/pyrazines and the amino acid decomposition products
(features 1 and 2; @ 398.7 and 399.0 eV, respectively), making it difficult to judge their
individual contributions to the organic N pool. As well, pyrazolic-N (feature 3) occurs at the
same energy resonance (400.0 eV) as nitrile-N. Aliphatic nitriles and pyrazoles have been
detected in soils using pyrolysis techniques , and the co-occurrence of these two features in
XANES spectra renders it difficult to differentiate them based on this analysis alone. Of the

N-heterocycles, only feature 6 (pyrrolic-N; @ 402.5 eV) occurs without known interferences.
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Fig. 6.2. Nitrogen K-edge XANES spectra from the Elstow bulk and rhizosphere
soils. Features numbered as: (1) 398.7 eV: aromatic N in 6-membered rings
(pyridines, pyrazines); (2) 399.0 eV: amino acid decomposition products; (3) 400.0
eV: nitrilic & aromatic N in 5-membered rings (pyrazolic); (4) 401.2 eV: amide
(protein); (5) 401.7 eV: inorganic nitrate - peak 1; (6) 402.5 eV: N with unpaired
electrons in 5-membered rings (pyrrollic); (7) 402.9 eV: unknown feature; (8) 403.5
eV: nitroaromatic; (9) 405.8 e€V: inorganic nitrate - peak 2; and (10) 406.2 eV:
alkyl-N and the 1s— o* feature. Inset shows fluorescence yield (FLY) and total
electron yield (TEY) spectra from the Elstow rhizosphere soil, illustrating
suppression of nitroaromatic peak in the surface-sensitive TEY compared to
bulk-sensitive FLY.
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Relative to the bulk soil, spectra for the Elstow rhizosphere show decreased signals
for features 1 and 3, and no change in feature 2. Whereas this may reflect degradation
or transformation of the N-heterocycles, it also may reflect increased stability of nitrile
compounds. Rhizosphere development in the Melfort soil was accompanied by an increased
signal for feature 1, a decrease for feature 3, and no change in feature 6. This indicates an
increase in pyridine-based compounds found in nucleotides, which may reflect an increase in
microbial numbers in the clay soil (Brimecombe et al., 2007). Alternatively, this increase
may also support the hypothesis of pyridinic N creation via abiotic Maillard humification
pathways (Jokic et al., 2004c). Indeed, favourable conditions for Maillard pathway reactions
would be provided in the rhizosphere, where elevated levels of precursor compounds (sugars,
amino acids and polyphenols) are released in root exudates (Uren, 2007).

Feature 10 occurs within the 1s— o* character region of the spectrum. Thus, although
this corresponds to the spectral resonance for the -NH, functionality in amino acids, amino
sugars, and aliphatic amines, 1s— ¢* transitions for many other compounds also occur in
this region. In general, the intensity of this feature was slightly greater in the rhizospheres
in both the Elstow and Melfort soils, relative to their respective bulk soils. It is likely that
amino sugar/acid and amine levels are elevated in the rhizosphere soils, though this is by no
means certain at this time.

Field pea grown in the Elstow (sandy clay loam) soil produced a rhizosphere exhibiting
a very strong nitroaromatic functionality (@ 403.5 eV; Figure 2, feature 8); however, this
feature was absent in the spectrum for the Melfort (clay) soil. Nitroaromatic compounds are
rarely discussed in the context of soil organic matter (SOM), and their formation through
nitrite/nitrate incorporation into organic materials has recently been questioned (Colman
et al., 2007). Nevertheless, evidence does exist for the incorporation of nitrite (NO3 ) into
aromatic and phenolic structures (Verhaegen et al., 1988; Azhar et al., 1989; Thorn and Mikita,
2000), and Palm and Sanchez, (Palm and Sanchez, 1991) suggested that this represents

one possible route of N incorporation into SOM. Our results provide possible corroborating
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evidence for this process. Features 5 and 9 correspond to inorganic nitrate, and are slightly
increased in the Elstow rhizosphere (Elst-R), which is the sample where we see strong
nitroaromatic functionality. Other evidence of N substitution into aromatic structures comes
from rice-cropped soils, where amide-N is incorporated into lignin structures under anaerobic
conditions (Schmidt-Rohr et al., 2004; Olk et al., 2006). While aromatic amides have not
been investigated using XANES, these other studies show possible pathways for aromatic
N-substitution exist under environmental conditions. These XANES results suggest that soil
type exerts a differential control over the development of nitroaromatic compounds in the
rhizosphere developed from a common plant species.

The spectra shown in Figure 6.2 are composites of four scans obtained from a single
mounted soil sample. In the Elst-R spectrum, the nitroaromatic peak, which is strongly
expressed in the composite spectrum, was quite variable in the individual scans, as were
features 5 and 9 for nitrate (data not shown). This suggests strong localized, microscale
formation and consumption of nitroaromatic compounds in the Elstow rhizosphere. However,
why this feature was absent in spectra for the Melfort rhizosphere soil, and was weakly
expressed in spectra for the Melfort bulk soil, is not yet known. This nitroaromatic feature
was also suppressed in the TEY scan (Figure 6.2, inset). Total electron yield has an estimated
penetration depth of <10 nm, whereas fluorescence yield has an estimated penetration depth
of 70-100 nm (Katsikini et al., 1997; Frazer et al., 2003); this indicates that nitroaromatic
formation is occurring primarily below the surface layer, implying that this formation

mechanism is strongly coupled to the mineral phase.

6.3.2 Py-FI mass spectra

The mass spectra and thermograms of total ion intensity from the Py-FIMS analyses of the
rhizosphere and bulk soil pairs are presented in Figure 6.3. Although all four soils exhibited
bimodal thermograms with an onset temperature of ca. 300 °C, the TII distributions differed

between soils. The Elstow samples yielded thermograms with volatilization peaks at ca. 400
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°C and 500 °C for the rhizosphere soil, and at ca. 425 °C and 500 °C for the bulk soil. The
Melfort rhizosphere soil also exhibited volatilization peaks at ca. 400 °C and 500 °C, but
with a small, poorly defined peak at ca. 350 °C. The Melfort bulk soil, on the other hand,
exhibited only two volatilization peaks at ca. 350 °C and 500 °C.

A shift to higher volatilization temperatures indicates an increase in stability of the
organic compounds. Thus, the data indicate that the Elstow rhizosphere was slightly enriched
in labile organic compounds. The data also indicate enhanced stability of organic compounds
in the Melfort rhizosphere-a phenomenon that may be related to the higher clay content of
the Melfort soil.

The ratio of total ion intensity (TII) to organic carbon (OC) reveals trends in the
distribution of molecular masses that were volatilized. That is, because each pyrolysis
fragment results in a single ion, the production of small molecular fragments yields more
ions by weight than does the production of large molecular fragments. As seen in Table
6.1, the Melfort rhizosphere was characterized by a lower TII:OC ratio than its bulk soil
counterpart. This indicates that higher molecular weight fragments are conserved in the
Melfort rhizosphere, signifying the presence of a suite of compounds that are more stable.
This trend was reversed in the Elstow soils.

Visual inspection of the mass spectra (Figure 6.3) reveals few differences between bulk
soils, rhizosphere soils, and rhizosphere/bulk pairs. Thus, a multivariate statistical feature
selection approach was used to obtain a more detailed analysis of the effects of soil type and
rhizosphere development on soil organic compounds.

Feature selection yielded 144 masses with significant (p < 0.05) Wilks’ lambda scores that
were subsequently subjected to principal component analysis (PCA). Figure 6.4 illustrates the
first two principal components, with PC1 representing 84% (p < 0.001) and PC2 representing
7.0% (p = 0.014) of the total variability within the feature selected data. The PCA plot
shows a clear separation between the bulk and rhizosphere pairs along PC1. In addition,

bulk soils cluster closer together, whereas the individual rhizosphere soils separate along
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both PC1 and PC2. These results suggest that the rhizodeposits of the field peas grown and
subsequent turnover processes dominate the organic chemistry of the rhizosphere, although
differences inherent in the soil may also contribute to the degree to which rhizosphere
differences are expressed. This implies the importance of short term C and N cycling in the
rhizosphere. These may be transient effects, reflecting rhizodeposit-influenced development
of specific microbial communities, whereas similarities in bulk soils may be due to longer
term humification mechanisms. There is also a significant interaction between rhizosphere
development and soil type, indicated by separation along PC2. Differences in clay content
between the two soils may promote organic matter protection in the heavier textured soil.
This interaction with the mineral phase will alter substrate accessibility and, in turn, affect
microbial community structure and function. Rhizosphere development also may be altered
directly by changes in plant rhizodeposition patterns in response to soil texture and other
textually mediated properties, such as porosity and pore-size distribution (Vetterlein et al.,

2007), and water retention and movement.
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Fig. 6.4. Principal component analysis of feature-selected m/z from pyrolysis-field
ionization mass spectra of bulk and rhizosphere soils.
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In general, there is a separation point at m/z = 200 which distinguishes between rhizo-
sphere and bulk soils. That is, rhizosphere soils yield a greater number of molecular markers
with m/z > 200, whereas bulk soils yield a greater number of markers with m/z < 200.
Marker masses were tentatively assigned as pyrolysis products from organic soil polymers
such as proteins, carbohydrates and humic substances; or as other free, low molecular weight
compounds such as alkanes, alkenes, sterols and fatty acids (Schulten and Leinweber, 1999).
Masses selected as having high discriminating power-according to their Wilks’ lambda score-
and for which the ANOVA showed a significant enrichment in the rhizosphere soils are listed
in Table 6.3. Present are masses corresponding to homologous alkanes (m/z 212-324; C15-Cas),
alkenes (m/z 210-336; C15-Cqy) and dialkyl esters (m/z 244-286; C;3-Cig). These masses
are consistent with larger, more stable monomeric compounds such as those derived from
plant waxes. These can be preserved in organic matter and selectively enriched by faster
cycling of more labile organic matter (Lichtfouse et al., 1998). In addition, alkanes in the
range of Cy6-Cas have been identified in root material (Jandl et al., 2007), and their selective
enrichment in rhizosphere soil may be through direct deposition into the rhizosphere through
root exudation, rhizodeposition and turnover of fine roots .

Rhizosphere soils also contained a greater number of homologous sequences corresponding
to aromatic signals; with masses corresponding to alkylaromatics (m/z 232-302; C;1-Cig),
benzoate esters (m/z 234-318; Cg-Cy4) and phthalate esters (m/z 208-292; C3-Cy). Alky-
laromatics are known to form the backbone of humic substances (Schulten et al., 1991).
Their selective enrichment may be explained as a result of microbial degradation of other,
more labile, components within SOM, and not from plant deposition (Melnitchouck et al.,
2005). The two homologous m/z series tentatively assigned to benzoate and phthalate esters,
however, have not (except for diethyl phthalate, a common plasticizer) been reported for
soils based on Py-FIMS studies. Our hypothesis is that enrichment may occur either through
selective enrichment through degradation of labile SOM constituents (as for alkylaromatics),

or through microbially altered aromatic acids released as root exudates. The rhizosphere
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Table 6.2. Compound groups, m/z and tentative identification using Py-FIMS of
substances enriched in rhizosphere soil. Boldface m/z are enriched in Melfort
rhizospheres only, and italicized m/z are enriched in Elstow only. All other m/z are
enriched in rhizosphere soils generated on both Melfort and Elstow soils.

Class m/z #C Class m/z #C Assignment
Alkanes 212 cl5  Alkyl/benzoic 234 c8  tetramethylphenanthrene
226 cl6  esters 248 c9
240 cl7 276 cll
254 cl8 290 cl2
268 cl9 318 cl4
282 ¢20  Alkylphthalates 208 c¢3  sinapylaldehyde
296 c21 222 ¢4  ethylphthalate,flavone
324  c23 236 ch
Alkanamine 227 clb 250 c6
255 cl7 264 ¢7  abcissic acid
269 cl8 278 c¢8  linolenic acid
Alkenes 210 cl5:1 292 c¢9  allyl-isoflavone
224 c16:1 Alkyl diesters 244 cl3  Tetrahydroxystilbene
238 cl7:1 258 cl4
252 cl8:1 272 c¢l5 naphthoflavone
266 cl9:1 286 cl6  kaempferol luteolin
280 ¢20:1 Fatty Acids 214  cl3
294 c21:1 242 cl5
322 c23:1 270  cl7
336 c24:1 284 cl8
Allylamine 239  cl6:1 Sterols 386 cholesterol
253  cl7:1 388
267 cl8:1 390 ethylcholestapenaene
281 cl9:1 392 ethylcholestatetraene
295  c20:1 394 ethylcholestatriene
323 c22:1 396 ergosterol
Alkyl 232 cll  Other 57 Peptide
Aromatic 246 cl2 86 Carbohydrate
260 cl3 87 Peptide
274 cl4 251
288 clb 261
302 cl6 265 octadecanenitrile
359 N-containing
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soils also include two homologous sequences of amides/amines linked to alkyl (m/z 227, 255,
269) and allyl (m/z 239-323) straight chains. Organic aliphatic N-containing compounds
are rarely discussed in the context of soil organic N . However, the data presented here
suggests that potentially significant N transformations may be occurring in the rhizosphere,
where N is being attached or substituted onto existing aliphatic soil lipids. However, it is
also possible that this may be an artefact of the pyrolysis method itself. Flash pyrolysis of
alkanols and alkanoic acids in the presence of clay have resulted in the formation of aliphatic
nitriles (Nierop and Van Bergen, 2002). These authors suggest that clay minerals catalyze
the reaction of alkanols and alkanoic acids, with clay interlayer-bound ammonium. Although
the flash pyrolysis system differs from temperature-controlled Py-FIMS used in this study,
and the endpoint compound in our study was an amide/amine (compared to nitrile), there
exists the possibility that other side reactions are occurring in this soil system that produce
these m/z signals.

In addition to the above-described compounds assigned in the rhizosphere soils, the Melfort
soil included two additional classes of compounds: (i) saturated fatty acids (m/z 214-284;
C13-Cys), which except for Cyg, are likely methylated even-chained bacterial fatty acids
and (ii) sterols [m/z 386 (cholesterol), m/z 388, m/z 390 (ethylcholestapenaene), m/z 392
(ethylcholestatetraene), m/z 394 (ethylcholestatriene) and m/z 396 (ergosterol)]. Although
ergosterol and Cyq (cerotic) fatty acid can not be differentiated based on the nominal mass
alone, this presumptive assignment was made based on the presence of other members of
the sterol series (i.e., m/z 386-394) and an absence of other fatty acids in this mass range.
Whereas most sterols are likely released from plant roots (Uren, 2007), ergosterol is also a
fungal metabolite (Djajakirana et al., 1996). The enrichment of both fatty acids and sterols
in the Melfort rhizosphere suggests their selective protection and preservation in the clay soil
(Schulten and Schnitzer, 1990; Bull et al., 2000; Jandl et al., 2004).

Other compounds that were selected, but did not fall into any of the above-mentioned

classes are m/z 86 (carbohydrate), m/z 87 (peptide) and odd-numbered signals (m/z 57,
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261, 269, 359) enriched only in the Elstow rhizosphere, which may indicate still unidentified
N-containing compounds.

Masses selected as being significantly depleted in the rhizosphere soils are listed in Table 6.3.
These masses denote marker signals for carbohydrates (m/z 72, 82, 96, 98, 100, 102, 110, 112,
114, 126, 128, 132, 142, 144, 162), proteins/peptides (m/z 73, 97, 101, 120, 129, 135), phenols
and lignin monomers (m/z 94, 108, 122, 124, 136, 138, 150, 152, 154, 164, 166, 168, 178, 180),
N-containing compounds (m/z 67, 79, 80, 81, 93, 95, 103, 107, 109, 117, 119, 121, 123, 125,
131, 137, 139, 143, 145, 151, 153, 159, 161, 167, 171, 175), alkylaromatics (m/z 78, 104, 106,
118, 130, 134, 172, 190, 192,) nitriles (m/z 55, 147, 163), and unassigned m/z (146, 177, 179).
These m/z signals represent predominantly monomers of biological macromolecules (including
carbohydrates, proteins, lignins and humic substances) and the more labile components of
SOM. One possible explanation for the depletion of these compounds in the rhizosphere
may be the result of depolymerization and enhanced mineralization/cycling of native organic
materials by an elevated microfloral population. This process is driven by elevated substrate
availability and the priming effects of organic compounds released in root exudates (Kuzyakov,
2002), which affords higher microbial numbers and accelerated organic matter cycling in the
rhizosphere. Many rhizosphere-depleted signals reported here correspond to low molecular
weight compounds known to be released in root exudates (e.g., salicylic, p-hydroxycinnamic,
phthalic, vanillic and caffeic acids; m/z 138, 164, 166, 168, 180 respectively) (Uren, 2007).
These m/z also are marker signals for phenols and lignin monomers (Schulten and Leinweber,
1999). While these compounds are certainly released into the rhizosphere in root exudates
(Uren, 2007), it is likely that they are rapidly assimilated by the microbial population. This
observed decrease in abundance of these compounds in the rhizosphere may be through
degradation of phenols and lignin monomers from native organic material by the microbial
population.

Soil texture appears to influence the degradation of labile organic compounds, with the

Melfort (clay) rhizosphere exhibiting greater depletion (i.e., elevated mineralization) of these
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Table 6.3. Compound groups, m/z and tentative identification using Py-FIMS of

substances depleted in rhizosphere soil. Boldface m/z are depleted in Melfort

rhizospheres only, and italicized m/z are depleted in Elstow only. All other m/z are

depleted in rhizosphere soils generated on both Melfort and Elstow soils.

Class m/z Assignment Class m/z Assignment
Carbohydrate 72  butanone N-cont. 67  pyrrole

82 cl-furan compounds 79  pyridine

96  c2-furan 80  pyrazine

98  OH-methylfuran 81  cl-pyrrole

100 pentanedione 93 cl-pyridine

102  OH-ketobutanal 95  c2-pyrrole

110  cl-furaldehyde 103 benzonitrile

112 107 c2-pyridine

113  cl-aminofuranone 109 c3-pyrrole

114 117 indole

126 levoglucosenone 119 indoline

128 121 c3-pyridine

132 anhydropentose 123 c4-pyrrole

133 125  chitin fragment

142 131 cl-indole

144 dianhydrohexose 187  chitin fragment

162 139  chitin fragment
Alkylaromatic 78  benzene 143 cl-quinoline

104 styrene 145  c2-indole

106 xylene 151  chitin fragment

118 cl-styrene 153  OH-acetoxypyridine

130  c2-indene 159 acetylindole

134  benzofuranone 161 indolecarboxylic acid

172  dehydroshikimic 167  acetylmuramic frag
Phenols/lignin 94  phenol 171 c3-quinoline
monomers 108 cresol 175  indoleacetic acid

122  c2-phenol Peptide 73 propionamide

124  guaiacol 97  furfurylamine

136 c3-phenol 101 formylhydroxyglycine

138  salicylic acid 120 acetophenone

150  vinylguaiacol 129 quinoline

152 OH-toluic acid 135 aminoacetophenone

154 syringic acid Nitriles 55 propanenitrile

164  p-OH cinnamic 147  ethoxybenzonitrile

166  phthalic acid 163  dimethoxybenzoni-

trile

168  cl-syringic acid Other 146

178  coniferyl aldehyde 177

180  conmifery alcohol 179
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compounds than the sandy clay loam Elstow rhizosphere. Clay content influences microbial
populations by offering higher surface areas for colonization, protection from predation
(Brimecombe et al., 2007) and control of microbial species composition (Ulrich and Becker,
2006). Marker signals for chitin (m/z 125, 137, 139, 151) (Vanderkaaden et al., 1984), a
fungal cell wall component composed of conjugated acetylated amino sugars, however, shows
preferential degradation in the Elstow rhizosphere but not for Melfort.

Typically, evaluation of Py-FIMS data involves grouping the m/z markers into compound
classes (e.g., carbohydrates, phenols, peptides, etc.) and treating these classes as a unit.
However, similarities in the relative abundance between the bulk and rhizosphere samples
rendered this evaluation unsuitable for the present study. Nevertheless, the soils did show
unique lipid characteristics based on their individual thermal volatilization curves (Figure 6.5,
top). Thermograms for the rhizosphere soils showed a distinct release of volatile material in the
300-350°C range; this feature was not observed in the thermograms for the bulk soils (Figure
6.5, top). Because this peak is produced by a compound (or group of compounds) which is
(are) released at a comparatively low temperature, it indicates that a thermolabile lipids are
being released into the rhizosphere. Thermograms for masses 252 and 254 (corresponding
to Cis alkene and alkane) have been plotted separately in Figure 6.5 (bottom), to show the
contribution of these two compounds to the overall thermogram. These compounds have
been observed in lipid extracts from agricultural soils (Bull et al., 2000; Jandl et al., 2007),
and are likely released as plant waxes from the roots. These compounds degrade more slowly
than carbohydrates and proteins (Baldock et al., 1992), and so are seen here to accumulate
in the rhizosphere.

The rhizosphere is the region of soil around the plant root that is most affected by
rhizodeposition, thus it is to be expected that an analysis of rhizosphere soil would find
an increase in compounds typically associated with root exudates. However, this was not
the case in the present study. Indeed, the major trend observed in the development of

the rhizosphere was one where native labile compounds were decreased relative to more
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recalcitrant structures. Similar observations have been observed in decomposition studies
using *C-NMR, where compounds are degraded in the order proteins/carbohydrates >
aromatics > aliphatics (Baldock et al., 1992). This suggests that what we are seeing in the
rhizosphere is enhanced decomposition of labile organics as a result of the priming effects of

root exudates on microbial numbers and activity.

lon intensity (arbitrary units)

),
/L,
AT

Temperature (deg C)
Fig. 6.5. Thermogram for the volatilization of total lipid compounds (top) and for

m/z 252 and 254 (C;s alkene and C;g alkane) alone (bottom). Rhizosphere soils show
enrichment of these compounds.
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6.4 Synthesis

X-ray absorption spectroscopy (XANES) and Py-FIMS results show agreement between
some trends observed in overall rhizosphere chemistry. Increases in amine groups in the
rhizosphere compared to bulk are seen in both the N-XANES and Py-FIMS data for both soils.
Both techniques show increases in carboxylic acids in the Melfort rhizosphere, and decreases
in aromatic C and heterocyclic compounds in the Elstow rhizosphere. Otherwise, comparisons
of trends observed with these techniques disagree. With carbohydrates, both rhizosphere
soils show depletion in Py-FIMS data; however, no C-XANES spectra show any carbohydrate
differences. With protein signals, XANES and Py-FIMS remained constant between Elstow
bulk and rhizosphere soils; however protein increases were seen using N-XANES and decreases
using Py-FIMS for the Melfort site. Aromatic and aliphatic compounds pose a challenge
to data interpretation using these techniques. Aliphatic lipid-type compounds in both
rhizospheres show increases using Py-FIMS, with no differences observable using XANES.
There are also differences between aromatic-type compounds with XANES showing a decrease
in aromatic carbon in C-XANES spectra for Elstow rhizosphere soil only, whereas Py-FIMS
data show decreases in low molecular weight phenols and alkylaromatics and an increase
in high molecular weight aromatics in the Melfort rhizospheres. The observed presence of
nitroaromatic compounds in XANES spectra of both bulk soils and greatly enriched in the
Elstow rhizosphere represents development and cycling of a class of N-containing compounds
not yet investigated with Py-FIMS and only slightly addressed using Curie-point pyrolysis
GC-MS and "N-NMR (Thorn and Mikita, 2000). Their detection in the soil and rhizosphere
samples under study shows the applicability of using N-XANES to investigate nitroaromatic
cycling, and it suggests an as-yet unknown pedo-ecological meaning of these compounds.

How does one resolve this overall discrepancy between the two techniques used in this
study? We must look at the scale at which these two techniques operate. Whereas pyrolysis
techniques offer molecular-level characterization, XANES offers finer characterization of

bond- and element-specific speciation. For example, resonances corresponding to aromatic
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functionalities in the XANES spectra reflect contributions from all aromatic C, regardless of
the molecule in which it resides. This includes C in phenols, heterocycles and amino acids
that are not bonded directly to oxygen or N. Consequently, a shift in the proportion of any
of these compound classes (e.g., an increase in alkylaromatics or a decrease in phenols) will
influence the ’amount’ of aromatic C detected. Carboxylic acids are another example; i.e.,
benzoic and aliphatic acids contribute jointly to the carboxylic signal, and separately to
the aromatic or aliphatic signals. Pyrolysis mass-spectrometric techniques thus depend on
thermal depolymerization and classification into compound classes, whereas XANES analysis
resolves elemental functionality.

These analytical differences are useful as complimentary approaches to analyzing intact
environmental samples such as soils. In this study, data obtained using Py-FIMS implies
that the rhizosphere is characterized by the rapid cycling of organic materials and is fuelled
by the process of root exudation. We also see evidence of enhanced depolymerization of the
more labile macromolecules, and preservation of recalcitrant organics with aliphatic functions.
These processes appeared to be influenced by soil type, and were shown to be accelerated
in the rhizosphere of field pea developed in a clay soil (as opposed to the rhizosphere
developed in a sandy clay loam). X-ray absorption (XANES) spectra also show the influence
of texture on the cycling and transformation of C and N in the rhizosphere-including the
depletion of heterocyclic, aromatic, and nitroaromatic functionalities, and enrichment of
carboxylic functionalities. The information provided by XANES analyses, however, is at the
sub-molecular level. The link between the methods lies in the fact that XANES analysis is
species-specific, thus allowing for differentiation between pools based on bond-type, whereas
Py-FIMS differentiates based on molecular/polymeric characteristics. Finally, other aspects
of the analyses also permit novel investigations of SOM; e.g., XANES allows for the detection
of nitroaromatic compounds in soils, even though this is not yet developed in Py-FIMS.
Further development of the two techniques in tandem will provide the integration of signals

that are representative of pools of agronomic significance.
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6.5 Conclusions

Characterization of bond- and element-specific speciation through C and N XANES and
molecular-level characterization coupled with multivariate statistical methods of pyrolysis
techniques are useful, complementary techniques for investigating the functionality of or-
ganic matter C and N. These techniques are applicable to whole soils, allowing for direct
measurement of these environmental samples with minimal workup.

New evidence showing development of nitroaromatic compounds using XANES analysis,
and aliphatic amine compounds using Py-FIMS indicates unique N cycling in some soils-
warranting further investigation. These are also compounds and compound classes that
have not, as yet, been investigated in great detail. Other evidence obtained using these
techniques shows the rhizosphere to be a region of elevated nutrient cycling and mineralization
of native organic material. Whereas labile compounds are preferentially degraded in the
rhizosphere, the more stable aliphatic soil- and plant-derived compounds become enriched in
the rhizosphere. As well, the evidence suggests that organic chemical development in the
rhizosphere is influenced by soil type.

Use of XANES for soil studies will require further refinement of the data evaluation
process and in improvements to beamline components to minimize beam-induced damage
and maximize detection limits. This study also demonstrates the need to continue soil and
rhizosphere research to spatial and imaging techniques such as Scanning Transmission X-ray
Microscopy (STXM) (Myneni, 2002; Schumacher et al., 2005; Kinyangi et al., 2006; Lehmann
et al., 2008) and to further explore unique cycling of aliphatic amine and nitroaromatic

compounds in soils.
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Chapter 7

Glomalin-related soil protein contains

thioredoxin, non-mycorrhizal-related

heat-stable proteins, lipids and humic
materials: Evidence from XANES, Py-FIMS

and proteomics

Abstract

Glomalin is reportedly a stable and persistent protein produced in copious
quantities by arbuscular mycorrhizal fungi (AMF) and may be an important
pool of organic N in soil. Glomalin-related soil protein (GRSP), however, is
only operationally defined by its extraction method, and has been only poorly
characterized at best. Synchrotron-based X-ray absorption near-edge structure
(XANES) spectroscopy and pyrolysis field-ionization mass-spectrometry (Py-
FIMS) revealed that GRSP contains a consortium of proteins and proteinaceous
material along with many impurities. Employing proteomic techniques, we
found that glomalin itself may be a thioredoxin-containing protein; however,
no homologies with mycorrhizal proteins or DNA were detected. Proteomics
techniques further revealed that this fraction contains large amounts of soil-
related heat-stable proteins and proteins of non-mycorrhizal origin. Results of this
research show that the current extraction procedure that defines GRSP produces

a broad mixture of proteinaceous compounds and thereby overestimates glomalin
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stocks when quantified using the Bradford assay. Results also showed no evidence
for glomalin as a discrete protein originating from AMF. The structural nature of
glomalin has yet to be conclusively determined; it is unlikely that the chemical

structure of glomalin can be elucidated from the mixture extracted as GRSP.

7.1 Introduction

It is widely accepted that amino acid-, peptide- and protein-N comprise the largest fraction
of identifiable organic N-containing compounds in soils, with estimates ranging from 30 to
45% of total soil N (Stevenson, 1982; Schulten and Schnitzer, 1998; Stevenson and Cole, 1999;
Ko6gel-Knabner, 2006). Characterizing the protein content in soil has mainly focused on wet
chemical hydrolysis and chromatographic separation of individual amino acids (Bremner, 1965;
Schnitzer and Khan, 1972; Stevenson, 1982, 1994), or on studies assaying enzyme activities
(Skujins, 1967; Boyd and Mortland, 1990; Tabatabai, 1994; Badalucco and Nannipieri, 2007).
Despite the importance and magnitude of the protein fraction, investigations of whole proteins
have proceeded slowly (Bastida et al., 2009).

Wright and Upadhyaya (1996) discovered an abundant and persistent extracellular protein
produced by arbuscular mycorrhizal fungi (AMF), which was named ‘glomalin’, after the
source organism genus ‘Glomales’. Glomalin is reportedly a non-water soluble, highly
persistent glycoproteinaceous substance (Wright et al., 1998; Bolliger et al., 2008) produced
in mycorrhizal fungal cell walls, and remains in soil after hyphal death (Driver et al., 2005).
Glomalin has been linked to aggregate stability (Wright and Upadhyaya, 1998; Rillig, 2004;
Wilson et al., 2009), long-term C and N storage (Wright and Upadhyaya, 1996; Rillig et al.,
2001; Lovelock et al., 2004; Treseder and Turner, 2007) and responds to land use changes
(Rillig et al., 2003). The role of glomalin in the ecosystem is still unclear (Treseder and Turner,
2007); however, the hypothetical role has evolved from that of an active secretion to enhance

soil aggregation (Wright et al., 1996; Rillig and Steinberg, 2002), to a hydrophobin that
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modifies water acquisition (Rillig, 2005), and finally, to a current hypothesis that glomalin
is specifically related to fungal metabolism, and that its role as a persistent soil protein is
fortuitous (Purin and Rillig, 2007).

Glomalin was first discovered through the development of an enzyme-linked immunore-
active assay (ELISA) with antibodies generated against AMF spores (Wright et al., 1987,
1996). An extraction method meant to optimize glomalin recovery was then evaluated, with
the accepted protocol involving a harsh extraction of soil by autoclaving in a sodium citrate
buffer. Glomalin is thus operationally defined, and instead of referring to this substance as
‘glomalin’, researchers now use the broader term ‘glomalin-related soil protein’ (GRSP), and
reserving the term ‘glomalin’ for the purified protein or gene product (Rosier et al., 2006).

Since many laboratories are not equipped to carry out the ELISA assay, many studies
measure GRSP using the colourimetric Bradford total protein assay (Bradford, 1976; Rosier
et al., 2006). Critical assessments of using the Bradford assay to quantify GRSP have
shown cross-reactivity with non-AMF proteins added before autoclaving, and with other
non-proteinaceous materials added to the GRSP extract (Whiffen et al., 2007; Roberts and
Jones, 2008). This can result in an overestimation of GRSP stocks. Since the composition
of GRSP (and the structure of individual proteins within this material) remains unknown,
and since GRSP is reported to be a significant pool of C and N, there is a pressing need to
clarify the composition of the extracted material, and ultimately, to clarify the structure of
the glomalin molecule itself.

Synchrotron-based soft X-ray absorption near-edge structure (XANES) spectroscopy at
the N and C K-edges is a novel and sensitive tool for the characterization of the chemical
bonding environment of specific elements in environmental samples (Stohr, 1992; Myneni,
2002; Leinweber et al., 2007). XANES has been used successfully in soil and sediment
analyses, and here we explore the suitability of N and C K-edge XANES for elucidating the
composition of GRSP extracts at the atomic scale.

Pyrolysis field ionization mass spectrometry (Py-FIMS) is a technique where samples are
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decomposed into constituent monomers by heating in the absence of oxygen. The mass/charge
(m/z) of the monomers are then measured using mass spectrometry, and assigned to specific
molecules or compound classes (Schulten, 1996). Py-FIMS provides a molecular-scale m/z
fingerprint of complex samples, and has been applied to the characterization of soils, sediments
and humic substances (Haider and Schulten, 1985; Sorge et al., 1993a; Schnitzer and Schulten,
1995).

XANES and Py-FIMS supply detailed information on the monomeric and atomic content
of the whole GRSP extract, which may be useful in refining quantification assays and in
understanding the composition of this operationally defined soil fraction. Characterizing
discrete proteins remaining in the autoclaved extract, including glomalin (the protein), requires
application of a protein-specific approach. Proteomics consists of a suite of techniques specific
to the separation, characterization and identification of proteins. These techniques include
electrophoretic separation of protein mixtures followed by peptide sequencing through tandem
mass spectrometry (MS) and identification using bioinformatics.

MS-based proteomics is used to identify target proteins based on peptide sequence database
matches. It is also used as a screening method for multiple proteins in complex samples. The
application of this so-called ‘metaproteomics’ to soils and soil extracts has been limited to
dissolved proteins (Schulze et al., 2005) and contaminated settings (Benndorf et al., 2007).
Soil proteomics studies suffer from low protein concentrations and are challenged by the
cleanup steps needed to remove interfering substances that cause gel streaking (Bastida et al.,
2009).

The goal of this study was to gain a comprehensive assessment of GRSP structures at the
atomic, monomeric, and molecular scales using XANES, Py-FIMS and proteomics techniques.
The proteomics section also describes a GRSP purification protocol allowing electrophoresis

of larger GRSP quantities.

124



7.2 Materials and Methods

7.2.1 Source materials and reagents

Bovine serum albumin (CAS#: 9048-46-8) and acid phosphatase (CAS#: 9001-77-8)
were obtained from Sigma-Aldrich (Mississauga, ON), and were used as reference proteins.
Reference humic substances were Pahokee Peat humic and fulvic acids, both of which were
obtained from the International Humic Substances Society (St. Paul, MN). Soils were obtained
from the St Denis National Wildlife Area (SDNWA), as described in Section 5.2.1. Sodium
citrate, sodium hydroxide, hydrochloric acid, EDTA and sodium dodecyl sulphate (SDS)
were purchased from BDH/VWR (Mississauga, ON). Tris base, glycine, sodium thiosulphate
(NagS,03), sodium carbonate (NagCOg), sucrose, phenol (Tris buffered), ammonium acetate
(NH,CH,COOH), potassium ferricyanide [K3Fe(CN)g], ammonium bicarbonate (Ambic -
NH4HCO;), silver nitrate (AgNOj3) and iodoacetamide (ICH;CONH;,) were purchased from
Sigma-Aldrich (Mississauga, ON). All solvents were high purity grade, and were obtained from
BDH/VWR (Mississauga, ON). Bradford reagent and dithiothreitol (DTT) were purchased
from BioRad (Mississauga, ON).

7.2.2 Extraction and purification of glomalin-related soil protein

Total glomalin extractions on soils obtained from the SDNWA followed the protocol
detailed in Wright and Upadhyaya (1996). Soil (1g) was treated with 8 mL of 50 pM sodium
citrate at pH=8, and autoclaved using the liquid cycle for 60 min at 121 °C. Immediately after
autoclaving, samples were centrifuged at 5000 x g for 15 min and decanted. The extraction
process was repeated until the liquid fraction was straw-coloured, and the supernatants
from all extraction cycles were combined. Glomalin extract was then purified according
to Wright et al. (1998). Briefly, after centrifugation at 5000 x g for 10 min, the GRSP
extract was precipitated by titration to a pH of 2.1 with 0.1 M HCIl. After incubation in

ice for 60 min, tubes were centrifuged at 5000 x g for 10 min and decanted. The pellet was
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resolubilized using 0.1 M NaOH until it was completely reconstituted. Samples were then
transferred to dialysis tubing (Spectra/Por membrane, Spectrum, Gardena CA - molecular
weight cutoff: 3500 Da) and purified against deionized HoO for 60 h with constant mixing,
changing the water every 12 h. After dialysis, samples were diluted to 40 mL, assayed for
total protein content using the Bradford assay (Bradford, 1976; Wright and Upadhyaya,
1996), transferred to multiple centrifuge tubes and frozen at -20 °C. Material required for

Py-FIMS and proteomics analyses was freeze-dried in volumes outlined below.

7.2.3 C and N K-edge XANES

Glomalin was reconstituted in deionized H,O, and ca. 10 ul. was deposited on Au-coated
silicon for C K-edge analysis. Gold-coated silicon was prepared by evaporating a gold nugget
at ca. 650 °C onto 5 mm x 5 mm silicon wafers under vacuum. Glomalin was deposited
on copper foil for N K-edge analysis, where blank Cu foil was shown to have no residual
N-contamination. Samples were affixed to a steel sample disc using double-sided conductive
carbon tape (SGE, Toronto, ON). Carbon and N K-edge XANES spectra were collected
using the Spherical Grating Monochromator (SGM) beamline 11ID-1 at the Canadian Light
Source (CLS), Saskatoon, SK, and calibration and normalization of spectra at the C and N

K-edges was carried out as described in Section 5.2.2.

7.2.4 Py-FIMS

Freeze-dried glomalin residue was transferred to quartz capsules and pyrolyzed at temper-
atures ranging from 50 °C to 650 °C in steps of 10 °C in the direct inlet of a Finnigan MAT 95
mass spectrometer (Finnigan MAT, Bremen, Germany). Over the full temperature range, 61
scans were recorded for masses ranging from 15 to 900 m/z; ion intensities were normalized
on a sample weight basis (i.e., ion counts per mg glomalin). These were combined to produce
a single thermogram of total ion intensity (TII), and a single summed and averaged mass

spectrum. A detailed description of the Py-FIMS method and the statistical treatment of
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TII and weight normalization is given by Sorge et al. (1993a). Molecular assignments for
individual m/z biomarkers are based on previous evaluations of synthetic and natural systems
(Hempfling et al., 1991; Gregorich et al., 1996; Schulten, 1996), and are compiled in Appendix
C

7.2.4.1 Py-FIMS data handling

The Py-FIMS data were subjected to Wilks’ lambda feature selection followed by non-
metric multidimensional scaling (NMS) ordination. Wilks” lambda scores are F-statistics
comparing the variance within treatments to the overall variance and were calculated using
SPSS (ver. 16.0) for each individual m/z normalized to TII. Wilks’ lambda scores identified
150 m/z which contributed significantly (p < 0.05) to the overall variance in the data, and
were subjected to NMS ordinations using PC-ORD (ver. 5.10) with Sorenson (Bray-Curtis)

distance measures.

7.2.5 Proteomics
7.2.5.1 SDS-PAGE

Extracts of GRSP containing ca. 10 ug Bradford reactive material were freeze dried, and
redissolved in 20 uL. pre-incubation buffer containing 20 mM sodium citrate and 1 mM EDTA
at a pH of 9.3, and incubated overnight at 4 °C (Wright and Upadhyaya, 1996). Following
incubation, 200 pL of a solution containing 3% SDS and 1% DTT dissolved in pre-incubation
buffer was added, and samples were boiled for 8 min at 100 °C to denature proteins. After
cooling, 30 uLi aliquots were transferred to microcentrifuge tubes containing 10 ulL of a 4x
sample buffer (140 mL H,O, 1.52 g Tris base, 20 mL glycerol, 2.0 g SDS, 1 mg bromophenol
blue, brought to pH 6.8 with 1 M HCI) and centrifuged briefly (ca. 10 s).

For sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 40 L samples
were transferred to a precast polyacrylamide gel containing 12.5% Tris (12+2, 45 uL, Bio-Rad

Criterion, Mississauga, ON), in electrophoresis buffer containing 0.025 M Tris, 0.192 M
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glycine and 0.1% SDS, pH=8.3. The molecular weight marker lane was filled with 2 uL of a
commercial recombinant protein standard ranging from 10-250 kDa (Kaleidoscope Precision
Plus Protein Standard - Bio-Rad, Mississauga, ON). Electrophoresis program was set to 80
V, 30 mA and 2 W for 10 min, followed by 150 V, 70 mA and 14 W for 1 h 40 min. Following
electrophoresis, gels were removed from the plastic housing, rinsed with deionized H,O and
fixed by immersing overnight in an aqueous solution of 50% methanol, 12% acetic acid and
0.05% formaldehyde.

Protein bands on the gels were visualized by the silver staining method using a Hoefer
Processor Plus Automated Gel Stainer (Amersham Biosciences, GE Healthcare, Baie d’Urfé,
QC). Gels were first washed three times with fresh 35% ethanol for 20 min. Gels were then
immersed for 3 min in a sensitization solution containing 0.02% sodium thiosulphate (0.158
g NayS203 in 500 mL H,0). After the sensitization solution was pumped out, a total of
three rinses with dionized HyO for 5 min each followed. A silver staining solution containing
0.2% silver nitrate and 0.076% formaldehyde (0.8 g AgNO3, 304 uL formaldehyde in 400
mL Hy0) was then added, and allowed to react with the gel for 25 min. Following staining,
three more rinses with dionized water, each for 2 min, followed. Finally, gels were developed
using a solution containing 6% sodium carbonate, 0.05% formaldehyde and 0.0004% sodium
thiosulphate (24 g NagCOg3, 200 pL formaldehyde, 8 mL sensitizing solution in 392 mL H,0).
Gel development times varied, ranging from 30 s to 4 min depending on the concentration of
proteins in the bands. When protein bands were visible, the gel was transferred immediately
to a stop solution containing 50% methanol and 12% acetic acid. Gels were then stored in

10% methanol/1% acetic acid at 4 °C.

7.2.5.2 Deglycosylation

Deglycosylation of GRSP extracts was carried out using a GlycoProfile 11, enzymatic
in-solution N-deglycosylation kit (Sigma-Aldrich, Mississauga, ON). This kit uses peptide-

N-glycosidase F from FElizabethkingia meningoseptica to enzymatically cleave the glycan
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from the protein domain. Freeze-dried GRSP subsamples containing ca. 10 pg Bradford
reactive protein were redissolved in 40 ul. deionized HyO, and deglycosylated according to
the manufacturer’s instructions accompanying the kit. After deglycosylation, mixtures were

analyzed by SDS-PAGE as described above.

7.2.5.3 GRSP Cleanup

Evaluation of GRSP purification methods was carried out by redissolving 1 mg Bradford
reactive GRSP into 500 uL. 0.1 M NaOH (Benndorf et al., 2007) and 0.2 mg, 1 mg and 2
mg freeze-dried GRSP into 500 pL ‘dense SDS’ solution (2% SDS + 30% sucrose + 0.1 M
Tris buffer, pH=8, Faurobert et al., 2007). Proteins were extracted from humic materials by
vortexing with 500 pL Tris-buffered phenol (pH=8). Protein in the aqueous phase partitioned
into the phenol phase by incubating the mixture for 10 min on ice, followed by centrifugation
at 5000 x g for 5 min. Phenol was recovered, precipitated with 5x volume (2.5 ml) 0.1 M
NHj-acetate in cold methanol (-20 °C) and pelleted by centrifugation at 2000 x g for 20 min.
The pellet was resolubilized in 0.1 M NHy-acetate in cold methanol and rinsed a second time
by vortexing, followed by centrifugation at 2000 x g for 20 min. The final pellet wash was
performed with cold acetone (-20 °C), centrifuged at 2000 x g for 20 min, decanted, and
evaporated to dryness under N,. The extraction cycle was repeated on the same material
three times, and phenol fractions from each cycle were analyzed separately by SDS-PAGE as

outlined above.

7.2.5.4 Digest, LC-ESI-MS/MS, bioinformatics

After electrophoresis, bands of interest were excised and subjected to an automated digest
with trypsin using the MassPrep system (Micromass, Manchester, UK). Gels were destained
using two 15 min cycles of a 50 pL, 1:1 solution of 30 mM potassium ferricyanide and 100
mM sodium thiosulphate (prepared fresh). The destaining agent was removed by rinsing for

5 min with 75 ul distilled water followed by 5 min with 50 pL aceotnitrile (ACN) admixed
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with the water. Following aspiration of the water and ACN, 75 L. 100 mM Ambic was added
for 5 min, after which 50 uL. ACN was added. After 5 min, all remaining liquid was aspirated.
Gel fragments were dehydrated by dispensing 50 uL. ACN, waiting 5 min, aspirating 45 L
of ACN, and dehydrating a second time with 75 ul. ACN for 5 min, followed by complete
removal of all liquid. A surfactant solution was then prepared by dissolving 1 mg PPS-silent
surfactant {3-[3-(1,1-Bishexyloxyethyl)pyridine-1-yl]propane-1-sulfonate, Protein Discovery,
Knoxville TN}, in 500 pL 50 mM Ambic. Each well received 10 pl surfactant solution,
and was allowed to sit for 18 min. Gel fragments were then washed with 50 ul. ACN, and
aspirated after 5 min. Gels were then reduced by adding 50 pL of 10 mAM DTT in 0.1 mM
Ambic, and allowed to sit for 30 min. The alkylation step followed, where 50 uL. 55 mM
iodoacetamide in 100 mM Ambic was added and allowed to sit for 45 min, after which 100
uL ACN was added, allowed to sit for 5 min, and all liquid aspirated. Gels were then washed
with 50 puL. Ambic for 10 min followed by the addition of 50 uL. ACN, and all liquid aspirated
after 5 min. This was followed by two dehydration steps of 50 ul. ACN each for 5 min,
followed by complete aspiration.

Trypsin was prepared by dissolving all contents (20 ug) of porcine trypsin (sequencing
grade, Promega, Madison, WI, USA) into 200 pL 50 mM acetic acid. After dispensation of
100 pL 0.1 mM Ambic to each sample vial, 25 pL trypsin solution was added, and allowed
to sit covered for 30 min. Samples were then incubated on a heating block at 37 °C for 4.5
h. After cooling, peptide fragments were extracted three times for 30 min with 30 uL 1%
formic acid/2% ACN. The extraction solutions were combined in a cooled PCR plate. Gel
fragments were then extracted two more times for 20 min with 50 uL of 75% ACN and 1%
trifluoroacetic acid, and combined with the above extracts in the cooled PCR plate. Samples
were then evaporated in a vacuum centrifuge (model DNA 120; Thermo Savant, Colin Drive,
NY).

Liquid chromatography-electrospray ionization-tandem mass-spectrometry (LC-ESI-MS/MS)

analysis using data-dependent acquisition was performed as described in Aryal and Ross
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(2010), with the exception that samples were reconstituted in 0.1% aqueous trifluoroacetic
acid. The MS/MS data were searched against the NCBInr database using MASCOT (v. 2.2),
with carbamidomethylation of cysteine as the fixed modification and oxidized methionine
and glucosylation/glycation as variable modifications. Low abundance of peptides of interest
meant that no useable identifications were obtained using the automated system. Instead,
peptide data were subjected to de-novo sequencing using PEAKS (v. 2.2) software with the
same parameters as above, and subjected to BLAST (Basic Local Alignment Research Tool)
with a Scoring Parameters Matrix set to PAM30, to find homologies to peptide sequences
(Sheoran et al., 2009).

7.3 Results

7.3.1 XANES

Normalized total electron yield spectra for C K-edge XANES of GRSP extracts, reference
glycoproteins and humic substances are presented in Figure 7.1. Overall, the C K-edge
XANES spectra for GRSP were very similar. The 1s— n*c_o (carbonyl) peak between
288-289 eV dominates all spectra. All spectra also show strong, slightly asymmetrical
aromatic peaks (at 285 eV), and small variations in the substituted aromatic (at 286.8 eV)
and aliphatic (at 287.5 eV) peaks. Scans of GRSP can resolve two types of carbonyl peaks,
with carboxylic features (C-C=0) occurring at 288.6 eV and with varying amounts of amide
features (N-C=0) at 288.1 eV. The presence of the N-containing amide bond causes a shift
of the C=0 peak toward lower energies (Gordon et al., 2003; Stewart-Ornstein et al., 2007;
Zubavichus et al., 2008). Reference glycoproteins only show a dominant amide peak (at 288.1
eV), whereas humic substances show a peak closer to the carboxylic acid value of 288.6 eV.
While this indicates that GRSP contains large amounts of proteinaceous material, it also
suggests that the GRSP extraction protocol releases large quantities of carboxylic acids.

Reference glycoproteins and GRSP extracts show asymmetry on the higher-energy side of
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Fig. 7.1. Carbon K-edge XANES scans of reference glycoproteins, International
Humic Substances Society Pahokee peat humic substances, and glomalin-related soil
protein extracts obtained from the transect at St. Denis, SK. Features numbered as:
(1) 285 eV, aromatic; (2) 286.8 eV, N-substituted aromatic; (3) 287.5 eV, aliphatic;
(4) 288.1, amide; (5) 288.6 eV, carbonyl; (6) 289.5 eV, carbohydrate-OH; (7) 290.5
eV, carbonate.
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the 1s— 7*¢,,,.. (aromatic) peak at 285 eV. This indicates the presence of heterocyclic-N,
which may be evidence for the presence of histidine in the protein structure, or may arise
from the co-extraction of heterocyclic-N in humic substances. Humic compounds do not
show this same aromatic peak shape, showing that humic substances contain less aromatic
N-containing heterocycles than the reference proteins. Peaks corresponding to substituted
aromatic compounds (at 286.8 eV) and aliphatics (at 287.5 eV) show slight variability between
the reference proteins and GRSP samples, but show no discernible pattern. Humic substances,
however, show strong peaks in the substituted aromatic region (at 286.8 eV) but not in the
aliphatic region (at 287.5 eV).

Normalized total electron yield spectra for N K-edge XANES are shown in Figure 7.2.
Reference proteins have dominant features corresponding to amide-N (at 401.1 eV), and show
other smaller peaks corresponding to heterocyclic pyridines (at 398.7 eV) and pyrazoles and /or
nitriles (at 399.9 eV). Low-lying 1s— ¢* orbitals also produce features at 406 and 412 eV,
which are characteristic of amide bonds in proteins (Zubavichus et al., 2008). The presence
of these distinct o* features in the GRSP extracts and to a lesser extent in humic substances
also indicates amide (i.e., proteinaceous material) content in these operationally-defined
fractions. Heterocyclic features are different in humic substances, showing mostly pyridinic,
with very little contribution from pyrazoles and/or nitriles. GRSP spectra show dominant
peaks for amide-N and heterocyclic-N, but these peaks differ in shape and intensity between

GRSP extracts, suggesting differences in the composition of this proteinaceous substance.

7.3.2 Py-FIMS

Selected Py-FIMS spectra, and accompanying thermograms, for GRSP are shown in
Figure 7.3. The Py-FIMS data for glomalin showed abundant protein/peptide signals (m/z
58, 59, 70, 73, 84), but few signals for carbohydrates (m/z 84, 96, 110). These data also show
that GRSP contains many non-proteinaceous substances, including potassium salts (m/z 39

KT, 113 K, CI1), fatty acids (m/z 256, 280, 308, 312, 396, 410), and phenols/lignin monomers
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Fig. 7.2. Nitrogen K-edge XANES scans of reference proteins, International Humic
Substances Society Pahokee peat humic substances, and glomalin-related soil protein
extracts obtained from the transect at St. Denis, SK. Features numbered as: (1)
398.7 eV: aromatic N in 6-membered rings (pyridines, pyrazines); (2) 399.9 eV:
nitrilic & aromatic N in 5-membered rings (pyrazolic); (3) 401.1 eV: amide (protein);
(4) 402.5 eV: N with unpaired electrons in 5-membered rings (pyrrolic); and (5)
406/412 eV: alkyl-N and the 1s— o* feature characteristic of proteins.
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(m/z 124, 152, 166, 194, 208). There are also signals for very high molecular weight waxes
(m/z 536, 564, 592). Thermograms for Py-FIMS spectra (inset Figures 7.3) show strong
initial volatilization peaks at ca. 325 °C, with smaller secondary peaks at ca. 400 to 450 °C.
Onset and peak of volatilization temperature is related to stability and biodegradability of
organic matter, (Schulten and Leinweber, 1999). These temperatures for thermogram onset
are lower than for soils and humic substances (Schulten and Leinweber, 1999), indicating a
highly labile substance. This is expected because GRSP is organic material already extracted
from the solid phase, and would requires less energy to volatilize pyrolysis products.
Because of the similarity of spectra between GRSP extracts, multivariate feature selection
using Wilks’ lambda scores was used in conjunction with non-metric multidimensional scaling
(NMS) to determine the m/z signals which contributed most to the variation between the
spectra. Before the multivariate ordination was carried out, visual inspection of the raw
spectra revealed problems with two samples: level - 80 and divergent shoulder - 94 (data
not shown). These samples apparently degraded completely in the pyrolysis inlet, producing
a continuum of low molecular weight compounds, possibly due to potassium salts which
remained in the samples; potassium facilitates catalytic cracking of organic molecules (Pant
and Kunzru, 1999). These samples were excluded from subsequent analyses. Wilks’ lambda
scores filtered 150 m/z which contributed significantly (p < 0.05) to the overall variance in
the data. When only these m/z signals were selected for NMS ordination, the algorithm was
unable to find an adequate solution, and clustering was not observed between the different
GRSP extracts (Figure 7.4). This indicates that the combination of m/z signals from GRSP

extracts showed no discriminating patterns, and that the GRSP are similar in composition.

7.3.3 Proteomics

Figure 7.5 shows SDS-PAGE of proteins in total glomalin-related soil protein (Tot-GRSP)
extracts which were denatured and separated without further modifications. A group of two

to four bands was apparent in the molecular weight range of ca. 55 to 65 kDa. Identification
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of several excised bands from the gel pictured in Figure 7.5 was carried out using LC-ESI-
MS/MS on tryptic-digested peptides. Database searches on these peptides yielded no hits
except for keratin, a common background protein in proteomics analysis, and for the trypsin
enzyme used in the digest. This indicates that target protein levels were too low, or that
they were not represented in the database.

Knowledge that this material is glycoproteinaceous (Wright et al., 1998) led to the decision
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Fig. 7.4. Non-metric multidimensional scaling (NMS) ordination of pyrolysis-field
ionization mass spectra of glomalin-related soil protein extracts. NMS performed on
150 m/z signals with p < 0.05 as determined using Wilks’ lambda feature selection.
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to enzymatically deglycosylate GRSP. The aim was to (i) better resolve protein domains on
the gel by removing oligosaccharides and, (ii) improve chances of characterizing the protein
domain by removing the glycan chain(s). A different banding pattern with multiple proteins
occurring from ca. 25 to 30 kDa emerged in the deglycosylated treatments which were not
seen in the denatured protein treatments (Figure 7.6). This suggests that GRSP comprises
several base proteins, which are glycosylated with different oligosaccharide units. Database
searches on excised protein bands from these deglycosylated proteins, however, yielded the
same inconclusive pattern of keratin and trypsin hits as obtained from the non-deglycosylated
gel.

Only a small amount of Bradford reactive material could be applied to the gel to avoid
unacceptable streaking. Since unsuccessful database searches were likely related to inadequate

amounts of protein in the bands, a phenol-based cleanup and a purification method were
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Fig. 7.5. SDS-PAGE of GRSP extracts from the St Denis transect. Gel stained with
colloidal silver.
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developed and tested. Figures 7.7 and 7.8 show the results of the phenol extraction of GRSP
from the NaOH and dense-SDS aqueous phases. The NaOH-phenol partitioning method was
the most effective in removing humic substances from the GRSP extract; interestingly, the
protein recoveries occurred mostly in the second cycle. Dense SDS was not as effective at
separating proteins from humic substances in GRSP.

Sequencing of tryptic peptides using LC-ESI-MS/MS from bands A, B and C excised
from the phenol:NaOH cleanup gels indicated in Figures 7.7 and 7.8 was possible. Although
the main hits were from background keratin, GRSP peptides were present in quantities
high enough to yield de-novo sequences which could then be identified manually through
comparison using BLAST to protein and nucleotide databases.

The results from the BLAST searches are shown in Tables 7.1 to 7.3. Many sequences

reported in this study matched thermophilic organisms and proteins from thermophiles.
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Fig. 7.6. SDS-PAGE of glomalin related soil protein after deglycosylation and
denaturing using PGNase enzyme and N-deglycosylation kit protocol.
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Fig. 7.7. 1-D SDS PAGE of glomalin related soil protein (GRSP) purification
optimization. Gel developed by silver staining. GRSP extracted in 2nd cycle of
purification process using 0.1M NaOH. Tryptic digests and proteomics carried out
on indicated band (above 50 kD ).
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Fig. 7.8. 1-D SDS PAGE of glomalin related soil protein (GRSP) purification
optimization. Gel developed by silver staining. Tryptic digests and proteomics
carried out on indicated band (above 50 kD ).
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While the quality of de-novo sequences varies, as do the BLAST scores, it appears that the
extraction/autoclaving process selected for a range of heat-stable proteins and organisms.
In addition, we also report multiple hits for proteins derived from soil bacteria and non-
mycorrhizal fungi (Tables 7.1 to 7.3), which may persist through the extraction process.
Most importantly, none of these hits were from AMF, of which a 2-D proteomic profile
for G. intraradices exists (Dumas-Gaudot et al., 2004), indicating that the accepted GRSP

extraction method may not be selecting for the material of interest.

7.4 Discussion

7.4.1 XANES and Py-FIMS

X-ray absorption spectroscopy and Py-FIMS were useful techniques in determining the
overall chemical structure of GRSP at the atomic and molecular scale. This information is
useful toward determining the kinds of materials released by the extraction protocol, thus
providing assessments of the bulk composition of GRSP.

The XANES spectra of GRSP were similar, but not identical. Slight differences in the
N-XANES spectra at energies below the amide peak (Figure 7.2), and differences in the
shape and intensity of peaks in the C-XANES spectra (Figure 7.1), suggest differences in the
composition of this proteinaceous substance. These spectral differences lead to a contention
that GRSP is a family (or mixture) of proteins, mixed with a range of co-extracted non-
proteinaceous substances, which may include compounds formed by the heat and pressures

of the autoclaving procedure.
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Table 7.1. Basic Local Alignment Search Tool (BLAST) results of de-novo sequences from excised band A in Figure

7.7
Peptide de-novo BLAS;T BLAST Assignment
score score E-valuet
Thioredoxin
LLNDKNPGTAPK 46.14 28.6 75 Thioredoxin
NNLDQNPGTAPK 54.53 34.1 1.6 Thioredoxin
LAPLLDELADEYQGK 51.23 41.4 0.011 Thioredoxin
EDAPLLDELADEYQGK 98.74 40.9 0.015 Thioredoxin
Thermophilic
NPTLLFK 86.21 25.7 420 Thermococcus sp.
ELTDVALR 59.80 25.2 644 Thermomicrobium roseum
VGSGQPLNDR 63.71 274 148 Thermoresistant gluconokinase
DLSKFLNAAK 60.50 26.9 247 Putative heat shock protein PS1 (2nd hit)
26.9 247 Thermoanaerobacter sp.
DLSQFLNAAK 99.57 28.2 103 Pyrobaculum arsenaticum
TLLTPGPGNDPK 19.37 29.5 43 Sphaerobacter thermophilus
Y (OxM)KA(OxM)TDAQAR 67.13 31.6 9.6 Ubiquitin activating enzyme - Arabidopsis
APADLDSLLAEAR 12.24 31.2 13 Lachancea thermotolerans (2nd hit)
T(OxH)EGRSQFLNAAK 99.11 27.8 137 Streptococcus pyogenes
MANAYLSSNPLVAD(OxM)K 11.85 30.8 17 Meiothermus silvanus (2nd hit)
MNFQENGELVD(CamC)DKNK 72.49 30.8 17 Putative flap endonuclease - Sulfolobus sp
LDLVYWGNTK 91.56 26.9 248 Ferrochelatase - Thermomonospora curvata
L(OxH)DADNGEPR 32.34 28.6 77 Ferredoxin Fe-S binding domain-containing

(continued on next page)
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Table 7.1 - continued

Peptide de-novo BLASTT BLAST Assignment
score score E-value?
Fungi, Soil Bacteria
LATVLSPR 87.04 26.9 99 Polysaccharide biosynthesis - Bacillus cereus
VT(OxM)QNLAGTR 92.57 28.2 102 Gibberella zeae
LEPELAGTYR 77.82 29.5 42 Aminodeoxychorismate lyase - many spp
ESVKADLDVAR 44.29 29.1 57 kinesin related - Nectria haematococca
EGTLLKEKGTK 66.22 29.1 o7 Chryseobacterium gleum
LSALEEAGLQQLR 89.44 31.6 9.7 Ustilago maydis
VDPHLDSGLMVVLK 77.21 28.2 102 Transcript regulator CysB - Pseudomonas spp.
LPMTLLYGGGGPDNK 25.41 28.2 101 Choline kinase - Ajellomyces dermatitidis
LAPGAPMNGGMHTAGTVPLPR 6.39 35.0 0.91 Aspergillus flavus
LGEHPEKEAEGRVDLAD(OxM)AK 58.29 35.0 0.91 Methylobacterium extorquens
EPTHGQNGRLG(GIuK)NDLTGTNK 62.51 28.6 75 Geobacillus sp.
NVSP(GluN)LV(GluN)NAARPDLTKLLNGGMR 67.50 32.0 7.0 Cytidylyltransferase - Thioalkalivibrio sp.
High de-novo scores, no matches
VVTVSLPR 99.95
AAGTDSPGR 82.52
(OxH)GALYHSK 99.86
SDLTSPGLR 69.16
SSANDLEG (OxH)K 92.71
SPAGLLVYNAK 71.40
SYEGLDNDLMLLK 90.32
AKLTFDGSLMVVLK 89.16

TBLAST - Basic Local Alignment Search Tool
{E-value - Expectation value. The lower the E value, the more significant the score
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Table 7.2. Basic Local Alignment Search Tool (BLAST) results of de-novo sequences from excised band B in Figure

7.7

Peptide de-novo  BLAST  BLAST Assignment

score score’  E-valuet
Thioredoxin
LNLDKNPGTAPK 98.80 32.5 6.0 Thioredoxin
Thermophilic
YEELEV(OxH)AK 95.35 28.6 85.0 Thiomicrospira crunogena
NQYEDELNKR 50.67 30.8 20.0 Roseobacter sp.
Fungi, Soil Bacteria
LATVLSPR 87.53 26.9 193 Polysacch. biosynth. prot - Bacillus cereus
FVNDAAPNVK 47.78 32 8.1 Blotch Fungus (Phaeosphaeria nodorum)
S(OxH)PGLASPSSGGGSGGGSNR 31.07 35.0 0.98 Chlamydomonas reinhardtii
(GluQ)LKGPYSS(OxM)TGGPTDGKPPR 26.42 31.6 9.9 Herpetosiphon aurantiacus
High de-novo scores, no matches

VVTVSLPR 87.93

SSANDLEG(OxH)K 99.99

VVHQELNSR 99.37

AQYEELAGAR 82.43

STSSFSSSGER 55.06

HVGEDQNNKR 79.71

SKAEAESLYKSK 49.24

TBLAST - Basic Local Alignment Search Tool

tE-value - Expectation value. The lower the E value, the more significant the score
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Table 7.3. Basic Local Alignment Search Tool (BLAST) results of de-novo sequences from excised band C in Figure

7.8
Peptide de-novo BLAS;T BLAST Assignment
score score E-valuet
Thioredoxin
None
Thermophilic
YEKLAGAGLGTAK 28.29 29.9 35 Acetobacter pasteurianus
NQYEDELNKR 28.46 30.8 19.0 Tetrahymena thermophila
VGGGADALADMGAPK 19.27 29.9 35.0 Deinococcus deserti
GPPYADMHTDELMNPEK 35.36 32.0 7.7 Fe-S oxidoreductase - Campylobacterales
Fungi, Soil Bacteria
APVDADLNVAR 37.80 33.3 3.4 Penicillium marneffei
LDDLEDAMLPVK 69.60 32.0 7.9 Pseudomonas aeruginosa
EEFSSGSAGLAFNGER 12.35 35.0 1.0 Myzxococcus ranthus
(GluH)HPEQEAEGRVDL(OxM)DAAK 64.07 32.9 4.3 Rhodopseudomonas palustris
WNCDCC(0OxW)(OxM)CDPPCYR 100.00 29.9 35 Mycobacterium kansasii
High de-novo scores, no matches
S(OxH)YEQLLAK 65.52
VT(OxM)QNLAGTR 91.83
LPLDRAT(OxM)EK 99.47
TLDGSLFLGLR 60.15
YEELAGKTAGR 96.13

"TBLAST - Basic Local Alignment Search Tool

'E-value - Expectation value. The lower the E value, the more significant the score



It was expected that glomalin, which is thought to be a glycoprotein, would show significant
amounts of the carbohydrate signal at 289.5 eV in the C-XANES spectra of GRSP, similar
to the signal observed in the spectra of glycoprotein standards (Figure 7.1). However, this
was not the case. Indeed, this peak was absent from all of the GRSP scans; moreover, the
Py-FIMS data also showed weak signals for carbohydrates. Low carbohydrate and aliphatic
levels also were reported by Schindler et al. (2007), who used *C-NMR  to characterize GRSP
from soils with varying amounts of organic matter content. Proteinaceous material was
abundant, with high amide-N signals in the N-XANES and C-XANES scans (Figures 7.1
and 7.2), and abundant peptide m/z in the Py-FIMS data (see Section 7.3.2). This showed
that GRSP indeed contains proteinaceous material, but this did not support the contention
that glomalin is a glycosylated protein. Instead, it supported the possibility that GRSP is a
heterogeneous mixture of many proteins, of which only a portion may be glycosylated.

The NMR study published by Schindler et al. (2007) found that GRSP was predomi-
nantly aromatic, with significant carboxylic functionality. The C-XANES data supports
this relationship (see Figure 7.1) insofar as it shows that GRSP is highly carboxylic and
aromatic in nature. However, because molar absorptivity differs between functional groups,
it is not possible to calculate percent contributions of each compound class. In addition, the
NMR spectra were recorded using direct polarization (DP), whereas soil and environmental
studies commonly use cross-polarization (CP) to increase sensitivity (Silverstein et al., 2005).
Aromatic compounds have a higher response factor in DP (Xing et al., 1999), thus potentially
leading to the assumption of lower carboxylate quantities. Nevertheless, carboxylic acids
apparently are present in large amounts in GRSP, which is also seen in the abundant signals
for fatty acids in the Py-FIMS data (see Section 7.3.2).

Many phenolic compounds also were detected in GRSP using Py-FIMS, and to a lesser
extent, C-XANES. Polyphenols may be derived from co-extracted lignins and humic substances.
Heterocyclic-N also was detected in GRSP in the form of pyridines and pyrroles through

N-XANES. These varying spectral features may arise from the presence of histidine in protein
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structures or from DNA nucleotides co-extracted with GRSP. They may also arise as the
result of Maillard reaction products formed by heating the soil through the autoclaving
extraction procedure (Jokic et al., 2004b), or through beam damage of the peptide and
protein-N (Leinweber et al., 2007). Polyphenols and substituted heterocyclic-N may be
problematic when using the Bradford total protein assay because of cross reactivity with the
Coomassie dye (Whiffen et al., 2007). Like saponified fatty acids, any co-extracted polyphenols,
N-heterocycles and nucleotides in GRSP may confound quantitative determinations.
Glomalin-related soil protein has been correlated with soil aggregation, arguably as a result
of GRSP hydrophobicity (Wright and Upadhyaya, 1998; Rillig, 2004; Rillig and Mummey,
2006; Wilson et al., 2009). Soil lipids, however, also have been associated with aggregate
and mechanical stability. Hempfling et al. (1990) found that fatty acids, aliphatic polymers,
lignins and carbohydrates were important in aggregate stability, and Piccolo and Mbagwu
(1999) found aggregate stability improved with the addition of hydrophobic humic materials.
In the present study, GRSP was co-extracted with many hydrophobic compounds, including
fatty acids, heavier plant waxes and lignins. These various clues to the influences over soil
aggregation require further research into how fungi, humic materials and organic matter

contribute to soil aggregation.

7.4.2 Proteomics

X-ray absorption and Py-FIMS have proven useful in describing the bulk chemical
composition of GRSP, showing that it contains a range of materials which can be broadly
classified as proteinaceous. These techniques, however, were not as effective in elucidating
the individual proteins. Thus, proteomics, which comprises a suite of techniques based on gel
electrophoresis, mass spectrometry and bioinformatics were used to ascertain protein-specific
identifications and information regarding protein homology.

In the present study, a gel pattern consisting of 2 to 4 bands between 55 and 65 kDa

was observed in the GRSP extract. Chen et al. (2009) observed this same gel pattern for
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extracts of total GRSP extracted using 50 mM Na-citrate, pH = 8. Wright et al. (1996,
1998), and Wright and Upadhyaya (1996), however, observed patterns consisting of two
higher molecular weight bands between 90 and 100 kDa for GRSP extracted from soil and
from AMF fungal hyphae using the ‘easily extractable’ glomalin (E-GRSP) method (20 mM
Na-citrate, pH = 7, Wright and Upadhyaya, 1996). Furthermore, Bolliger et al. (2008) used
the E-GRSP method and showed a slightly different pattern of five to six bands between
60 and 90 kDa. Differences in molecular weight ranges between the various studies suggest
that varying extractant concentration and/or pH causes different proteins to be released.
Alternatively, similar proteins may be released and modified, perhaps by changes to the
glycan domain. Since the purpose of the present study was to examine the composition
of GRSP using proteomics, the Tot-GRSP method was selected because it releases more
proteinaceous material compared to the E-GRSP method (Rosier et al., 2006). The same
approach was taken by Bolliger et al. (2008)(i.e., E-GRSP was used for immunoblotting
and staining, whereas Tot-GRSP was used for LC-ESI-MS/MS), though, SDS-PAGE gels
of Tot-GRSP were not provided. Despite using the Tot-GRSP extraction method in the
present study, automated sequencing was not successful in identifying any proteins except for
background keratin.

Deglycosylation of the GRSP was used to improve gel separation of the proteins by
removing glycans, and to increase the chances of bioinformatic identification by removing the
glycosylation variable. The glycan domain was characterized by Wright et al. (1998) who used
capillary electrophoresis to study N-linked oligosaccharides cleaved by peptide- N-glycosidase
F from AMF extracts and from GRSP extracts from soils. Results from the AMF extracts
showed that a single oligosaccharide was released, while soil GRSP extract results showed
multiple oligosaccharides, of which the largest component was that observed in the AMF
samples. This indicates that GRSP extracted from soils includes multiple glycoproteins, or
glycoproteins other than glomalin.

The focus of the present study was the protein domain. Gel electrophoresis of deglycosy-
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lated GRSP (Figure 7.6) showed a series of 5 to 6 bands at lower molecular weights than those
observed in the glycosylated gels (Figure 7.5). As well, there were more visible bands after
deglycosylation. Because glycoproteins may contain a range of glycan sizes and/or multiple
glycan chains (Nelson and Cox, 2005), evidence presented in this study, like that reported by
Wright et al. (1998), suggests that the glycan domains on these proteins are highly variable,
indicating further heterogeneity in GRSP composition. Despite deglycosylation, database
searches on excised bands, like the glycosylated automated searches, also yielded no hits.

Lack of success with the automated searches was attributed to low protein concentrations in
the gel. Increasing the overall amount of GRSP resulted in excessive streaking, thus, a cleanup
method was required to allow electrophoresis of higher levels of protein material without
streaking. Previously published methods for SDS-PAGE of GRSP were thus unsuitable for
proteomics analysis because of low protein abundance and because crude GRSP extracts
contain humic substances that react with silver stain and cause streaking (Bastida et al.,
2009). In this research cleanup techniques using phenol partitioning were evaluated for their
ability to reduce streaking and allow increased amounts of GRSP to be applied to the gel.
A comparison was made between aqueous phases of a ‘dense SDS’ buffer and 0.1 M NaOH.
Although Chen et al. (2009) advocated an extraction system based on SDS for possible
characterization of the soil metaproteome, the results presented here show 0.1 M NaOH to
be the most effective aqueous phase for isolating GRSP (Figures 7.7 and 7.8).

Database searches were successful on protein bands excised from gels where GRSP was
first cleaned, but only after the generation of de-novo peptide sequences. Normally, the
MASCOT database searching algorithm exports peptide information of the best match in
the database, whereas de-novo sequencing uses fragmentation patterns from the raw MS/MS
data to generate peptide sequences which can then be directly compared using BLAST
to peptide and nucleotide databases (Sheoran et al., 2007; Bastida et al., 2009). BLAST
database hits with the highest scores and coverage were for thioredoxin (Tables 7.1 and 7.2).

Thioredoxin hits were obtained from bands A and B; however no evidence for thioredoxin
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presence was found in band C (Table 7.3). Thioredoxins are small proteins of about 12 kD,
which does not match the migration distance of the bands from which the identification was
made (ca. 50 kD). Also, thioredoxins are not glycoproteins themselves, which does not match
the existing evidence for glomalin structure. These hits may instead reflect the presence
of larger proteins that contain a thioredoxin domain. Examples of these proteins include
thioredoxin reductases (TrxR, Kern et al., 2003), oligosaccharyltransferases (Schulz et al.,
2009), and protein disulfide isomerases (PDI, Wilkinson and Gilbert, 2004).

The presence of a thioredoxin in GRSP is a new piece of information in the puzzle of
glomalin structure, and may help point a new direction for GRSP characterization. Evidence
in the literature shows that glomalin (the protein) is a putative homolog of Hsp60 (Gadkar
and Rillig, 2006). Heat shock proteins are molecular chaperones responsible for protein
re-folding by catalyzing disulfide bond formation in the event of heat stress damage (Nelson
and Cox, 2005), and several of these protein families contain thioredoxin domains (Raia et al.,
1995; Scharf et al., 1998; Harada et al., 2001; Lee et al., 2009). A particular class of heat
stable chaperone is the PDI, which contains a thioredoxin-like domain, and is found in all
organisms (Wilkinson and Gilbert, 2004). It is possible then, that this particular protein is a
PDI present in soil that has been extracted in the GRSP fraction.

Despite the contention that glomalin is a protein of mycorrhizal origin, there were no
database hits from any excised bands from AMF sequences. The database searches instead
yielded many hits for thermophilic proteins and from non-mycorrhizal soil-based organisms.
Bolliger et al. (2008) also reported limited success with their database searches, and found
only homologies with some free living soil bacteria. Of particular interest is the lack of
AMPF-related protein hits in the results of the proteomic database search. This indicates
that the proteinaceous material in GRSP is either not of AMF origin or, represents only a
small part of the overall protein content. While Gadkar and Rillig (2006) previously reported
homology between glomalin and heat shock protein 60 (Hsp60), no homologies between any

proteins isolated in the present study matched sequences in Hsp60, despite the inclusion of
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the sequence for Hsp60 isolated from G. intraradices in the database search.

Confirmed results using BLAST searches depend on the completeness of the databases.
Development of soil metaproteomics has revealed that much of the protein profiled from soils
is not identifiable (Schulze et al., 2005; Benndorf et al., 2007; Bolliger et al., 2008; Bastida
et al., 2009). In this study, several peptides with high de-novo scores yielded poor hits from
the BLAST database (see Tables 7.1 to 7.3), indicating that these peptides are likely from
proteins not yet sequenced, and may be important in the characterization of glomalin.

Most of the evidence presented shows that glomalin (the protein) as a product of AMF
is either not present, or is poorly represented in the GRSP mixture. The current methods
of isolation and detection of glomalin rely on two major components. The first is isolation
and extraction through autoclaving, and the second is through detection, either by the
Bradford total protein assay or by ELISA. Autoclaving of soil samples is meant to denature
heat-sensitive proteins, and to use heat and citrate complexation to extract physically bound
hydrophobic proteins. This is complicated somewhat by the adoption of easily extractable
and total extractable glomalin protocols which modify the autoclaving time and number of
autoclave cycles (Wright and Upadhyaya, 1998; Janos et al., 2008), and the introduction of
alterative complexation agents such as sodium pyrophosphate and borate (Wright et al., 2006).
We see that SDS-PAGE banding patterns occur at different protein molecular weights when
using the easily extractable glomalin as compared to total extractable. This indicates that
either different proteins are being extracted, or that similar proteins undergo modifications
in the more intensive total-GRSP extraction process. Also, the extraction process apparently
does not remove all non-glomalin-related protein, as Whiffen et al. (2007) demonstrated in
experiments where proteins spiked into soils were recovered after autoclaving.

Secondly, the methods of detection may not be adequately specific for glomalin. Certainly,
it has been demonstrated that the Bradford total protein assay is not specific enough to
quantify glomalin in GRSP extracts of soils. The ELISA method should, however, be reactive

only to proteins present in AMF. The combination of autoclaving and AMF-specific detection
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thus is the rationale for the use of this method in identifying and quantifying glomalin. The
glomalin-reactive antibody usee in the ELISA test is named MAb32B11, and was developed
against spores of G. intraradices (Wright et al., 1987, 1996). However, the binding site of
this antibody is still unknown. Presumably the antibody is reactive to any of a number of
proteins present in G. intraradices spores, and the question raised in this study is whether
glomalin is truly an AMF-specific protein, or whether it is more widely conserved. If, indeed,
glomalin is a widely conserved protein, then efforts to understand C and N cycling and soil

aggregation will have to refocus on non-mycorrhizal organisms.

7.5 Conclusions

X-ray absorption spectroscopy and Py-FIMS revealed that GRSP is a rich mixture of
proteinaceous, humic, lipid and inorganic substances. Protein-specific characterization of
GRSP using MS- and PAGE-based proteomics showed no evidence for glomalin as a discrete
protein originating from AMF.

Chemical analysis of GRSP showed little carbohydrate, despite previous reports that
glomalin is a glycoprotein. Other results show that humic substances comprise a small fraction
of GRSP, and that lipids and fatty acids are predominant non-proteinaceous co-extractants.
We speculate that these may include compounds formed by the heat and pressures of the
autoclaving procedure, and that they may contribute to overestimations of glomalin when
the Bradford assay is used.

A purification method described in this research was required for proteomic analysis of
GRSP. Proteins tentatively identified using proteomics consisted of a thioredoxin, proteins
from thermophilic organisms, proteins from non-mycorrhizal soil organisms, and proteins for
which no database hits were registered despite high confidence values associated with de-novo
sequences. Immediately clear is the lack of AMF-related protein hits in the results of the

proteomic database search. This indicates that the proteinaceous material in GRSP is either
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not of AMF origin or that AMF-derived proteins represent only a small part of the overall
protein content. This indicates that the current depth of information in the NCBInr database
is insufficient for characterization of GRSP or soil-related protein profiles, a concern which
has been raised elsewhere (Bastida et al., 2009). Indeed, linking glomalin to an AMF origin
has been based on its reactivity to an enzyme-linked antibody generated against mycorrhizal
spores (Wright et al., 1996). This raises the need to understand the specific mechanism of
the glomalin-reactive antibody MAb31B11, and the protein sites to which it binds.

Based on evidence presented here, we propose three areas for further GRSP research.
First, extensive proteomics fingerprinting should be carried out using a controlled system
using AMF hyphae cultivated on RiT-DNA carrot roots (Dumas-Gaudot et al., 2004). This
information would be very useful for building the current database set, thus improving the
search quality in the bioinformatics stages. Secondly, a critical assessment of a range of
extraction conditions similar to that undertaken by Chen et al. (2009) should be explored
specifically for characterizing GRSP, and refined by developing cleanup techniques that allow
for the concentration of large amounts of glomalin so that 2-D methodologies can be used.
After these fundamental issues are addressed, a new approach to quantifying glomalin may
be developed together with the targeted development of ELISA antibodies against known

proteins.
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Chapter 8

Synthesis and overall conclusions

A strong analytical basis for determining the forms and structures within which soil
organic N is bound is imperative for understanding the cycling, storage and reactivity of N
in the biosphere. Soil organic matter is a complex medium, challenging to the organic and
inorganic chemist. Applying advanced molecular techniques to the characterization of soil
organic N provides useful assessments of this complex medium.

The research that comprises this dissertation sought to incorporate state-of-the-art method-
ologies to the analysis of soil organic matter in whole soils and in operationally-defined soil
extracts. In the past, soil chemists have integrated many techniques from the fields of
materials sciences and biochemistry. Indeed, for this dissertation, synchrotron-based soft
X-ray absorption spectroscopy, a technique from the field of fundamental materials science
research, and proteomics, common in biochemistry, were adopted to answer questions related
to SON chemistry. These techniques were incorporated with established methodologies in
pyrolysis field-ionization mass-spectrometry to provide a multi-faceted analytical framework

for SON characterization.

8.1 Methodological development

Synchrotron-based XANES spectroscopy at the N K-edge is a relatively new technique
for application to soils. My involvement in the early development of applying N-XANES

to soils produced a reference compound library (Leinweber et al., 2007). Previous to the
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development of this library, interpretation of N XANES spectra relied on very few reference
compounds (e.g., Myneni, 2002; Vairavamurthy and Wang, 2002). Our work included many
heterocyclic-N containing compounds, inorganic N-containing salts, in addition to amino
acids, sugars and DNA biomolecules. This early work provided the basis for interpretation
of N-XANES spectra obtained from the various environmental samples investigated in this
dissertation. In the developmental phase, several synchrotron methodological questions
were addressed, including development of simplified calibration methods and an assessment
of beam damage to peptides. These studies formed the groundwork needed to run better
experiments and to interpret the synchrotron data obtained for field soils.

In Chapter 3, we demonstrated that N, gas, generated through beamline decomposition of
common solid-state ammonium-containing salts, could be used to provide a rapid assessment
of beamline energy offset. Soft X-ray beamlines at energies corresponding to the N K-edge
are normally calibrated using the vibrational structure found in spectra of gas phase Ny
(Schwarzkopf et al., 1999; Yates et al., 2000). This requires the installation of a gas cell in
the beamline. Because our protocol uses solid state materials, it can be easily measured
during an experiment using whole soils (or other non-gaseous samples) without disrupting
the normal stream of sample throughput.

The main finding from the study in Chapter 4, which assessed beam damage to peptide
compounds, was that amino acid, peptide and protein-N were sensitive to degradation
under soft X-ray irradiation, but that these effects are compound-specific. This is to say
that some amino acids investigated, notably those containing S (i.e., methionine) were
especially susceptible, and may be degraded before the completion of a single XANES scan.
Other peptidic compounds were not as susceptible, and should not pose problems for beam
degradation provided that beamline flux is closely monitored by optimizing the exit slit size,
and that no more than one scan is recorded at a single incident spot.

These methodological experiments provided baseline experience in synchrotron beamline

operation and in processing and interpretation of data. These techniques were then applied
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to the study of whole soils and soil extracts.

8.2 Studies of whole soils and soil extracts

Three studies were conceived and structured to follow a spatial gradient from the landscape
scale, to the rhizosphere scale, and ending with an assessment of an operationally-defined
protein extract. This study structure was designed to apply N K-edge XANES to a range of
sample types (including soil and soil extracts). Carbon K-edge XANES also was incorporated
to achieve greater insight into organic N characterization of soils. Some time was spent
developing experimental and signal processing protocols needed to overcome challenges
inherent in C XANES experiments, most notably the need to mount samples on a C-free
substrate, and the proper normalization of spectra. Because these techniques are new to
soils, a corroboratory technique was needed. Pyrolysis field ionization mass spectrometry
(Py-FIMS) was selected because it is a well developed technique for characterizing complex
samples including soils and humic compounds (e.g., Sorge et al., 1993b; Schulten, 1996;
Schlichting and Leinweber, 2009).

Soil properties may vary extensively across hummocky landscapes and from different
management practices. Chapter 5 in this dissertation examined soils obtained from various
locations in a hummocky landscape, including soils from adjacent wetland, bromegrass and
uncultivated prairie grassland areas. XANES and Py-FIMS were successful in showing
differences in SON composition in this study. Landscape position was the most important
factor in determining SON composition, though differences from management practice were
observed in the N XANES data. Lipid-type compounds were predominant in the convergent,
level and wetland (i.e., water receiving) landscape positions; more polar carbohydrates,
monomeric lignins and single ring heterocyclic-N compounds were predominant in the
divergent (water shedding) slope positions. Nitrogen XANES also detected N-bonded aromatic

compounds such as nitroaromatics and anilides at the divergent slope positions; this is an
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interesting result, as these compounds are not commonly discussed in the literature.

Chapter 6 focused on comparing SOM in rhizosphere and bulk soils. Field pea (Pisum
sativum) was planted on two soils, and rhizosphere soils were compared to unplanted bulk
soils. Rhizospheres were depleted in ‘labile’ polar compounds such as carbohydrates and
peptides, and were enriched in hydrophobic lipids, sterols and aromatic compounds. It
was also found that soil type influenced the chemistry in the rhizosphere. Nitrogen-bonded
aromatics also were detected in this experiment.

Several common themes were observed in the results of the landscape-scale and rhizosphere
studies. The first was the presence of N-bonded aromatics. These compounds have been
observed in other experiments, primarily in acid (Stevenson, 1994) or anaerobic soils (Schmidt-
Rohr et al., 2004). Detecting the presence of this type of organic N in calcareous, rhizosphere,
and topographically diverse soils suggests that N-bonded aromatics may be widespread,
although the abundance and biological significance remains obscure. Nitrogen K-edge
XANES may also have a particular affinity for detecting N-bonded aromatics over other
spectroscopic methods. Certainly, strong delocalized 7* character of N-bonded aromatics
means that peaks are sharper and easier to resolve in the overall spectral shape (Stohr,
1992). Nitrogen-15 NMR may not have the requisite sensitivity or resolution to detect these
compounds in unlabelled soils.

Secondly, several patterns of stabilization and enrichment of organic molecules were
seen. Studies of whole soils obtained from diverse landscape positions showed enrichment of
lipid-type organic matter components at lower landscape positions. Lipid-type compounds
also were enriched in rhizosphere soils. Both of these soils experience fresh input of plant
material, and are characterized by selective enrichment of recalcitrant materials (Marschner
et al., 2008; von Liitzow et al., 2008). Soils which would experience lower inputs of plant
material, such as in knoll landscape positions and in bulk (i.e., non-rhizosphere) soils, were
enriched in more ‘labile’ compounds such as carbohydrates, peptides and monomeric lignins.

Marschner et al. (2008) and von Liitzow et al. (2008) have suggested that recalcitrance is
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not necessarily a controlling factor on the persistence of a compound in soil. In their review
papers, these authors cite several studies where carbohydrates and peptides form part of a
much older pool of organic C than do lipids and complex lignins. These authors suggest that
persistence is more likely controlled by specific interactions between organic molecules and
clay surfaces and cations, thereby sterically limiting microbial access for biodegradation.

Thirdly, both studies showed that N-containing compounds were sensitive to landscape-
related controls, management practices or rhizosphere processes. These included heterocyclic
N-containing compounds, proteins and N-bonded aromatics (described above). Also tenta-
tively identified were organic aromatic and aliphatic amines and amides. These compounds
are not widely discussed in the literature, and their tentative identification in these two
studies indicates that their presence, cycling, abundance, and roles in the terrestrial ecosystem
should be further investigated.

Soils in both studies also showed high protein content, which agrees with the accepted
view that protein-N comprises the largest fraction of organic N-containing compounds in soil
(Bremner, 1965; Stevenson, 1994; Schulten and Schnitzer, 1998; Olk, 2008b). Despite this
widespread acceptance, identification of individual proteins is still in its infancy (Bastida et al.,
2009). Chapter 7 in this dissertation was conceived to address this gap in the knowledge base,
and focused on the operationally defined soil extract termed ‘glomalin-related soil protein’
(GRSP), thought to be an AMF-derived glycoprotein. Glomalin research is important
because this material is purportedly widespread and persistent, and has been implicated in
soil aggregate stability and carbon sequestration (Wright and Upadhyaya, 1998; Rillig and
Mummey, 2006; Treseder and Turner, 2007). The operationally derived extract, however, has
not been properly characterized and the goal of this study was to investigate the applicability
XANES to this task.

The GRSP extracts were obtained from the landscape study soils above. Indeed, XANES
and Py-FIMS were useful in describing the bulk GRSP mixture and the composition of

the non-proteinaceous materials. But despite strong differences observed between the SOM
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components in the whole soil, no patterns of differences were found between GRSP extracts.
This implies that GRSP is either uniform across soils, or that the extraction method favours
the production/extraction of similar substances. There also was a lack of specificity in
defining the proteinaceous component, which prompted a move to adopt proteomics as a
third technique to characterize GRSP.

Considerable time was spent adapting existing proteomics methodologies for use with
GRSP. Quantities of GRSP were too low in initial trials to obtain successful database hits.
Increasing protein concentrations for gel separation required the development of a cleaning
protocol, because co-extracted humic substances interfered with the silver staining process,
causing streaking. After implementation of the cleanup protocol, several proteins were
identifiable. Interestingly, despite the body of literature connecting GRSP to an AMF fungal
origin, no database hits from any of the excised bands corresponded to AMF proteins (or
genetic products thereof). Instead, the most significant hits were for thioredoxin, and for a
range of heat stable and non-AMF soil microbial proteins.

Database completeness is the main limitation in proteomic studies of soils (Bastida et al.,
2009). It is likely that the absence of links between AMF and GRSP are because the protein
sequences are not present in the database. These results, however, still support the notion
that GRSP is proteinaceous and is heat-stable in nature. Since GRSP has been correlated
with many agronomic parameters, it may simply be that proteins (and/or non-proteinaceous
co-extractants) extracted using the GRSP protocol, which still play a strong agronomic role,

are derived from a species pool which is more diverse than AMF alone.

8.3 Analytical considerations

The studies in this dissertation showed that XANES spectroscopy is highly suitable for
the study of soils and soil extracts. These techniques provide atomic-level speciation in

whole samples, with little preparation required. In addition, XANES is isotope independent,
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meaning that studies do not rely on N or 3C content.

Because XANES operates at the atomic scale, it should be understood that similar
functional groups may appear in a variety of molecules. For example, amide-type N occurs
predominantly in proteins, and also occurs in acetylated amino sugars (i.e., chitin). In
this example, amide-N may be present in multiple pools of relevance to soil N cycling.
The combination of XANES with another technique such as Py-FIMS adds the molecular
dimension to the interpretation of SON structures.

Proteomics operates at the whole protein level. This technique uses enzyme digestion to
disassemble proteins in a predictable fashion. These peptide fragments are sequenced using
tandem mass spectrometry, and the sequences compared to databases for identification. While
this technique is very powerful and allows the analysis of complex samples, identifications are
limited by database completeness. Proteins derived from soil microorganisms, in particular,
are not yet well represented in the available commercial databases (Bastida et al., 2009),
which limits environmental proteomics studies.

Improvements in data handling, data quality, and analytical approaches were incorporated
throughout the course of this dissertation project. Chapters in this dissertation were presented
topically, not chronologically; Chapter 6 was written (and published) before Chapters 5 and 7,
and the refinement in data quality is evident. This is particularly apparent when considering
the progress in handling C K-edge XANES data, and in the application of multivariate
ordination statistics and curve fitting to C and N K-edge XANES data. Handling of C
K-edge XANES data is challenging for several reasons. Samples must be prepared on a C-free
substrate. This is not trivial, as most adhesives are C-based, and exposure to the atmosphere
for extended periods may deposit C on the substrate. This problem was solved by building
an i vacuo Au evaporation system, which deposited Au onto silicon wafers. Soil slurry and
liquid samples were then deposited on the clean Au surface immediately prior to analysis and
transferred to the beamline endstation very quickly, thereby removing potential substrate C

contamination.
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Residual carbon contamination is inherent with the beamline optics, and attenuates the
beam before it reaches the sample. Consequently, the C K-edge spectra are convolutions
of sample C signal and beamline C signal. This required the development of a double
normalization procedure which requires the collection of three spectra - sample, substrate,
and upstream I, from a fresh Au mesh. This was followed by a normalization procedure
where substrate spectra were scaled to, and subtracted from, the sample spectra, and finally
normalized to the upstream I, spectra. All of these improvements were developed after the
publication of material in Chapter 6, and were included in the generation of spectra for

Chapters 5 and 7.

8.4 Summary of findings

The key findings in this dissertation were: (1) Synchrotron-based XANES is a new
technique for application to soils. Methodological questions addressed, included simplified
calibration methods and an assessment of beam damage to peptides. These studies formed the
groundwork needed to interpret synchrotron data obtained from field soils. (2) Synchrotron
studies of whole soils obtained from diverse landscape positions showed enrichment of lipid-
type molecular organic matter components at lower landscape positions. Cultivation increased
heterocyclic-N content, which was observed only in the N XANES data. A second study
conducted at the rhizosphere scale showed enrichment of lipid-type components in the
rhizosphere. Py-FIMS techniques were used to corroborate these findings. (3) A unique
pool of organic N was observed in these whole soil studies. Results obtained using XANES
showed the detection of oxidized N-bonded aromatic compounds, which are rarely considered
in treatments of soil organic matter. These compounds were detected in soils from upslope
and level positions and in some rhizosphere soils. (4) XANES and Py-FIMS revealed that
GRSP contains a consortium of proteins along with many impurities. Proteomic techniques

were employed, suggesting that glomalin itself may be a thioredoxin-containing chaperone.
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This fraction also contains large amounts of soil-related heat-stable proteins and proteins of

non-mycorrhizal origin.

8.5 Future work

This dissertation presented information pertaining to the composition of SON. Since soil
biota are responsible for processing the majority of C and fixed N in the biosphere, the next
steps would be to begin exploring the dynamic link between microbial metabolism and SOM
composition. Superimposing investigations of both microbial diversity and SOM composition
will provide deeper understanding of how land management alterations may affect large-scale
C and N cycling, pool size and storage.

Nitrogen-bonded aromatics, which were detected in the landscape and rhizosphere studies,
may represent unique components of the organic N cycle. Currently, Py-FIMS methodology
does not have a library of biomarkers corresponding to possible N-bonded aromatic precursors.
These should be explored and incorporated into the Py-FIMS evaluation protocol. Since
these compounds are apparent in a wide range of soils, the focus on this pool should be to
further investigate its production, kinetics, modification and biological significance in a wide
range of soils and agronomic conditions.

Investigations into GRSP would continue with fundamental additions to the proteomic
databases. This would be accomplished through extensive proteomic (including 2-D gel elec-
trophoresis) characterization of multiple AMF species grown gnotobiotically with transformed
RiT-DNA carrot roots (Dumas-Gaudot et al., 2004).

Finally, continued refinement and development of XANES at a fundamental level, combined
with progressive improvements and upgrades to beamline components, will help increase
sensitivity, throughput and data quality for improved applications of XANES to the study of

soils.
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Fig. A.1. Structures of organic nitrogen-containing molecules identified in soils, as
identified using wet chemical methods, N-Nuclear Magnetic Resonance, and
Pyrolysis Field-Ionization Mass-Spectrometry.
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Appendix C

Marker signals in Py-FIMS of aquatic and
terrestrial humic substances, soil fractions
and whole soils
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Table C.1. Marker signals in Pyrolysis Field Ionization Mass Spectrometry
(Py-FIMS). Compiled from Schulten (1996) and Gregorich et al. (1996)

Identification m/z
Carbohydrates 60, 72, 82, 84, 96, 98, 110, 112, 114, 126, 132, 144,
162

Phenols & lignin monomers 110, 124, 138, 140, 152, 154, 166, 168, 178, 180, 182,
194, 196, 208, 210, 212

nCp-nCg phenols 94, 108, 122, 136, 150, 164
Lignin dimers 246, 260, 270, 272, 274, 284, 286, 296, 298, 300, 310,
312, 314, 316, 326, 328, 330, 340, 342, 356
Lipids
nC1p-nCsg fatty acids 256, 270, 284, 298, 312, 326, 340, 354, 368, 382, 396,
410, 424, 438, 452, 466, 480, 494, 508
nC1p-nCyp diesters 202, 216, 230, 244, 258, 272, 286, 300, 314, 328, 342

nCs7-nCg; monoesters 950, 564, 578, 592, 606, 620, 634, 648, 662, 676, 690,
704, 718, 732, 746

nCi4-nCag alkanes 198, 212, 226, 240, 254, 268, 282, 296, 310, 324, 338,
352, 366, 380, 394

nCi4-nCag alkenes 196, 210, 224, 238, 252, 266, 280, 294, 308, 322, 336,
350, 364, 378, 392

Alkylaromatics 92, 106, 120, 134, 148, 162, 170, 176, 184, 190, 192,

198, 204, 206, 218, 220, 232, 234, 246, 260, 274, 288,
302, 316, 330, 344, 358, 372, 386

N-containing compounds 59, 67, 79, 81, 95, 103, 109, 111, 123, 125, 137, 139,
153, 161, 167, 181, 183, 195, 203, 233, 245, 255, 257,
271, 285, 333, 359, 363, 393

Sterols 372, 386, 388, 390, 392, 394, 396, 398, 400, 402, 408,
410, 412, 414, 416, 426, 430

Peptides 57,70, 73, 74, 75, 84, 87, 91, 97, 99, 115, 120, 129,
135

Suberin 432, 446, 460, 474, 488, 502, 516, 530
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Appendix D

X-ray photoemission spectroscopy C 1s
assignments
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Table D.1. C 1s binding energies for X-ray photoemission spectroscopy assignments.
Reference is saturated C 1s=285 eV. Calculated from values in Briggs (1998)

. min max mean
Function (V) (V) (eV)
C-C (reference) — — 285.00
C-0-C 286.13 286.75  286.45
C-OH 286.47 286.76  286.55
C-0-C=0 286.12 286.98  286.64
C=0 287.81 287.97 287.9
O0-C-O 287.83 288.06  287.93
O0-C-C=0 288.64 289.23  288.99
HO-C=0 (carboxylic) 289.18 289.33  289.26
0-(C-0)-0 289.3 289.34  289.32
—(C=0)-0-(C=0)- 289.36 289.46  289.41
-0-(C=0)-0- 290.35 290.44 290.4
C-NOy — — 285.76
C-N< 285.56 286.41  285.94
C N= 285.99  286.22  286.11
C-C=N 286.35 286.46  286.41
C=N 286.73 286.75  286.74
C-ONOgq — — 287.62
N-C-O — — 287.78
N-C=0 287.97 288.59  288.11
(C=0)-N-(C=0) 288.49 288.61  288.55
N-(C=0)-N — — 288.84
N-(C=0)-0 — — 289.6
C=C 284.76 284.69  284.73
Arom 284.8 284.44  284.66
C-S 285.21 285.52  285.37
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