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Abstract

Phosphorus (P) is essential for all living organisms because it is part of cell components
and involved in major biochemical processes. Phosphorus exists in soils either as
inorganic (Pinorg) Or organic (Porg) forms. In general, pools of Porg comprise between 20 %
to 80 % of total soil P. Identifiable Pog molecules include: phosphomonoesters, such as
inositol phosphates (IP); phosphodiesters, such as DNA; and phosphonates, such as 2-
aminoethylphosphonic acid. However, these identifiable molecules usually comprise on
average 30 % of the total Porg pool in soil, the chemical nature of the majority of Porg in soil
remains unresolved. This pool of ‘unresolved’ Porg can be estimated as an underlying broad
signal in the phosphomonoester region of solution 2P nuclear magnetic resonance (NMR)
spectra on soil extracts. Little is known about the chemical composition of the broad signal

but it appears to be of apparent large molecular weight and complex structure.

The overall aim of this PhD project was to identify the chemical nature of soil Porg With
increasing molecular weight by combining several chemical extraction approaches, size
separation procedures, and solution 3P NMR spectroscopy techniques. Six topsoil
samples of diverse soil types (a Ferralsol, a Vertisol, three Cambisols, and a Gleysol) and
land-uses (arable, grassland, and forest), which had concentrations of Porg ranging from
70 to 1135 mg P/Kgsoeii, were analysed for this project.

In the first chapter, the two most commonly applied spectral deconvolution fitting (SDF)
approaches of NMR soil spectra were compared to accurately quantify myo-IPs in soll
extracts. In the first approach, sharp peaks in the phosphomonoester region were fitted to
the baseline of the spectrum, whereas in the second approach, an underlying broad signal
was included in the SDF process. The hypothesis was that carrying out SDF on the
phosphomonoester region without a broad signal would result in an overestimation of myo-
IPes in soil extracts. The results show that the average recovery of an added myo-IPs
standard to soil extracts was 122 % (SD 32) and 95 % (SD 5) using SDF without and with
an underlying broad signal, respectively. Therefore, an underlying broad signal needs to
be included when carrying out SDF of the phosphomonoester region for accurate

guantification of myo-IPs, and for other sharp signals in this region (e.g. neo-1Ps).

High-resolution solution 3P NMR spectra on soil extracts revealed a plethora of sharp
signals of unknown identity. The hypothesis of the second chapter was that these sharp
peaks mainly arise from lower-order IP (IP1-1Ps), because of their previous detection in soil
samples using chromatographic approaches. Hypobromite oxidation on alkaline soall
extracts was carried out in order to oxidise all organic matter except IP. Subsequent NMR

analyses of the extracts revealed the presence of four stereoisomers of IPs, two isomers
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of myo-IPs and scyllo-IP4. These lower-order IP comprised 9 % to 50 % of the total soil IP
pool. In addition, on average half of the underlying broad signal resisted hypobromite
oxidation. Transverse relaxation experiments confirmed the differing molecular
composition of these unresolved Poy compounds compared to IP, and suggested the

presence of Pog in large molecular weight material.

The molecular size distribution of soil Porg was further investigated in the third chapter by
combining size exclusion chromatography (SEC) with solution 3P NMR spectroscopy. The
hypothesis was that phosphomonoesters in large molecular weight material are dominated
by multiple broad signals in the phosphomonoester region. The results revealed that these
broad signals (on average 3-4) were most prominent in the 10-20 and 20-50 kDa fractions,
where they comprised on average 77 % resp. 74 % of total phosphomonoesters across all
soils. Hence, the findings indicate that the unresolved pool of Porg is comprised of multiple
components rather than a single macropolymeric structure. Furthermore, the proportion of
IP detected in molecular size fractions above 10 kDa was on average 23 % of the total IP
pool. The presence of these Porg compounds in large molecular size material suggests a

close association with the soil organic matter (SOM).

In the last chapter, the SOM of the Gleysol was fractionated according to its bonding types
using the ‘Humeomics’ sequential chemical fractionation procedure. This was done in
order to investigate the association of Porg within the SOM structure. The findings of this
study revealed that 47 % of the unresolved pool of Pog was associated with the SOM
structure. In addition, two pools of IP could be identified: one closely associated with the
SOM (45 %) and the second being closely associated with the soil mineral phase (40 %).
Especially the latter IP pool was highly underestimated using a single-step NaOH-EDTA
extraction, which only extracted 58 % of total IP.

In conclusion, the chemical nature of soil Porg is much more diverse and complex than
previously thought. Furthermore, we revealed that the unresolved Pog pool represented by
broad signals is comprised of a range of smaller components, which are associated with
the SOM through various bonding types. The identification of the chemical nature of these
Porg compounds as well as their association types will help to improve our understanding
on their dynamics in terrestrial (and aquatic) ecosystems. Consequently, soil management
and agricultural strategies can be developed for using these Porg pools as a source of P

for plant nutrition via mineralisation processes.
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Zusammenfassung

Das Element Phosphor (P) ist ein essentieller Bestandteil der Zellen von lebenden
Organismen und ist in den wichtigsten biochemischen Prozessen involviert. In Boden
existiert P entweder als Bestandteil inorganischer (Pinorg) 0der organischer Verbindungen
(Porg), wobei letztere zwischen 20 % und 80 % des Gesamtphosphors ausmachen kénnen.
Identifizierte organische P-Verbindungen sind: Phosphomonoester, z. B. Inositol-
phosphate (IP); Phosphodiester, z. B. DNS; und Phosphonate, z. B. Aminomethyl-
phosphonsauren. Diese identifizierbaren Pog-Verbindungen umfassen jedoch
durchschnittich nur 30% des totalen Pog-Pools in Bdden; die chemische
Zusammensetzung des restlichen Pog bleibt ungeklart. Das Ausmass dieses
unidentifizierten Pog-Pools in Bdden kann durch ein verbreitertes Signal in der
Resonanzregion von Phosphomonoestern bei der 3!P-Kernspinresonanzspektroskopie
(NMR fiir Nuclear Magnetic Resonance) an Bodenextrakten angenahert werden. Uber die
chemische Zusammensetzung der Molekile, welche dieses verbreiterte Signal
produzieren, ist wenig bekannt. Jedoch scheinen sie von ausgedehnter Molekulgrosse und

komplexer Struktur zu sein.

Die Ubergeordnete Zielsetzung dieses PhD-Projektes war die Identifizierung der
chemischen Natur von Pog im Boden mit zunehmender Molekilgrosse, woflr
verschiedene chemische Extraktionsmethoden, Grossenauftrennungs-Verfahren und 31P-
NMR-Spektroskopie an flissigen Proben kombiniert wurden. Im Rahmen des Projektes
wurden Oberboden-Horizonte von sechs Bdden untersucht, welche verschiedene
Bodentypen (ein Ferralsol, ein Vertisol, drei Cambisols und ein Gleysol), sowie
verschiedene Landnutzungen (Ackerbau, Weideland und Waldboden) umfassen. Die

totalen Gehalte von Porg in diesen Boden reichten von 70 bis 1135 mg P/kggoden.

Das erste Kapitel dieser Thesis behandelt den Vergleich der zwei am haufigsten
angewandten spektralen Dekonvolutions-Methoden (SDM) im Hinblick auf die akkurate
Quantifizierung von myo-IPs in Bodenextrakten. Bei der ersten Methode werden in der
Resonanzregion von Phosphomonoestern schmale Signale bis zu der Grundlinie der
Spektren gefittet. In der zweiten Methode wird zusatzlich ein verbreitertes Signal im Fitting-
Prozess miteinbezogen, welches unter den schmalen Signalen liegt. Die Hypothese warr,
dass die erstere SDM ohne Beriicksichtigung des unterliegenden, verbreiterten Signals
die Konzentration von myo-IPs in Bodenextrakten Uberschatzt. In der Tat, die Resultate
dieser Studie zeigen auf, dass die Konzentration einer zu den Bodenextrakten zugefligten
myo-1Ps Standardlosung zu 122 % (SD 32) der eigentlichen Konzentration berechnet

wurde, wenn dieses unterliegende, verbreiterte Signal nicht in die SDM integriert wurde.
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Zusammenfassung

Mit Einbezug dieses Signales in die SDM betrug die berechnete Konzentration 95 %
(SD 5) der eigentlichen Konzentration der Standardlésung. Basierend auf diesen
Resultaten wird aufgezeigt, dass ein unterliegendes, verbreitertes Signal in die SDM der
Phosphomonoester-Region integriert werden sollte, um myo-IPs und andere Signale in
dieser Region, welche z. B. von neo-IPs produziert werden, akkurat quantifizieren zu

kdénnen.

Hoher aufgeldste 3P NMR Spektren von Bodenextrakten zeigen eine Vielzahl von
schmalen Signalen in der Resonanzregion von Phosphomonoestern, welche bis anhin
noch nicht identifiziert wurden. Die Hypothese des zweiten Kapitels dieser Thesis war,
dass diese Signale von tiefer wertigen IP (IP1-IPs) produziert werden, da diese bereits in
Bodenextrakten mittels Chromatographie nachgewiesen wurden. Dazu wurde die
gesamte organische Substanz ausser IP in alkalischen Bodenextrakten mittels
Hypobromit-Oxidation oxidiert. Anschliessende NMR-Analysen der aufbereiteten Extrakte
resultierte in der Identifikation von vier Stereoisomeren von IPs, zwei Isomeren von myo-
IPs, sowie scyllo-IP4. Diese tiefer wertigen IP machten insgesamt 9 % bis 50 % des
Gesamtgehaltes an IP in den untersuchten Béden aus. Zudem konnte aufgezeigt werden,
dass durchschnittlich die Halfte des unterliegenden, verbreiterten Signals nicht oxidiert
wurde. Experimente mit der transversalen Relaxationszeit bestéatigten, dass die
molekulare Zusammensetzung dieses unidentifizierten Porg-Pools sich von jener der IP
unterschied. Zudem deuteten die Resultate an, dass dieser Pool von ausgedehnter

Molekulgrosse ist.

Die molekulare Grossenverteilung von Porg in Boden wurde im dritten Kapitel weitergehend
untersucht, indem Grodssenausschluss-Chromatographie (SEC) mit 1P NMR
Spektroskopie an Bodenextrakten kombiniert wurden. Die Hypothese wurde aufgestellt,
dass Phosphomonoester mit grossen Molekulargewichten resp. -gréssen von mehreren
(durchschnittlich 3-4) verbreiterten Signalen in NMR-Spektren dominieren. Die Resultate
zeigen auf, dass im Bereich dieser verbreiterten Signale die Molekulgrossen-Fraktionen
von 10-20 und 20-50 kDa am meisten vorkommen. In diesen Fraktionen waren im
Durchschnitt 77 % resp. 74 % aller gemessenen Phosphomonoester Teil dieser
verbreiterten Signale. Die Ergebnisse dieser Studie deuten stark darauf hin, dass der
unidentifizierte Porg-Pool aus mehreren Komponenten unterschiedlicher Grosse besteht,
anstatt einer einzigen Komponente von makropolymerischer Struktur. Zuséatzlich wurde
festgestellt, dass der Anteil von IP in Fraktionen mit Molekulargréssen tber 10 kDa

durchschnittlich 23 % des totalen IP-Pools betrug. Diese Prasenz von IP in Material von
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Zusammenfassung

ausgedehnter Molekuilgrosse weist auf eine enge Verbindung mit der organischen
Bodensubstanz (SOM) hin.

Im letzten Kapitel dieser Thesis wurde die SOM des Gleysols mithilfe der sequentiellen
chemischen Fraktionierungsmethode "Humeomics" in ihre Bestandteile aufgeteilt. Das
Ziel dieser Fraktionierung war, die unterschiedlichen Verbindungen des Porg mit der SOM-
Suprastruktur zu untersuchen. Dies resultierte im Ergebnis, dass 47 % des
unidentifizierten Porg-Pools mit der SOM-Suprastruktur verbunden war. Ausserdem
konnten zwei unterschiedliche IP-Pools identifiziert werden: Einer verbunden mit der SOM
durch schwache Esterverbindungen (45 %) und der Andere hauptsachlich verbunden mit
der mineralischen Phase des Bodens (40 %). Mit einer direkten, einfachen NaOH-EDTA
Extraktion wurde letzterer Pool stark unterschatzt, da namlich nur 58 % des totalen IP-

Gehaltes extrahiert werden konnte.

Zusammenfassend kann festgehalten werden, dass die chemische Natur von Porg im
Boden viel differenzierter und komplexer ist als urspringlich angenommen. Der bis anhin
unidentifizierte Porg-Pool, welcher durch ein verbreitertes Signal reprasentiert wird, besteht
aus mehreren Komponenten, die durch unterschiedliche Verbindungen mit der SOM
assoziiert sind. Die ldentifizierung dieser Molekile sowie deren Verbindungsart mit der
SOM wird unser Verstandnis tUber die Dynamik dieser Porg-Komponenten in terrestrischen
und aquatischen Okosystemen vertiefen. Dadurch kénnen Bodenbewirtschaftungs-
Praktiken und landwirtschaftliche Strategien im Hinblick auf die Mineralisierung dieses

Porg-Pools zwecks Pflanzenernédhrung optimiert werden.
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General introduction

Phosphorus — essential for living organisms

Phosphorus (P) is involved in important biochemical processes in living organisms, e.g.
the assimilation of carbon (C) into organic molecules by ribulose bisphosphate carboxylase
in the Calvin cycle of photosynthesis, the energy transfer by nicotinamide adenine
dinucleotide (NAD"), the energy conservation by adenosine triphosphate (ATP) and is part
of the cell genome, e.g. DNA (Madigan et al., 2012; Schubert, 2018). Furthermore, P is a
key element of the cell wall as well as the genome, comprising 2.5 % of the cell dry weight
(Madigan et al., 2012).

Phosphorus is primarily sourced by plants from the soil, where it can be the most limiting
nutrient for plant growth and needs to be replenished by fertilisation in agricultural systems
(Bunemann et al., 2010). However, despite its importance as an essential element for
plants, an oversupply of P can threaten the balance of aquatic ecosystems due to P losses

from soil into water bodies, causing eutrophication.

Phosphorus in soil

Plants take up P via the root-system as H>POs and HPO4*> ions from the soil solution
(Blume et al., 2009). These ions can originate from a variety of organic (Porg) and inorganic
(Pinorg) compounds, which are either already present in the soil system or are added via
fertilisation, plant and animal residues/manure, atmospheric deposition, deposition of
eroded soil material and/or weathering of P containing minerals in the bedrock (Tiessen,
2008). Total concentrations of P in soils range from less than 100 to over 3000 mg P/kgsoil
(Condron et al., 2005).

Organic phosphorus forms

Between 20 % and 80 % of total P in soil exists in an organic form, mostly as phospho-
monoesters (e.g. inositol phosphates (IP)), phosphodiesters (e.g. nucleic acids and
phospholipids) and phosphonates (e.g. 2-aminoethyl phosphonic acids) (Anderson, 1980;
Harrison, 1987; McLaren et al., 2020). The phosphate group in phosphomonoesters and
phosphodiesters is linked to the organic moiety via one (C—O-P) resp. two (C—O-P-0-C)
oxygen atoms. In contrast, phosphonates consist of P directly bound to the organic moiety

(C-P). In a wider definition, condensed forms of P, such as polyphosphates and
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pyrophosphates (George et al., 2018; McLaren et al., 2020), and phosphate associated
with organic matter via a metal linkage (Gerke, 2010), are sometimes referred to as Porg

because of their presence within living organisms or organic substances.

However, the chemical nature of about half of Por,g compounds in soil remains ‘unresolved’
(McLaren et al., 2020). Without knowledge on the chemical structure, the chemical and
physical properties of these compounds remain unknown, leaving a gap in the
understanding of the cycling, transformation and bioavailability of a major proportion of P
in terrestrial and aquatic ecosystems.

Inositol phosphates

Inositol phosphates are small identifiable biomolecules containing P. These compounds
contribute to cellular functions, such as ion-regulation or signalling processes (Irvine and
Schell, 2001). Furthermore, IP are constituents of a certain group of phospholipids (i.e.
phosphoinositides), which are present in many animal and plant tissues (Cosgrove and
Irving, 1980). In plant seeds, IP can represent up to 90 % of the organically-bound P, which

act as an important P storage for germination (Cosgrove and Irving, 1980).

Inositol phosphates consist of a cyclohexanehexol ring (inositol) with one (IP1) up to all six
carbons (IPg) being phosphorylated (Cosgrove and Irving, 1980). The spatial arrangement
of these phosphate groups on the inositol ring can vary, forming in total nine stereo-
isomeric forms: myo-, scyllo-, neo-, L-chiro-, D-
chiro, epi-, muco-, allo- and cis-IPs (Turner et al.,
2002). In addition, the phosphate groups can
change their spatial arrangement from axial to
equatorial and vice versa depending on pH,
resulting in a ring flip from one chair conformation
of the inositol ring to another (Turner et al.,

2007b). These two different spatial arrangements

of one stereoisomer are called conformers. In
contrast to IPs, lower-order IP (IP1 to IPs) are Figure 1. Chemical structure of myo-IPs,
present as isomers, where the phosphate groups  drawn using ChemDraw Professional
are attached to different carbons of the inositol ~ 17.0 PerkinElmer Inc.

ring e.g. myo-(1,2,4,5,6)-1Ps and myo-(1,3,4,5,6)-

IPs.
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So far, only the myo-, scyllo-, neo- and p-chiro-isomers have been detected in soils, with
the myo-isomer of IPs (Figure 1) being the most abundant form (Cosgrove and Irving,
1980). A common name for myo-IPs is phytic acid (Turner et al., 2007b) and its salts are
also known as phytate (Turner et al., 2002). Most input of IP into the soil system originates
from manures and plant material containing almost exclusively the myo-isomer of IPs,
explaining the high abundance of this isomer in soil (Turner, 2007). Furthermore, plant
litter can contain the chiro-isomer but to a much lesser extent (L'Annunziata, 2007).
Indeed, other isomers than myo are extremely rare in biological tissues but occur widely
in soils, especially scyllo-IPs (Turner, 2007). Microbial epimerisation of myo-IP was
proposed as the origin of these isomers in soil (L'Annunziata et al., 1977; L'Annunziata,
2007). However, this process still needs to be proven to happen in soils and result in the
presence of isomers other than myo. Other possible processes could include the
phosphorylation of lower-order IP or direct biological synthesis of the isomers in soil by

microorganisms (Cosgrove, 1969; Cosgrove and Irving, 1980; Turner et al., 2002).

Historically, phytate was considered to be one of the most abundant and persistent forms
of Porg in soils (Potter and Snyder, 1918; Auten, 1923; McLaren et al., 2020). Dyer et al.
(1940) documented the first direct isolation of phytin from soil (the common name for the
calcium (Ca) and magnesium (Mg) salt of myo-1Pg) (Turner et al., 2002). Later, Wrenshall
and Dyer (1941) confirmed the presence of phytin in soils and investigated the action of
phytase, the enzyme which liberates the phosphate group from the inositol ring (Turner et
al., 2002), on a range of metal-phytate compounds. The authors found that in contrast to
Na-phytate, Fe-phytate and Al-phytate were mostly ‘immune’ to the enzymatic attack,
possibly increasing their stability in soils. However, the authors suggested that the primary
requirement for stability in soil is that the IP compounds are retained insoluble, either by
sorption, complexation or precipitation (Celi and Barberis, 2007).

In the 1950s to 1970s, the combination of chromatographic techniques with chemical
extraction and isolation methods (i.e. hypobromite oxidation) advanced the knowledge on
the diversity and abundance of IP in soils (McLaren et al., 2020). Smith and Clark (1951)
reported the presence of lower-order IP (IPs) in soil extracts, which was already suggested
by Yoshida (1940) on the case of IP; indirectly measured in Hawaiian soils. Further studies
revealed the presence of all four stereoisomers found in soil as well as lower-order IP
ranging from IP; to IPs (Halstead and Anderson, 1970; Anderson and Malcolm, 1974;
Cosgrove and Irving, 1980; Irving and Cosgrove, 1982). Measured concentrations of the

IP pool comprised on average 30 % of total Porg, With a range from less than 1 % to 60 %,
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and up to 90 % in some organic soils (Cosgrove and Irving, 1980; Harrison, 1987; McLaren
et al., 2020). Hence, these compounds comprise an important pool of Porg in soils, which

is considered to accumulate and are relatively stable (Turner et al., 2002).

Furthermore, studies on the molecular size distribution of soil Porg reported that IP were
present in large molecular size material (Moyer and Thomas, 1970; Hong and Yamane,
1981; Borie et al., 1989), despite their actual molecular size of less than 1 kDa. The authors
suggested that IP bound to larger molecules, e.g. phosphoinositides, and/or the
association with complex structures of organic matter caused their presence in the large
molecular size material. However, the abundance of IP associated with SOM and the

mechanisms involved in the formation of these associations are not yet fully understood.

With the advent of nuclear magnetic resonance spectroscopy (NMR), it was possible to
directly and simultaneously detect a diversity of Porg cOmpounds in soil extracts without the
need of prior purification and isolation (Newman and Tate, 1980; Doolette and Smernik,
2011). The NMR technique is described later. Newman and Tate (1980) were the first to
report solution 3P NMR spectra on alkaline extracts of five soils originating from New
Zealand. The authors were able to distinguish the broad Poqg classes phosphonates,
inorganic orthophosphate, phospho-monoesters and -diesters as well as polyphosphates
(Figure 5). Furthermore, comparison of the soil spectra with the 3P NMR spectrum of a
myo-1Ps standard solution revealed that this compound was present in the soil extracts.
Advances in the spectroscopic technique as well as in the extraction procedure led to
enhanced resolution and sensitivity. Cade-Menun and Preston (1996) reported that a
mixture of sodium hydroxide (NaOH) with ethylenediamine-tetraacetic acid (EDTA), which
chelates interfering paramagnetic ions in the extract, improved the detection of Poryg
compounds. Under these conditions, IP are deprotonated but otherwise stable, making
them highly soluble and enhancing their detection in the soil extracts by NMR spectroscopy
(Turner et al., 2003a; Doolette and Smernik, 2018). Using this technique combined with
prior removal of other organic compounds by hypobromite oxidation, it was possible to
detect all four stereoisomers in soil extracts (Turner et al., 2003c; Turner and Richardson,
2004; Turner et al.,, 2012). However, most research using solution 3P NMR soil
spectroscopy focused on the detection of myo- and scyllo-1Ps. The lack of studies reporting
lower-order IP in solution 3P NMR soil spectra is mainly due to limitations in the resolution
and sensitivity of NMR instruments as well as the low abundance of these compounds and

their occurrence in the phosphomonoester region, resulting in their concealment by
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overlapping peaks. Thus, research on lower-order IP has been neglected in the past two
decades, despite their confirmed presence in soil using chromatography.

The phosphomonoester region of solution 3P NMR soil spectra usually exhibit a plethora
of overlapping peaks (Doolette and Smernik, 2011). These peaks need to be separated
by spectral deconvolution fitting (SDF) in order to calculate the net peak area and
subsequently quantify IP and other phosphomonoesters. The SDF has commonly be
carried out by fitting the peaks to the baseline of the spectra as first proposed by Turner et
al. (2003c). This procedure, which is still widely in use (Hill and Cade-Menun, 2009; Deiss
et al., 2016), focuses on the identification and quantification of sharp peaks arising from
small molecules containing P. Larger, P-containing molecules that resonate in the
phosphomonoester region and produce broad peaks are likely to be ‘overlooked’ using this
SDF approach (Doolette and Smernik, 2011).

Smernik and Dougherty (2007) introduced another method for SDF for quantification of
phytate in soil based on subtracting the 3P NMR spectrum of an unspiked soil extract
(phytate spike) from the spiked soil extract. The resulting concentrations of phytate in the
four investigated soils originating from south-eastern Australia were less than 5 % of total
Porg. The study underlined the importance of spiking with standard compounds for correct
peak assignment as well as the adaption of the baseline for accurate quantification of
phytate. Dougherty et al. (2007) reported the presence of an underlying broad feature in
the phosphomonoester region of 3P NMR soil spectra, which was then integrated in the
SDF procedure by Binemann et al. (2008b) (Figure 2). By comparing the two SDF
approaches of Binemann et al. (2008b) and Turner et al. (2003c), Doolette et al. (2010)
revealed that concentrations of myo-1Ps were overestimated by 54 % when an underlying
broad signal was not integrated in the SDF procedure of the phosphomonoester region of
31P NMR soil spectra. These studies proposed that the abundance of especially myo-IPs
in soil had been overestimated. However, these studies were carried out on just a few soil
samples not representing the whole range of Porg cOncentrations and compositions in soil.
Furthermore, the chemical nature of the Porg compounds causing the underlying broad

signal, which contributed to the majority of the NMR signal, was unknown.
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Figure 2. Phosphomonoester region of a solution 3P NMR NaOH-EDTA soil spectrum. The SDF
approach introduced by Turner et al. (2003c), who fitted the peaks of myo-I1Ps (in red) to the baseline of
the spectrum, is illustrated on the left. The SDF approach including an underlying broad signal (yellow)
introduced by Blunemann et al. (2008b), is illustrated on the right. The figure is modified from Reusser
et al. (2020a).

The unresolved organic phosphorus pool

Already Auten (1923) proposed the existence of a soil Porg pool containing compounds
other than biomolecules directly originating from organisms, such as e.g. phospholipids,
phytate and nucleic acids, but formed by secondary synthesis processes in the soil. This
hypothesis was based on the divergence between calculated total P contents in living
organisms of the soil-plant systems and observed total Porg contents in soil. Furthermore,
the author suggested that the majority of Porg in soil was associated with a ‘humus-like’
substance that became more complex over time and that phospholipids, phytate and

nucleic acids were only minor components of the total soil Porg.

These findings on the existence of a complex pool of Porg in soil were further supported in
the era of chromatography as defined by McLaren et al. (2020), where several studies
reported that the majority of Porg in soil was found in large molecular size fractions of soil
extracts. The association of P with fractions of high molecular weight material could not
solely be explained by the existence of the to this date identified simple P compounds in
soil (Thomas and Bowman, 1966). Therefore, Thomas and Bowman (1966) hypothesised
that either unknown high molecular weight Porg compounds exist in soil or that the simple

compounds are associated with other compounds of high molecular weight. Later, Moyer
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and Thomas (1970) found that 36 % of extractable Pog was present in molecular weight
fractions above 50 kDa, which did not contain simple compounds such as IP. The authors
stated that the chemical nature of the P compounds in this large molecular size fraction
has not been resolved. Steward and Tate (1971) reported that the majority of alkaline
extractable Pog from soil was present in molecular weight fractions above 30 kDa. This
Porg fraction did not adsorb onto an anion-exchange resin and partially degraded with the
use of acid, suggesting that it consisted of phosphorylated macromolecules. The authors
proposed that this large molecular size Porg could originate from phosphorylated uronic

acid which is part of a polysaccharide fraction.

Anderson (1980) concluded that only a small percentage of soil Pog had been
characterised. In the best case, ‘only’ 40 % remained to be identified, most of which
occurring in very high molecular weight material. Similarly, Dalal (1977) summarised that
the chemical nature of only half of soil Porg Was resolved, in which the IP pool dominated.
Furthermore, the author stated that not only little was known about the chemical nature of
Porg but also about the processes and mechanisms involved in the incorporation of P in
soil organic matter (SOM). The authors emphasised the importance of understanding the
processes governing the P turnover in SOM, because the P supply by SOM is significant

especially in pastures and arable crops in warmer climates.

With the advent of 3P NMR spectroscopy for Porg sSpeciation (Newman and Tate, 1980),
studies on the Porg characterisation in soil humic acid extracts using NMR spectroscopy
(Ogner, 1983; Bedrock et al., 1994) were consistent with findings on the unresolved Porg
pool in high molecular weight material obtained during the chromatographic era as defined
by McLaren et al. (2020). Ogner (1983) reported that a number of phosphomonoesters
were present in the 3P NMR spectra of high molecular weight material (>12000 m. w. u.)
of humic acids prepared from four Norwegian forest soils, with the phosphomonoester
region apparently being dominated by a broad feature (McLaren et al., 2020). Bedrock et
al. (1994) compared the 1P NMR spectra of an agricultural mineral soil with a blanket peat.
The authors reported that the peaks in the phosphomonoester region were comparable
between the two samples but less pronounced in the peat sample. The NMR spectra
appear to exhibit a broad feature in the phosphomonoester region similarly to the study of
Ogner (1983), but this could also be attributed to the low resolution of the NMR spectra for
the phosphomonoester region, as stated by Bedrock et al. (1994). With time, the resolution

and sensitivity of NMR spectroscopy greatly advanced but the broad feature still appeared
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to be present in the phosphomonoester region of 3P NMR spectra of humic substances
extracts (He et al., 2006), providing more evidence for its existence (McLaren et al., 2020).

With 3P NMR spectroscopy being the most commonly used technique for Porg
characterisation, the focus of soil Porg research shifted away from the identification of the
unresolved Porg pool in high molecular weight material towards the speciation of known
biomolecules containing P, such as IP, DNA; phospholipids and phosphonates
(Vestergren et al., 2012; Cade-Menun, 2015). The presence of an unresolved Pqog pool
was not introduced in the interpretation of solution 3P NMR soil spectra until the study of
Dougherty et al. (2007), who reported the existence of a broad feature in the
phosphomonoester region ranging from chemical shifts & 6 to 4 ppm. While phytate was
removed by an HF treatment, the broad feature partially resisted the HF treatment. The
authors proposed that this broad feature could represent Pog complexed in the organic
matter matrix. As reviewed previously in the IP section, an underlying broad signal
representing the unresolved Porg pool was integrated in the SDF approach by Biinemann
et al. (2008b) (Figure 2). The authors found that whilst this broad signal accounted for
27 % to 47 % resp. 40 % to 71 % of total phosphomonoesters in a Chromic Luvisol resp.
Calcisol (WRB, 2014), it was absent in model soils created by a mixture of 60 % sand and
40 % clay. The absence of the broad signal in the model soils was attributed to the absence
of complex organic molecules formed during extended humification, which did not take

place in the model soils.

Further research on Poqg characterisation in soil extracts using solution 3P NMR
spectroscopy, which included an underlying broad signal in the SDF procedure, revealed
that this signal dominated the high molecular weight fraction above 5 kDa (Jarosch et al.,
2015) resp. above 10 kDa (McLaren et al., 2015b). In the study of Jarosch et al. (2015),
the broad signal in the above 5 kDa fraction accounted for the majority of P (28 % of total
NaOH-EDTA extractable P) and was coincident with P compounds stable to enzymatic
hydrolysis, suggesting a high stability of the compounds causing this broad signal towards
enzymatic attack. At the same time, McLaren et al. (2015b) reported that the unresolved
Porg pool represented by an underlying broad signal in the phosphomonoester region
dominated the above 10 kDa fraction of five soil extracts and accounted for 61 % to 73 %
of total soil Porg. The authors suggested that the broad peak originated from P bound via
phosphomonoester linkages to the supra-/macromolecular structures of SOM. However,
the processes and mechanisms involved in the incorporation of these P compounds into

the SOM as well as the chemical structure remained unknown. Without this knowledge,
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the understanding of the cycling and transformation of this highly abundant, unresolved
Porg pool in the soil-plant systems remains limited.

Soil organic matter

The term soil organic matter (SOM) describes the total of organic compounds in soil.
Stevenson (1994) excluded undecayed plant and animal tissues, their partial
decomposition products as well as the living microbial tissue from the definition of SOM.
In contrast, Kdgel-Knabner and Rumpel (2018) included plant litter constituents in the
definition of SOM, with its compounds ranging from partially undecayed constituents to
completely transformed organic substances, microbial cells and microbial products (Kdgel-
Knabner, 2002, 2017).

SOM either acts as atmospheric C sink or source, and therefore reduces or enhances the
greenhouse effect. The effect of SOM on the global C cycle mainly depends on soil
properties, soil biota, cover vegetation, climate and other environmental factors as well as
soil management and agricultural practices (Stevenson, 1994; Batjes, 1996; Spaccini et
al., 2000; Lal, 2004; Kogel-Knabner et al.,, 2008; Schmidt et al., 2011; Simpson and
Simpson, 2012). However, SOM does not only play a crucial role in carbon sequestration
but also in nutrient and pollutant cycling (Stevenson, 1982; Stevenson, 1986; McKercher
and Anderson, 1989; Pant et al., 1994; Simpson and Johnson, 2006). Vice versa,
functional groups containing essential elements, for example the phosphate groups in IP
or proteins, are thought to be of great importance in the association processes of SOM
with mineral surfaces and hence its stabilisation in the long-term (Kleber et al., 2007;
Tipping et al., 2016).

Despite its importance, SOM is described by various models, especially with disagreement
about the existence of humic substances and the role of humification processes (Lehmann
and Kleber, 2015; Kleber and Lehmann, 2019; Olk et al., 2019; Hayes and Swift, 2020).
The more traditional view of SOM is based on solubility characteristics in alkaline solutions
and involves the fractions humin, humic acid and fulvic acids (Stevenson, 1994; Olk et al.,
2019). According to Stevenson (1994), SOM consisted of known biochemical compounds,
such as amino acids, carbohydrates, fats, waxes, resins, organic acids etc. as well as
compounds of unknown chemical structure and dissimilar to molecules originating from

microorganisms and plants. These compounds were summarised with the term humic
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substances which consisted of high molecular weight molecules of complex structure
formed by secondary synthesis processes in soil (humification) (Stevenson, 1994).

Later, Piccolo (2001) demonstrated that the apparent macromolecular structure of the
humic substances is caused by the association of smaller molecules forming a
‘suprastructure’. Based on these results, Nebbioso and Piccolo (2011) introduced the
sequential chemical fractionation method ‘Humeomics’ which fractionates the SOM
suprastructure into weak ester-, strong ester- and ether-bound compounds, as well as
organomineral compounds. The differentiation between weakly and strongly ester-bound
is based on the physical accessibility of these compounds for the extraction solution, i.e.
the BFs extractant used as a catalyst to break weak ester linkages is considered to be
bulkier compared to the smaller alkaline nucleophile KOH used as a catalyst to break
strong ester bonds. These findings outdated the theory that humic substances, and hence
a large proportion of SOM, are comprised of large macropolymers formed by secondary
synthesis processes. Furthermore, the model by Nebbioso and Piccolo (2011) on the
different bonding types of organic molecules forming a SOM suprastructure can also be
used to investigate the association of SOM with P compounds i.e. the unresolved Pqg pool,
which is hypothesised to be linked to the SOM through ester bonds (McLaren et al., 2015b;
McLaren et al., 2020). This shift from individual macropolymers building up the SOM to an
association point of view was summarised in the soil continuum model of Lehmann and
Kleber (2015). In this model, plant and animal residues degrade from large biopolymers to
monomers and finally to CO2. During this process, desorption/adsorption of organic
molecules on mineral surfaces as well as aggregate formation/destruction are potentially
happening on each degradation level (Figure 3). The formation of aggregates resp.
associations of the organic molecules with soil constituents and/or other organic molecules
will influence their solubility and apparent molecular size (Lehmann and Kleber, 2015).
These factors are assumed to govern the stabilisation of SOM along with other

environmental characteristics (Kleber, 2010; Schmidt et al., 2011).

desorption/
microbial | destruction of aggregates
biomass resp. associations/
solubilisation

plant and animal

residues/exudates decomposition

adsorption/
—— aggregation/ ——>»
association

'stabilised’
SOM

Figure 3. Simplified cycle resp. fate of organic matter in soil (SOM). Arrows depict biotic and abiotic
processes. Decomposition and mobilisation processes involve the potential emission of CO: as a final
product (modified from Lehmann and Kleber (2015) and Kdgel-Knabner (2017)).
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Structure elucidation of organic phosphorus compounds in soil

extracts using P NMR spectroscopy

The solution 3P NMR technique is based upon the so called nuclear spin property, which
differs for each element and its isotopes (Claridge, 2016a). This property is characterised
by the nuclear spin quantum number |. Nuclei with 1=0 such as ?C do not possess a
nuclear spin and are therefore not NMR active

(Claridge, 2016b). In contrast, 3IP has a nuclear By= wo/Y
spin quantum number of %2 and can hence be — M
observed by NMR. The atoms are brought into /

a magnetic field (Bo) and subsequently the

magnetic moments of the nuclei (M) adjust

along the magnetic field vector. Afterwards, a X

resonant secondary magnetic field is applied by -
a strong radiofrequency pulse, which deflects ¥

the magnetic moments of each nucleus (Figure Figure 4. Simplified scheme of NMR

. . experiment. Deflected magnetic moment
4). The nuclei start to precess around Bo with _
(M) of a nucleus (red) in laboratory frame x-

the same Larmor frequency (wo) as the intrinsic —_ :

y-z, Larmor frequency wo, initial magnetic
magnetic dipoles of each particle. This results  fieig B, and gyromagnetic ratio y. Taken
in an oscillating magnetic field, which can be  from: Structure determination by NMR,

detected by a radio frequency coil. Dr M.-O. Ebert, Prof Dr B. Jaun, ETHZ.

The detected signal as well as the time needed for the magnetic moments to go back into
their initial states after the excitation pulse depend on the spin of the nucleus, on
neighbouring nuclei/atoms, on the matrix of the measured solution and on molecular
motion. The time until the initial state is reached is called relaxation time and it is divided

into the recovery in the z-direction (longitudinal) and in the x-y-plane (transversal).

Neighbouring atoms can shield the nucleus of interest from the applied oscillating magnetic
field and therefore a difference in the emitted frequency is generated. This difference in
frequency results in different chemical shifts (in ppm). In an NMR spectrum, the measured
intensity of signals on the y-axis is plotted to the chemical shift on the x-axis. Usually, the
chemical shifts of measured molecules are plotted relatively to the chemical shift of a

standard compound, which is set to & 0 ppm.

Since the study of Newman and Tate (1980), solution 31P NMR spectroscopy of alkaline

soil extracts became the predominantly applied analytical technique for speciation of P
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compounds that can be brought into solution (Cade-Menun and Liu, 2014; McLaren et al.,
2020). The NMR soil spectra are usually divided in broad classes of P compounds
(Figure 5): phosphonates (6 19.9 to 13.3 ppm), the combined orthophosphate and
phosphomonoester region (& 6.2 to 2.9 ppm), phosphodiester (& 2.8 to -2.0 ppm),
pyrophosphates (6 -4.8 to -5.5 ppm) and polyphosphates (6 -17.1 to -20.6 ppm). In addition
to the qualitative information about the presence of specific P compounds in the extracts,
it is possible to acquire quantitative information about the content of these compounds in
the initial soil by the addition of a P standard of known concentration, calculation of the net
peak area and SDF, if necessary. Furthermore, the recycle delay (time between pulses)

of the NMR experiment has to be set long enough for complete relaxation of each nucleus.

ortho-P
\

MDP

phosphonates
P-monoester + ortho-P
P-diester
pyrophosphates
polyphosphates

1 | | | 1 | I

20 15 10 5 0 -5 -10 -15 -20
Chemical shift (ppm)

Figure 5. Solution 3P NMR spectrum (500 MHz) of a 0.25 M NaOH + 0.05 M EDTA soil (Gleysol)

extract. The broad classes of P compounds are marked, including the phosphonate, combined

orthophosphate + phosphomonoester, phosphodiester, pyrophosphate and polyphosphate region.
The peaks of orthophosphate as well as the added P-standard methylene diphosphonate (MDP) are

indicated.
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Specific NMR experiments such as Heteronuclear Single Quantum Correlation (HSQC)
can also render information about the molecular structure of specific P compounds by
measuring 'H-31P correlations (Vestergren et al., 2012). Furthermore, transverse
relaxation (T2) experiments can be used in order to determine the structural composition
of detected peaks, i.e. whether a NMR signal is composed of a series of sharp peaks
(inhomogeneous line broadening) or contains a single or a few peaks of relatively wide line
width (homogeneous line broadening) (Figure 6). Additionally, the T time of a molecule is
assumed to be inversely related to its tumbling in the extract and hence its molecular size
(Bloembergen et al., 1948; Claridge, 2016b; McLaren et al., 2019).

Figure 6. Visual representation of the two

types of the composition of a NMR signal.

nhgmogeneons Homogeneous Inhomogeneous line broadening describes a
series of sharp peaks with relatively narrow
line widths that comprise a broad signal.

y: \ Homogenous broadening on the right
— e —

describes a broad NMR signal with a
relatively large line width, containing a single
(or a few) component(s). The figure was
taken and adapted from Schmidt-Rohr and
Spiess (1994).
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Objective and hypotheses of the PhD project

The objective of this PhD project is to identify the chemical nature of soil Pog with
increasing molecular weight by combining several chemical extraction approaches, size
separation procedures, and solution 3P NMR spectroscopy techniques. Especially the
pools of IP and unresolved Poyg are investigated in depth due to their high abundance in
soil systems. This objective will be addressed in four chapters involving the combination
of wet chemistry methods with size exclusion chromatography and solution 3P NMR

spectroscopy.

In chapter 1, the aim is to assess the SDF approach that renders the most accurate
quantification of Porg Species in alkaline soil extracts using solution 3P NMR spectroscopy.
Therefore, the two SDF approaches without and with an underlying broad signal in the
phosphomonoester region will be compared based on their quantification accuracy of an

added myo-IPs standard. The main hypothesis is:

e The SDF procedure including an underlying broad signal will provide quantitative
analysis of sharp signals (e.g. myo-IPs) in the phosphomonoester region compared

to the procedure without a broad signal.

In chapter 2, solution 1P NMR spectroscopy will be carried out on hypobromite oxidised
alkaline soil extracts in order to identify IP and investigate their diversity and abundance in
soils. This purification and isolation method is assumed to destroy all organic matter except
IP (Wrenshall and Dyer, 1941; Turner and Richardson, 2004). Furthermore, the structural
composition of compounds in the phosphomonoester region resisting hypobromite
oxidation will be probed by carrying out transverse relaxation NMR experiments. The main

hypotheses of this chapter are:

e The majority of unidentified sharp peaks in the phosphomonoester region will be
resistant to hypobromite oxidation, suggesting the presence of a range of IP,

including lower-order IP (IP1-IPs).

e The underlying broad signal will be caused by homogeneous broadening,
suggesting that it is not comprised of a range of smaller, sharp peaks arising from
i.e. IP.

In chapter 3, the aim is to determine the chemical nature of Py in large molecular size

fractions. Thus, molecular size fractions of alkaline soil extracts obtained by size-exclusion
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chromatography will be analysed by solution 31P NMR spectroscopy. In addition, different
metals in these large molecular size fractions will be measured which could be involved in

the complexation of P with large molecular size material. We hypothesise that:

e Low molecular size fractions will be dominated by sharp signals mostly arising from
IP.

¢ High molecular weight fractions will be dominated by several broad signals but also
contain some sharper signals. The sharp signals could arise from smaller Porg
molecules, i.e. IP, associated with larger molecules of the SOM.

e The broad signals are caused by a range of Porg cOmpounds present in a continuum
of molecular sizes rather than by a macropolymeric structure at distinct molecular

size.

In chapter 4, the chemical nature of Pog associated with the SOM will be investigated by
fractionating the complex structure of SOM into smaller components based on their
bonding types. For this purpose, the Humeomics sequential chemical fractionation method
introduced by Nebbioso and Piccolo (2011) will be carried out on a selected soil sample.
Subsequently, the C and P composition of the different extracts and soil residues will be
analysed using total element measurements, solid state 13C NMR and solution 3P NMR

spectroscopy. The main hypotheses of this chapter are:

e Two IP pools exist in soil: one associated with the SOM and one associated with

the mineral phase.

e The broad signals are caused by Pog associated with the SOM through ester

linkages.

Each chapter will involve detailed analysis on six topsoil samples, which include two
Cambisols and a Gleysol from Switzerland, a Cambisol from Germany, a Ferralsol from
Colombia and a Vertisol from Australia (WRB, 2014). These soils were chosen from a set
of 29 soil samples due to their diverse origin and composition of Porg, With concentrations
ranging from 70 to 1135 mg Porg/kgsoil. A detailed list of the origin, properties and chemical
composition of the 29 soil samples as well as the information on the mineral composition

based on X-ray diffraction (XRD) analyses can be found in Appendices 1 and 2.
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Quantitative measures of myo-IPs in soil using solution 3P
NMR spectroscopy and spectral deconvolution fitting

including a broad signal
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Chapter 1

Abstract

Inositol phosphates, particularly myo-inositol hexakisphosphates (myo-IPs), are an
important pool of soil organic phosphorus (P) in terrestrial ecosystems. To measure
concentrations of myo-IPs in alkaline soil extracts, solution 3P nuclear magnetic
resonance (NMR) spectroscopy is commonly used. However, overlap of the NMR peaks
of myo-IPs with several other peaks in the phosphomonoester region requires spectral
deconvolution fitting (SDF) to partition the signals and quantify myo-1Pe. At present, two
main SDF approaches are in use; the first fits a Lorentzian/Gaussian line shape to the
myo-1Ps peaks directly to the baseline without an underlying broad signal, and the second
fits a Lorentzian/Gaussian line shape to the myo-IPs peaks simultaneously with an
underlying broad peak. The aim of this study was to compare the recovery of added myo-
IPs to soil extracts using both SDF procedures for six soil samples of diverse origin and
differing concentrations of organic P (112 to 1505 mg P/kgsoil). The average recovery of
total added myo-IPs was 95 % (SD 5) and 122 % (SD 32) using SDF with and without an
underlying broad signal, respectively. The recovery of individual peaks of myo-1P¢ differed,
most notably, the C5 phosphate peak of myo-IPs was overestimated by up to 213 % when
a broad peak was not included in SDF. Based on the SDF procedure that includes a broad
peak, concentrations of myo-IPs ranged from 0.6 to 90.4 mg P/kgseii, which comprised 1 to
23 % of total phosphomonoesters. Our results demonstrate that the SDF procedure with
an underlying broad signal is essential for the accurate quantification of myo-I1Ps in soll

extracts.
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Introduction

Phosphorus (P) is an essential macronutrient for all living organisms, which is primarily
sourced from the soil environment. It is estimated that between 20 % and 80 % of the total
P (Ptwt) in soll exists in an organic form (Anderson, 1980; Harrison, 1987). A major pool of
identifiable organic P (Porg) in soil is that of inositol phosphates (IP), of which the myo
stereoisomer of inositol hexakisphosphate (myo-IPe) is the most abundant (Irving and
Cosgrove, 1982; Turner et al., 2012). Studies have reported that pools of myo-IPs comprise
on average one third of the total Porg in soil (McLaren et al., 2020). The mechanism for its
accumulation in soil is thought to be due to its high binding affinity to aluminium and iron

(hydro-)oxides (Ognalaga et al., 1994).

Solution 3P nuclear magnetic resonance (NMR) spectroscopy has been used since 1980
to identify the chemical nature of Porg in soil extracts (Newman and Tate, 1980; Cade-
Menun and Liu, 2014). The majority of P (~80 %) in NaOH soil extracts is detected in the
phosphomonoester region (organic moiety—O—PO3) of the NMR spectrum (McLaren et al.,
2020). However, due to many overlapping signals in this region, spectral deconvolution
fitting (SDF) procedures are required to partition the NMR signal (Doolette and Smernik,
2015). The two main SDF approaches applied to soil extracts are that of Turner et al.
(2003c) or modifications thereof (Hill and Cade-Menun, 2009), and Blnemann et al.
(2008b) or modifications thereof (McLaren et al., 2019).

Turner et al. (2003c) were the first to propose a SDF procedure that could partition the
NMR signal within the phosphomonoester region and quantify myo-I1Pg in soil extracts. The
SDF procedure was carried out using the Bruker WIinNMR program, and involved fitting a
series of sharp signals from the peak maxima of myo-IPs to the baseline of the spectra.
The procedure was applied to 29 soils under grassland in the United Kingdom and the
authors tested the efficacy of the procedure by calculating the recovery of added myo-I1Pg
in a 1 M NaOH solution containing a mixture of Porg compounds. The authors reported that
the recovery of added myo-IPs was on average 102 %. However, a limitation of this study

was that recoveries of added myo-IPs were determined in non-soil extracts.

In contrast, Binemann et al. (2008b) later proposed a SDF for the quantification of Porg
compounds (e.g. myo-IPs) that involved fitting a broad feature in the phosphomonoester
region, which was then subtracted from the original NMR spectrum and then the overlaying
sharp signals were fitted. The authors hypothesised that the broad signal was caused by

phosphomonoesters in large and complex molecules, which was later confirmed by
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McLaren et al. (2015b) and McLaren et al. (2019). Binemann et al. (2008b) did not
describe the SDF procedure in detalil or test its efficacy at the time. However, Doolette et
al. (2010) compared the two SDF procedures (with and without a broad signal) to
guantitatively recover myo-IPs, which was added to a soil extract. The authors reported
that the concentration of myo-1Ps was overestimated by 54 % when a broad signal was not
included. Doolette et al. (2011a) later explained the SDF procedure in more detail. A
limitation of this study was that the recovery of added myo-1Ps was only tested on one soil
extract. In addition, both SDF methods were not able to identify the recovery of the four

individual peaks of myo-IPs due to poor spectral resolution.

A plethora of studies have been carried out since 2003 to identify the chemical nature of
soil Porg using solution 3P NMR spectroscopy and SDF procedures (Cade-Menun and Liu,
2014). Despite this, there has been no detailed assessment on the efficacy of the two main
SDF procedures, which has major consequences for how we understand the composition
of soil Porg. The implicit assumption of the SDF procedure without a broad signal is that the
phosphomonoester region is comprised of an array of sharp peaks (e.g. myo-IPs) with very
similar line widths, which are presumably from small organic molecules (Bunemann et al.,
2008a; Noack et al., 2012). In contrast, the implication of the SDF procedure with a broad
signal is that it interprets the phosphomonoester region as comprised of a broad signal,
which is considered to be Porg in the form of large molecular structures and associated with
the soil organic matter (SOM) (McLaren et al., 2015b; McLaren et al., 2019), and in addition
an array of sharp peaks from small organic molecules containing P. It is also important to
reconcile these views with previous studies using non-NMR techniques, which often
reported large concentrations of Porg in large molecular weight fractions (Jarosch et al.,
2015; McLaren et al., 2015b).

The aim of this study was to assess the efficacy of the two SDF procedures to quantitatively
determine myo-IPs in soil extracts. myo-Inositol hexakisphosphate was chosen because it
can be easily detected in 3P NMR spectra on soil extracts as four distinct peaks in a
1:2:2:1 ratio. This ratio is caused by the chemical structure of myo-IPs (see Figure SI-1 in
the supporting information), with the two phosphate groups bound to the C1 and C3 carbon
nuclei of the inositol ring being chemically equivalent, and therefore exhibiting the same
chemical shift. This is similarly the case for the phosphate groups bound to the C4 and C6
carbon nuclei. The phosphate groups bound to C5 and C2 have distinct chemical
environments caused by the conformation of the molecule. The combined four peaks

associated with the phosphate groups of myo-IPs can be used to probe a relatively wide

32



Chapter 1

chemical shift range in the phosphomonoester region of the 3P NMR spectrum using a

single compound.
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Materials and methods

Soil collection and preparation

Six soil samples were collected from the upper horizon of soil profiles including different
soil types and land use systems across four countries. We included soils that covered a
wide diversity of organic P contents and soil properties: two Cambisols (Cambisol (P) and
Cambisol (A)) and a Gleysol from Switzerland, a Ferralsol from Colombia, a Cambisol (F)
from Germany, and a Vertisol from Australia (WRB, 2014). The Ferralsol was collected in
1997 from the 0-20 cm soil layer of the improved grassland treatment of the long-term
Culticore field experiment at the Carimagua Research Station in Colombia (Buhler et al.,
2003). The Vertisol was collected in 2017 from the 0-15 cm soil layer of a field under
cropping from southern Queensland, Australia. The site has been under cultivation for the
past 25 years and prior to this was shrubland containing sparse Eucalyptus camaldulensis
L. and native grasses. The Cambisol (P) was collected in 2017 from the 0-20 cm soil layer
of a cultivated field but was under grassland for more than 6 years prior. The Cambisol (F)
was collected in 2014 from the 0-7 cm topsoil layer of a beech forest in Bad Briickenau,
Germany, as described in Bunemann et al. (2016). The Gleysol was collected in 2017 from
the 0-10 cm soil layer of a drained marshland, which has been under grassland for more
than 20 years, near Lucerne, Switzerland. The Cambisol (A) sample was collected in 2013
from the 0-20 cm soil layer from an unfertilised border strip of a cultivated field in Rimlang,
Switzerland (Meyer et al., 2017).

Background information on the studied sites, and some chemical and physical properties
of the soils, are reported in Table 1. The Cambisol (P), Cambisol (F) and Gleysol soll
samples were passed through a 5 mm sieve and dried at 60°C for 5 days. The Ferralsol
and Cambisol (A) samples were received dried and sieved at <2 mm, whereas the Vertisol
sample was received dried (at 40°C for 2 days) and ground at <2 mm. In order to include
soils with a diversity of organic P contents and soil properties, soils were sourced from the
field in Switzerland and from previous studies (Buhler et al., 2003; Bunemann et al., 2016;
Meyer et al., 2017). Consequently, there were small differences in soil preparation among
soils used in this study, which may slightly affect soil P extraction. Nevertheless, these
differences will not affect the application of SDF procedures to the resultant NMR spectra
for the quantification of added myo-1Ps in soil extracts. Concentrations of total carbon (Ciot)
and nitrogen (Ntot) in soil were measured using combustion of 50 mg ground soil weighed

into tin foil capsules (vario PYRO cube®, Elementar Analysesysteme GmbH).
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Concentrations of 0.5 M H>SO, extractable Pwt and Porg in soil were measured using the
ignition-H2SO4 method of Saunders and Williams (1955) as described in Kuo (1996). Total
concentrations of soil P were determined by X-ray fluorescence spectroscopy (SPECTRO
XEPOS ED-XRF, AMETEK®) using 4.0 g of ground soil sample mixed with 0.9 g of wax
(CEREOX Licowax, FLUXANA®). The XRF instrument was calibrated using commercially
available reference soils. Soil pH was measured in H2O at a soil-to-solution ratio of

1:2.5 (w/w) with a glass electrode.

Table 1. Some background information on the sites and some chemical and physical properties of the

soils reported in this study.

Parameter  Unit Ferralsol Vertisol Cambisol(P) Cambisol (F) Gleysol Cambisol(A)
Dystric Calcaric
Soil type - Ferralsol Vertisol Cambisol Skeletic Gleysol Cambisol
Cambisol
Country - Colombia  Australia Switzerland Germany Switzerland Switzerland
Coordinates 4°30'N/ 27°52'S/ 46°55'N / 50°21" N/ 47°05'N/ 47°26'N/
of sampling 71°19'W  151°37'E 7°36'E 9°55’'E 8°06' E 8°31'E
Elevation m ASL 150 402 748 800 612 443
sampling 0-20 0-15 0-20 0-7 0-10 0-20
depth
Land use - Pasture Arable Pasture Forest Pasture Arable
Ciot g C/kgsoil 26.7 23.9 21.0 90.3 148.3 27.6
Niot g N/Kgsoil 1.7 1.9 2.3 6.6 10.9 25
pH in H20 - 3.6 6.1 51 3.6 5.0 7.72

a Meyer et al. (2017)

Extraction of soil organic P

Concentrations of Porg Were determined based on the method of Cade-Menun et al. (2002).
Briefly, 3.0 g of soil was extracted with 30 mL of 0.25 M NaOH + 0.05 M EDTA. Soil
extracts were shaken for 16 h on a horizontal shaker at 150 rpm at 24°C, centrifuged for
10 min at 4643 g, and then the supernatant passed through a Whatman no. 42 filter paper.
A 20 mL aliquot of the filtrate was frozen at -80°C and then lyophilised prior to NMR
analysis. This resulted in 420 to 782 mg of lyophilised material across all soils.
Concentrations of Pt in the remaining filtrates were measured using inductively coupled

plasma-optical emission spectrometry (ICP-OES). Concentrations of molybdate reactive
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P (MRP) were measured using the malachite green method of Ohno and Zibilske (1991).
The difference between Pyt and MRP in NaOH-EDTA filtrates is molybdate unreactive P
(MUP), which is largely considered to be Pog (Bowman and Moir, 1993) but may also
include a small proportion of condensed phosphates (e.g. pyrophosphate) (Vaz et al.,
1992).

Preparation of lyophilised material for solution 3P NMR spectroscopy

Preparation of lyophilised material for solution 3P NMR spectroscopy was based on a
modification of the methods as reported in Vincent et al. (2013) and Spain et al. (2018).
Briefly, 120 mg of lyophilised material was weighed into 1.5 mL microcentrifuge tubes and
then a 600 pL aliquot of 0.25 M NaOH + 0.05 M EDTA solution was added. The solution
was briefly vortexed and then allowed to rest overnight in order for complete hydrolysis of
RNA and phospholipids (Makarov et al., 2002; Turner et al., 2003a; Doolette et al., 2009;
Vestergren et al.,, 2012). This is because the hydrolysis products of RNA (RNA
mononucleotides (Makarov et al., 2002)) and phospholipids (a- and B-glycerophosphate
(Doolette et al., 2009)) generate peaks in the phosphomonoester region (Turner et al.,
2003a; Doolette et al., 2009). The microcentrifuge tubes were then centrifuged at 10621 g
for 15 min, and a 500 pL aliquot of the supernatant was transferred to another 1.5 mL
microcentrifuge tube, which then received a 25 pL aliquot of a 0.03 M methylene-
diphosphonic acid (MDP) standard in D2O (Sigma-Aldrich, product no. M9508) and a 25 pL
aliquot of sodium deuteroxide (NaOD) at 40 % (w/w) in DO (Sigma-Aldrich, product no.
372072). The solution was briefly vortexed and then transferred to 5 mm NMR tubes for

analysis.

Subsequent NMR analyses of the Cambisol (F) and Gleysol samples revealed
considerable line broadening of all peaks in the NMR spectra, which might have been
caused by high sample viscosity. Therefore, the preparation of lyophilised material was
repeated for these samples but at a wider ratio, as recommended by Cade-Menun and Liu
(2014). For these samples, 80 mg of lyophilised material was dissolved in 600 pL of 0.25 M
NaOH + 0.05 M EDTA solution, and then prepared as previously described. This overcame

the issue and resulted in high resolution NMR spectra.

Solution 3P NMR spectroscopy.

All NMR analyses were carried out with a Bruker Avance IIIHD 500 MHz NMR

spectrometer equipped with a 5 mm liquid-state Prodigy™ CryoProbe (Bruker Corporation;
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Billerica, MA) at the NMR facility of the Laboratory of Inorganic Chemistry (Honggerberg,
ETH Zdrich). Solution 3P NMR spectra were acquired using a 3'P frequency of 202.5 MHz,
with gated broadband proton decoupling and 90° pulses (duration of 12 us) for excitation.
Careful shimming of the samples resulted in a spectral resolution of <0.1 Hz. The recycle
delay of each sample was set based on an inversion recovery experiment (Vold et al.,
1968). Briefly, the spin-lattice relaxation times (T1) were calculated from 10 separate
experiments with increasing T values, the time period between the applied pulses in the
inversion recovery sequence. Each spectrum was obtained with the collection of 24 scans
and a recycle delay of 5 s. Total duration of the inversion recovery experiment for each
sample was 56 min. The recycle delay for each sample was calculated by multiplying the
longest T; value from the inversion recovery experiment by five. This resulted in recycle
delays ranging from 6.7 to 31.0 s across all soils. The number of scans was set to 1024 or

4096, depending on the signal-to-noise ratio of the obtained spectrum.

Processing of NMR spectra

Spectral processing involved Fourier transformation, phase correction and baseline
adjustment using the TopSpin® software of Bruker (Version 3.5 pl 7, Bruker Corporation;
Billerica, MA). All NMR spectra were processed with an exponential line broadening of
0.6 Hz. Since the concentration of added MDP is known, its integral (net peak area) is
directly proportional to that of all other NMR signals (Doolette et al., 2011a). Therefore,
guantification of P species in NMR spectra was carried out based on spectral integration
(Turner, 2008). In general, integral regions included: 1) phosphonates, in particular the
added MDP (& 16.9 to 16.3 ppm), which includes its two carbon satellite peaks (at & 16.96
and 16.36 ppm), 2-aminoethylphosphonic acid (&6 19.8 to 19.6 ppm), unknown
phosphonate 1 (& 19.3 to 19.2 ppm), unknown phosphonate 2 (& 18.3 to 18.1 ppm) and
unknown phosphonate 3 (6 16.5 to 16.4 ppm); 2) the combined orthophosphate and
phosphomonoester region (6 6.0 to 3.0 ppm); 3) phosphodiesters, in particular unknown
phosphodiester 1 (& 2.5 to 2.2 ppm), unknown phosphodiester 2 (& 0.6 to 0.5 ppm), DNA
(6 -0.7 to -1.4 ppm) and unknown phosphodiester 3 (6 -2.3 to -2.4 ppm); and 4)
pyrophosphate (6 -4.8 to -5.4 ppm). These integral regions are highlighted in Figure SI-3.
Due to overlapping signals in the orthophosphate and phosphomonoester region, SDF

was needed to partition the NMR signals within this region.
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Deconvolution fitting procedures

Two spectral deconvolution fitting approaches were applied to the orthophosphate and
phosphomonoester region. The first approach involved fitting all identifiable sharp peaks
(i.e. distinguishable from the noise of the spectrum) to the baseline of the spectra, which
is based on the method of Turner et al. (2003b). The second approach involved fitting all
identifiable sharp signals and simultaneously an underlying broad signal in the
phosphomonoester region, which has been described in McLaren et al. (2019), and is
based on the method of Blinemann et al. (2008a). We used MATLAB® R2017a (The
MathWorks, Inc.) scripts containing a non-linear optimisation algorithm for the SDF of the
NMR spectra. Figure 1 shows a graphical representation of the two deconvolution fitting
procedures used in this study (peak assignment according to (Doolette et al., 2011a)). For
both SDF procedures, a Lorentzian or Gaussian line shape model was selected for each
peak based on a visual assessment of the most optimised fit and calculated residuals. In
general, a Lorentzian line shape was used to fit the broad signal, signals of myo-1Ps and
orthophosphate, whereas a Gaussian line shape was used to fit the remaining sharp
signals, which were generally of lower signal intensity. Each of the identifiable sharp peaks
were fitted between an upper and lower bound on both their line widths at half-height and
their peak positions at highest intensity. The same was true for the peak position of the
underlying broad signal and its line width at half-height. The upper and lower bound for
both parameters of the broad signal being set to 6 3.8 ppm and 6 4.5 ppm, and from 19 Hz
to 293 Hz, respectively. Within these visually assessed boundaries, all signals (including
the underlying broad signal) were fitted by the non-linear optimisation algorithm. The
residues of all fitted spectra are plotted in Figures SI-4 and SI-5. The goodness of fit
parameters of the SDF including the Root-mean-square fitting error and R? (coefficient of
determination) are listed in Table SI-1 (supporting information). Table SI-1 also includes
the results of a reduced Chi?-test in MATLAB® with the fitted peaks and the according
residuals (chemical shift range & 5.2 to 3.0 ppm). We carried out the Chi?-test in order to
determine if an overfitting of the spectra occurred (Chi?<1). Briefly, the results (Chi?>1)
show that there was no overfitting of the spectra using both SDF approaches, and that the
Chi? values of the SDF approach with a broad signal were closer to 1 than without a broad
signal, which suggests the former approach is a better fit of the spectra. Furthermore, we
carried out the Bootstrap sampling function of MATLAB® (n=100) for all peaks within the
given boundaries of the peak positions, the area and line widths at half-height. The
resulting means of the peak position and line widths at half-height including the standard

deviations for the broad signal are listed in Table SI-2. The calculated standard deviations
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were very low for all three parameters, indicating a good fit of the broad peak within the

given boundaries.

A) B)
C13 C46 —— C13 C46

ortho ortho

5 4.5 4 . . . 4

Chemical shift (ppm) Chemical shift (ppm)
Figure 1. Solution 3P NMR spectrum of 0.25 M NaOH + 0.05 M EDTA Cambisol (A) extract (black).
Graphical representation of the two spectral deconvolution fitting approaches without (A) and with an
underlying broad signal (B). All fitted peaks are illustrated; the broad peak (yellow) and the four myo-1Pe
peaks (red) have been highlighted. In addition, the phosphate groups bound to carbons C1-6 of myo-IPs
and also that of the orthophosphate (ortho) peak, have been identified.

Spiking experiment

The two deconvolution fitting procedures were assessed by determining the recovery of a
known amount of added myo-1Ps to soil extracts. After NMR analysis of the unspiked soil
extract, a 10 pL aliquot of a 5.5 mM myo-IPs standard in D-O was added to all soil extracts
except for the Gleysol sample (Sigma-Aldrich, product no. P5681). For the Gleysol, a 10 uL
aliquot of a 11 mM myo-IPs standard in DO was added. The aim was to add myo-IPs at a
concentration that would result in an increase of peak intensity of approximately 3-times
the peak intensity in unspiked extracts (Doolette et al., 2009). The NMR tube was then
sealed with parafilm, inverted several times, and then allowed to rest prior to NMR analysis.
The NMR analysis parameters on the spiked soil extract were the same as that carried out
on unspiked extracts. Similarly, spectral processing and quantification were carried out as
previously described. The recovery of added myo-IPs was calculated using Equation 1.

A(mgP1™)-B(mgP 1~

1)
C(mgPl™1) * 100, (1)

Recovery of added myo — IPs (%) =
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where A refers to the concentration of myo-IPs in the spiked soil extract, B to the
concentration of myo-1Pe in the unspiked extract and C to the concentration of the added
myo-I1Pe. Solution 3P NMR recovery of the phytate standard revealed impurities, therefore

C represents the actual concentration of myo-IPs in the standard (see Figure SI-2).

Statistical analyses and graphics

All graphics were created using MATLAB® R2017a (The MathWorks, Inc.). All statistical
analyses were carried out using Microsoft® Excel 2016. This included calculating the mean
values and standard deviations (SD) of the added myo-IPs recovery across the six soll
samples. The NMR observability was calculated by comparing the concentration of Pt as
detected by NMR with that measured by ICP-OES (Dougherty et al., 2005; Doolette et al.,
2011a), which ranged from 52 % to 89 % (on average of 68 %) across all soils.
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Results

Pools of soil P

Concentrations of Pyt in soil using XRF ranged from 320 to 3841 mg P/Kgsei (Table 2).
Concentrations of Piwt in NaOH-EDTA extracts comprised 28 % to 51 % of the Pyt in soll
as measured by XRF. Concentrations of Porg using the ignition-H>SO4 extraction technique
ranged from 143 to 1377 mg P/kgsoci. The concentration of Porg in NaOH-EDTA extracts
ranged from 93 to 1326 mg P/kgseii, which comprised 8 % to 35 % (an average value of
24 %) of the total soil P using XRF.

Table 2. Total soil phosphorus (Ptwt) as measured by X-ray fluorescence (XRF) spectroscopy, and pools
of extractable P using the ignition-H2S0O4 extraction technique of Saunders and Williams (1955) and the
NaOH-EDTA extraction technique of Cade-Menun et al. (2002). The percentage of extractable P to that

of Pt in soil as measured by XRF is shown in parentheses.

XRF Ignition-H2S04 NaOH-EDTA

Soil Prot Porg Prot MRPa MUP®

mg P/kgsoil mg P/kgsoil (%) mg P/kgsoil (%) mg P/kgsoil (%) mg P/kgsoil (%0)
Ferralsol 320 109 (34) 160 (50) 67 (21) 93 (29)
Vertisol 1726 143 (8) 484 (28) 351 (20) 133 (8)
Cambisol (P) 2553 729 (29) 863 (34) 323 (13) 540 (21)
Cambisol (F) 3841 1377 (36) 1850 (48) 525 (14) 1326 (35)
Gleysol 2913 939 (32) 1490 (51) 610 (21) 880 (30)
Cambisol (A) 1724 430 (25) 510 (30) 128 (7) 382 (22)

a Molybdate reactive P (MRP) based on the malachite green method of Ohno and Zibilske (1991).

b The difference between P and MRP is molybdate unreactive P (MUP), which is considered to be Porg.

Solution 3P NMR spectra of soil extracts

The majority of NMR signals occurred in the orthophosphate and phosphomonoester
region (& 6.0 to 3.0 ppm), which comprised on average 96 % of total NMR signal (Table 3).
In general, the peak of greatest intensity across all soils was that of orthophosphate (apart
from the added MDP). The largest pool of Pog as determined by the integral over the
various regions of peaks was that of phosphomonoesters, which accounts on average for

94 % of the total NMR signal arising from organic forms. Concentrations of
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phosphomonoesters range from 36.3 to 501.1 mg P/kgsci. The remaining NMR signal is

distributed between phosphodiesters, pyrophosphates and phosphonates.

Table 3. Relative concentrations of P classes (phosphonates, orthophosphates, phosphomonoesters,
phosphodiesters and pyrophosphates) determined by solution 3P NMR spectroscopy as percentage
(%) of total P in NaOH-EDTA soil extracts. Chemical shift regions were attributed to P species according

to peak positions in spectra.

Soil Phosphonate? Ortho-P P-monoester P-diester Pyrophosphate

(619.8t0 16.5 ppm) (5 5.51t0 5.0 ppm) (66.0t0 3.0 ppm) (62.5t0-2.4ppm) (5-4.8t0-5.3 ppm)
Ferralsol 1.0 55.0 37.0 5.1 1.9
Vertisol 1.0 85.0 13.3 0.0 0.7
Cambisol (P) 0.2 50.4 47.8 0.4 1.2
Cambisol (F) 15 46.7 47.7 2.9 1.3
Gleysol 0.0 48.5 45.3 3.3 2.9
Cambisol (A) 0.2 51.1 46.9 0.0 1.8

@ The added methylenediphosphonic acid (MDP) standard is not included.

The phosphomonoester region comprised of two main spectral features based on a visual
assessment; the presence of (i) 18 to 47 sharp signals, and (ii) an underlying broad signal.
The four peaks of myo-1Ps were observed in the NMR spectra of all soils except in the
Vertisol, in which only the C1,3 and C4,6 peaks could be clearly identified due to the low
initial concentration of myo-IPs. In all soils, the C2 peak of myo-IPs at & 5.04 ppm in the
NMR spectra exhibited little overlap with the broad signal compared to the other peaks of
myo-1Ps. Some slight overlap between the C2 peak of myo-IPes and the base of the

orthophosphate peak was observed in the Cambisol (F) and Gleysol.

Spike recoveries of total myo-1Ps

Spiking the soil extracts with myo-IPs resulted in a clear increase in its peak intensities at
0 5.04 ppm, 4.10 ppm, 3.72 ppm and 3.61 ppm across all soils (Figure 2). On average, the
increase in peak intensity of myo-1Ps was 3-fold relative to the unspiked samples in terms
of absolute intensity from the peak maximum to the baseline of the spectrum. The
exception was the Vertisol sample, where the increase of the C1,3 and the C4,6 peak was
7-fold relative to the unspiked sample. The increase in peak intensity due to spiking varied

for the four individual peaks of myo-IPs. The C2 peak showed the greatest increase of
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intensity (3.2-fold) whereas the C5 peak showed the least (2.6-fold). The addition of the
phytate standard to the soil extract also resulted in an increase in the intensity of other
peaks to that of myo-IPs, particularly peaks at 6 3.98, 4.14, 4.17 and 4.57 ppm.

The recovery of total myo-1Ps in the six soil extracts using the SDF procedure with a broad
signal was on average 95 %, whereas this was on average 122 % using the SDF
procedure without a broad signal (Table 4). In addition, the variation in recovery of myo-
IPe across the six samples was least using the former approach (SD of 5) compared to the
latter approach (SD of 32).

Table 4. Calculated recoveries of the added myo-IPs (Sigma-Aldrich, product no. P5681) in
0.25 M NaOH + 0.05 M EDTA soil extracts across 6 soil samples (Ferralsol, Vertisol, Cambisol (P),
Cambisol (F), Gleysol and Cambisol (A)), and their standard deviation (SD). Concentrations of the added
myo-IPs were obtained from solution 3P NMR spectra using two spectral deconvolution fitting (SDF)
procedures; one (i) with a broad underlying signal based on the method of Binemann et al. (2008b),
and (ii) one without an underlying broad signal based on the method of Turner et al. (2003c). The carbon

nuclei C1-C6 of the inositol ring on which the phosphate group is attached has been indicated.

SDF Fer. Ver. Ca.(P) Ca.(F) Gley. Ca.(A) Average

procedure  MYO1Ps @ ) %) @) ) (%) @) P
total myo-IPs 96 90 99 92 91 105 95 5
C2-myo-IPs 103 101 73 106 95 104 97 12
with
broad C1,C3-myo-IPs 97 91 108 74 81 106 93 14
signal
C4,C6-myo-1Ps 103 91 103 96 97 116 101 9
C5-myo-IPs 73 77 96 106 95 81 88 13
total myo-IPs 146 120 73 151 94 147 122 32
C2-myo-IPs 146 113 76 111 101 119 111 23
without
broad C1,C3-myo-IPs 148 109 77 130 83 175 120 38
signal
C4,C6-myo-1Ps 150 127 67 158 91 124 120 35
C5-myo-IPs 135 133 76 213 117 167 140 46
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Spike recoveries of individual peaks of myo-IPs

Spike recoveries for each of the four peaks of myo-IPe differed between the SDF
approaches across all soils (Table 4). Overestimation of spike recoveries using the SDF
procedure without a broad peak was greatest (up to 213 %) for the C5 peak of myo-IPs
compared to all other peaks. Furthermore, spike recoveries of the C1,3 and C4,6 peaks of
myo-1Ps were overestimated on average 8 % more than that of the C2 peak. The peak
ratios of myo-I1Ps in the unspiked soils were on average 1.0:2.2:1.8:0.9 with a broad signal
and 1.0:2.1:1.9:0.7 without a broad signal, when the C2 peak was set to 1 (the Vertisol

sample was not included due to unreliable measures of the C2 and C5 peaks of myo-IPs).

Quantification of myo-IPs (and the broad signal) in soil extracts

Concentrations of total myo-IPs in soil extracts obtained with SDF with a broad peak
ranged from 0.6 to 90.4 mg P/kgsoi, Which comprised between 1 % and 23 % of total
phosphomonoesters (Table 5). On average, the broad signal accounted for 64 % of total
phosphomonoesters across all soils (Table 5). When concentrations of myo-IPs as
determined by SDF with a broad peak were subtracted from the myo-IPs values obtained
by SDF without a broad peak, the amount of Porg that would have been previously attributed

to myo-IPs ranged from 1.3 to 56.1 mg P/Kgsoil.

Table 5. Concentrations of organic P compounds obtained from solution 3P NMR spectra of 0.25 M
NaOH + 0.05 M EDTA soil extracts. The spectral deconvolution fitting of the phosphomonoester region

has been carried out with the inclusion of an underlying broad signal.

. . Cambisol Cambisol Cambisol
Parameter Unit Ferralsol  Vertisol Gleysol
P ® (A)
myo-IPs ;L‘g F_)l 4.4 0.6 80.7 46.2 90.4 6.3
Sol
Proportion of myo-1Ps to % 12 1 23 9 23 4
total phosphomonoesters
mg P
Broad peak Ikgsoi 21.6 30.9 186.0 305.8 216.7 110.3
Sol
Proportion of broad peak to % 59 79 53 61 54 78

total phosphomonoesters
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Discussion

Extractability of soil organic P and solution 3P NMR spectra

Concentrations of Porg in NaOH-EDTA extracts were similar to reported values in previous
studies (Turner, 2008; Jarosch et al., 2015). The difference between total soil P as
measured by XRF and NaOH-EDTA extractable P is likely due to Pinorg held within mineral
silicates and other insoluble mineral phases containing P (McLaren et al., 2015a). Organic
P extracted with the NaOH-EDTA technique is strongly correlated to pools of soil Porg
(McLaren et al., 2015a). The extraction method allows for detailed characterisation of Porg
forms using 3P NMR spectroscopy (Cade-Menun and Liu, 2014). Solution 3P NMR
spectra were highly resolved and exhibited a high signal-to-noise ratio across all samples.
The broad classes of P detected by NMR across all soils were phosphonates,
orthophosphate, phosphomonoesters, phosphodiesters and pyrophosphate, except for the
absence of phosphonates in the Gleysol and phosphodiesters in the Vertisol. Their
distribution within the total NMR signal is consistent with previous studies, which typically
show the majority of NMR signal occurs in the orthophosphate and phosphomonoester
region (Doolette et al., 2011b; Jarosch et al., 2015; McLaren et al., 2015b). The peaks of
myo-1Ps were also clearly observed within this region, and therefore allowed for their
guantification using SDF (Doolette and Smernik, 2015).

Recovery of myo-IPs in soil extracts

Concentrations of added myo-IPs were overestimated when the SDF procedure did not
include a broad signal. The reason for this is likely twofold: 1) the intensities of the myo-
IPs peaks are higher when a broad signal is not included; and 2) the line widths of these
peaks when fitted to the baseline are greater if a broad signal is not included in the SDF
compared to that when a broad signal is included. Therefore, the peak area belonging to
compounds other than myo-IPs is being attributed to myo-IPs, which may result in an
overestimation of its concentration in soil. This supports the finding of Doolette et al. (2010)
who reported an overestimation of a phytate spike by 54 % when a broad signal was not
fitted. Whilst the finding of Doolette et al. (2010) was higher than that found in the current
study, it is likely due to a greater overlap among sharp peaks in the phosphomonoester
region. The authors observed and fitted up to six sharp peaks in the orthophosphate and
phosphomonoester region, but the C2 peak of myo-IPs was not visible because it

overlapped with orthophosphate. This was not the case in the current study where all four
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peaks of myo-IPs were visible and the C2 peak of myo-IPs was clearly separated from
orthophosphate.

Whilst the recovery of added myo-IPs was generally overestimated using SDF without a
broad signal across all soils, this was not the case for the Cambisol (P) soil sample. The
reason for this is unclear but might be due to the high proportion of myo-IPs to total
phosphomonoesters in this soil. It might also be due to an underestimation of the side
regions at the base of the peak, as the fitting of neighbouring sharp peaks can influence
the partitioning of signals within a particular region. In comparison to SDF with a broad
signal of this soil, the fitting of side peak areas of myo-1Ps appeared to improve based on
a visual assessment, i.e. the peak height was reduced but the line width at half-height
increased. This highlights the sensitivity of peak fitting to small changes in peak shape for

the quantification of P species in some soils.

The variability between the two SDF approaches differed in their recovery of added myo-
IPs across all soils, which was least for the SDF approach with a broad signal than that
without. The reason for this appears to be the relative proportion of the underlying broad
signal to the myo-1P¢ peaks among different soils. This is consistent with other compounds
that are present within this region, which overlay the broad signal. Doolette et al. (2010)
reported that concentrations of glycerophosphate were doubled when SDF was carried out
without an underlying broad signal. Of course, since myo-IPs exhibits 4 peaks in a NMR
spectrum, this would vary between the individual peaks of myo-IPs, based on differing

proportions of an underlying broad signal.

Individual recoveries of the four peaks of myo-IPs differed. The greatest difference in the
recovery of peaks from myo-IPs occurred when SDF was carried out without a broad
signal, which supports that the baseline of the spectra varies within these chemical shifts
(Doolette and Smernik, 2015). The C1,3 and C4,6 peaks of myo-IPs have chemical shifts
within the phosphomonoester region where the intensity of the broad peak is high relative
to that for the C2 and C5 peaks. However, the recovery of the C5 peak of myo-IPs at
0 3.61 ppm was generally overestimated more than that of the other myo-IP¢ peaks. The
C5 peak of myo-IPs is present on the shoulder of the broad signal, which has a maximum
intensity at about & 4.06 ppm. Doolette and Smernik (2015) hypothesised that fitting peaks
from the peak maxima to the baseline would result in substantially more signal from an
underlying broad peak to the C5 peak of myo-IPs compared to the C2 peak of myo-IPs.
Moreover, the C5 peak appears to be most sensitive to changes in the fitting procedures,

as it shows the highest variation for both deconvolution approaches. Another source of
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variation in the quantification of the C5 peak is that it overlaps with the base of the upfield
C4,6 peak of myo-IPe, and possibly peaks from uridine-2’-monophosphate, adenosine-2’-
diphosphate, and some unidentified compounds (Vestergren et al., 2012). There is also
evidence that the broad peak itself is comprised of more than one component (Doolette
and Smernik, 2015; McLaren et al, 2019), which may result in an imperfect
Lorentzian/Gaussian distribution within the phosphomonoester region. Nevertheless, our
study shows that the quantification of myo-1Ps using SDF with a broad signal generally
results in measures of myo-IPs that are more accurate and consistent across a diversity of

soils compared to that of SDF without a broad signal.

The comparison of the peak ratios to the theoretical value of 1:2:2:1 was used in previous
studies to evaluate the accuracy of the applied SDF procedure (Vincent et al., 2012). In
our study, the peak ratios of myo-1Ps were similar between the two SDF approaches and
close to the theoretical ratio of 1:2:2:1 (Costello et al., 1976). Therefore, the ratio of peaks
from myo-1Ps cannot be used to assess the efficacy of the SDF for accurate quantification
of organic P compounds. Since the peak ratios of myo-1Ps were not a useful assessment
of the SDF approaches, it is likely that other organic P compounds exhibiting sharp signals
may provide some insight into the validity of the SDF approach. In particular, an
overestimation would be likely for the C2,5 peak of neo-IPs in the 4-eq-2-ax conformation
(Turner et al., 2012), since its chemical shift is present in the region of the broad peak.
Whereas the C1,3,4,6 peak of neo-IPs is located upfield of the orthophosphate peak and
therefore does not overlap with the broad signal. We identified both of these peaks (6 5.92
and 3.78 ppm) through spiking in the Cambisol (P), the Cambisol (F), the Gleysol and the
Cambisol (A) soil samples (data not shown), calculated their ratios, and compared to the
theoretical ratio of 4:2 (Turner et al., 2012). Calculated ratios were on average 4.0:6.2
when carrying out SDF without a broad signal and 4.0:1.5 with an underlying broad signal.
These results provide supporting evidence that a broad signal should be included when

carrying out SDF.

In the current study, there was a large number of sharp peaks detected in the
phosphomonoester region, which was likely due to optimised extraction techniques and
high resolution NMR (Cade-Menun and Liu, 2014). Interestingly, the intensity of several
unidentified sharp peaks increased when the myo-1Ps standard was added (Figure 2). The
myo-1Ps standard contained many phosphomonoester impurities (see Figure SI-2), which
are likely those of lower-order myo-IP (Doolette and Smernik, 2018). Doolette and Smernik

(2018) investigated the chemical composition of a variety of purchased or synthesised
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phytate standards using solution 3P NMR spectroscopy. The authors found that the
majority of phytate standards were impure and contained a mixture of lower- (and higher-
) order IP, and orthophosphate. The authors suggested that thermal degradation during
storage was the primary mechanisms in the degradation of higher-order IP to lower-order
IP. This suggests the presence of lower-order IP in soil extracts that could be detected

using solution 3P NMR spectroscopy.

Concentrations of myo-IPs (and the broad signal) in soil

Our results demonstrate that a quantitative determination of myo-IPs in soil extracts using
solution 3P NMR spectroscopy requires SDF procedures that include an underlying broad
signal. In the current study, concentrations of myo-IPs and their proportion to the total pool
of Porg in soil were generally in range or lower than that more broadly reported in the
literature. This most likely reflects the majority of published studies that primarily carry out
SDF without a broad signal. Clearly, pools of myo-IPs in soil are an important portion of
the soil Porg, which are found in the majority of soils across the world (Turner et al., 2002).
However, they do not account for the majority of Porg in soil and sometimes found at
negligible concentrations in some soils (Williams and Anderson, 1968; Steward and Tate,
1971; Turner, 2006).

The largest pool of soil Porg was that of the broad signal across all soils. This is consistent
with previous studies, where it generally comprises 40 % to 70 % of the total Porg in soil
(Doolette et al., 2011a; Jarosch et al., 2015; McLaren et al., 2015b). The exact chemical
nature of this pool remains unclear but can be described as phosphomonoesters in the
form of large molecular structures (McLaren et al., 2015b), which contain pools of Porg
resistant to enzymatic hydrolysis (Jarosch et al., 2015), associated with humic fractions
(He et al., 2011), and are structurally complex (McLaren et al., 2019). The presence of a
broad peak is consistent with previous studies using non-NMR techniques that report a
large proportion of the Porg in soil is unresolved and can occur in large molecular weight
fractions (Steward and Tate, 1971; Dalal, 1977; Harrison, 1987; Bowman and Moir, 1993).

49



Chapter 1

Conclusion

myo-Inositol hexakisphosphate is an important pool of soil organic P. However, its
accurate quantification using solution 3P NMR spectroscopy followed by SDF is uncertain.
Our aim was to compare the recovery of added myo-IPe using two SDF procedures in NMR
spectra on soil extracts. The average recovery of total added myo-IPs by SDF with a broad
signal was close to 100 % and exhibited less variation than that by SDF without a broad
signal. The recovery of individual peaks of myo-IPs differed between its four peaks, which
was overestimated for the C5 phosphate peak by up to 140 % when a broad peak was not
fitted. We recommend that the accurate quantification of myo-IPe using solution 3P NMR
spectroscopy on soil extracts includes a broad signal when carrying out SDF. This is also
relevant for other sharp signals in the phosphomonoester region, which overlay the broad
signal. Furthermore, our results show that previous studies reporting concentrations of
myo-IPs using SDF without an underlying broad signal may be unreliable. It is essential
that pools of myo-IPs (and the broad signal) are accurately determined for an improved

understanding of the abundance and cycling of organic P in soil.
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Supporting information
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Figure SI-1. Structural formula of myo-inositol
hexakisphosphate (myo-1Ps). The carbon positions
of the inositol ring have been identified (1-6).
ChemDraw Professional 17.0, ©PerkinElmer

Informatics Inc.

Analysis of myo-IPs standard

Doolette and Smernik (2018) reported the P impurities of commercially available ‘phytate’
standards. The authors reported that concentrations of myo-I1Ps in the standards ranged
from 8 % to 93 % of the Pwr. Consequently, the phytate standard (Sigma-Aldrich, product
no. P5681) used in this study was analysed using solution 3P NMR spectroscopy prior to
the spiking experiments. The spectrum (Figure SlI-2) revealed P impurities similar to that
reported by Doolette and Smernik (2018), which comprised 28.97 % of P in the

purchased standard.
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Figure SI-2. Solution 3P NMR spectrum (500 MHz) of myo-IPes standard (Sigma Aldrich,
product no. P5681), 0.2 mg P in 150 uL D20 and 400 puL NaOD. Identified are P peaks of
myo-IPs labeled with corresponding carbons C1-6 and orthophosphate (ortho). All other

peaks are assumed to arise from impurities, possibly representing lower order IP.
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Figure SI-3. Solution 3P NMR spectrum (500 MHz) of 0.25 M NaOH + 0.05 M EDTA Cambisol (F)
extract (black) with marked integral regions of phosphonates, phosphomonoester, phosphodiester and
pyrophosphates. Signal intensities were normalised to the MDP peak intensity and the vertical axis has

been increased by factor 2.
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Table SI-1. Goodness of fit parameters of the spectral deconvolution fitting carried out with the non-
linear optimisation algorithm in MATLAB®. The Root-mean-square fitting error, R2 and Chi? for the fitted
spectra with and without an underlying broad signal are listed. Chi? was calculated using the chemical
shift range from & 5.2 to 3.0 ppm in order to avoid the domination of the orthophosphate peak and its
residuals in the calculations. The variances of the ‘noise’ of the spectra were calculated over the

chemical shift range 6 14.1 to 8.1 ppm.

With underlying broad signal Without underlying broad signal

. Root-mean-square 2 . Root-mean-square 2 i

Soil o R Chi oy R Chi
fitting error fitting error

Ferralsol 0.33 0.997 4.6 0.40 0.995 19.2
Ferralsol
spiked 0.17 0.999 4.4 0.70 0.987 9.0
Vertisol 0.29 0.997 17 0.39 0.993 10.5
Vertisol
spiked 0.30 0.997 2.7 0.35 0.996 9.5
Cambisol (P) 0.43 0.988 27.5 0.44 0.988 62.9
Cambisol (P)
spiked 0.43 0.988 16.1 0.44 0.988 151.1
Cambisol (F) 0.23 0.999 43 0.56 0.994 52.2
Cambisol (F)
spiked 0.25 0.999 7.5 0.44 0.997 53.1
Gleysol 0.21 0.999 55 0.62 0.993 48.5
Gleysol
spiked 0.28 0.999 6.7 0.67 0.993 23.0
Cambisol (A) 0.33 0.994 1.6 0.46 0.985 34.2
Cambisol (A)
spiked 0.34 0.994 2.6 0.40 0.992 21.2
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Table SI-2. Chemical shift, line width at half-height and area of the underlying broad signal as

determined by the MATLAB® bootstrap function of the spectral deconvolution fitting procedure. Mean

values with standard deviation in parentheses (100 trials).

Soil

Chemical shift (ppm)

Line width (Hz)

Area (-)

Ferralsol

Ferralsol spiked
Vertisol

Vertisol spiked
Cambisol (P)
Cambisol (P) spiked
Cambisol (F)
Cambisol (F) spiked
Gleysol

Gleysol spiked
Cambisol (A)

Cambisol (A) spiked

4.20 (1.1E-06)
4.22 (2.5E-03)
4.06 (1.2E-03)
4.04 (1.1E-03)
4.10 (2.2E-04)
4.11 (9.9E-04)
4.05 (2.0E-04)
4.10 (9.4E-08)
4.03 (4.5E-04)
4.04 (1.2E-04)
4.10 ( 2.3E-06)

4.15 (4.7E-06)

162 (3.1E-04)
162 (8.4E-03)
212 (8.4E-01)
219 (7.2E-01)
229 (1.7E-01)
202 (1.6E-03)
217 (5.8E-02)
202 (3.7E-05)
221 (2.3E-01)
243 (5.7E-05)
223 (5.5E-03)

233 (2.4E-03)

1130800 (839)
1144189 (2754)
621167 (1450)
661114 (1422)
4370326 (2026)
3644372 (3649)
8564373 (3212)
9035211 (2375)
7383970 (5627)
6842632 (3397)
2535481 (846)

2414768 (1338)
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Abstract

Inositol phosphates (IP) are a major pool of identifiable organic phosphorus (P) in soil.
However, insight into their distribution and cycling in soil remains limited, particularly of
lower-order IP (IPs and IP4). This is because the quantification of lower-order IP typically
requires a series of chemical extractions, including hypobromite oxidation to isolate IP,
followed by chromatographic separation. In this study, we identified the chemical nature of
organic P in four soil extracts following hypobromite oxidation using solution 3P NMR
spectroscopy and transverse relaxation (T2) experiments. Soil samples analysed include
A horizons from a Ferralsol (Colombia), a Cambisol and a Gleysol from Switzerland, and
a Cambisol from Germany. Solution 3'P nuclear magnetic resonance (NMR) spectra of the
phosphomonoester region in soil extracts following hypobromite oxidation revealed an
increase in the number of sharp signals (up to 70), and an on average 2-fold decrease in
the concentration of the broad signal compared to the untreated soil extracts. We identified
the presence of four stereoisomers of IPs, four stereoisomers of IPs, and scyllo-IP4. We
also identified for the first time two isomers of myo-IPs in soil extracts: myo-(1,2,4,5,6)-1Ps
and myo-(1,3,4,5,6)-IPs. Concentrations of total IP ranged from 1.4 to 159.3 mg P/Kgsoil
across all soils, of which between 9 % and 50 % were comprised of lower-order IP.
Furthermore, we found that the T, times, which are considered to be inversely related to
the tumbling of a molecule in solution and hence its molecular size, were significantly
shorter for the underlying broad signal compared to for the sharp signals (IPe) in soll
extracts following hypobromite oxidation. In summary, we demonstrate the presence of a
plethora of organic P compounds in soil extracts, largely attributed to IP of various orders,
and provide new insight into the chemical stability of complex forms of organic P

associated with soil organic matter.
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Introduction

Inositol phosphates (IP) are found widely in nature and are important for cellular functions
in living organisms. They are found in eukaryotic cells where they operate in ion-regulation
processes, as signalling or P storage compounds (Irvine and Schell, 2001). The basic
structure of IP consists of a carbon ring (cyclohexanehexol) with one to six phosphorylated
centres (IP1.6) and up to nine stereoisomers (Angyal, 1963; Cosgrove and Irving, 1980).
An important IP found in nature is myo-IPe, which is used as a P storage compound in
plant seeds. Another important species of IP is myo-(1,3,4,5,6)-IPs, which is present in
most eukaryotic cells at concentrations ranging from 15 to 50 uM (Riley et al., 2006).
Species of IP1.3 are present in phospholipids, such as phosphatidylinositol diphosphates,
and are an essential structural component of the cell membrane system (Strickland, 1973,

Cosgrove and Irving, 1980).

Inositol phosphates have been reported to comprise more than 50 % of total organic
phosphorus (Porg) in some soils (Cosgrove and Irving, 1980; McDowell and Stewart, 2006;
Turner, 2007). Four stereoisomers of IP have been detected in soils, with the myo
stereoisomer being the most abundant (56 %), followed by scyllo (33 %), neo and D-chiro
(11 %) (Cosgrove and Irving, 1980; Turner et al., 2012). The largest input of myo-IPs to
the soil occurs via the addition of plant seeds (Turner et al., 2002). However, the addition
of myo-IPs to soil can also occur via manure input because monogastric animals are mostly
incapable of digesting myo-IPs without the addition of phytases to their diets (Leytem et
al., 2004; Leytem and Maguire, 2007; Turner et al., 2007b). An exception to this is pigs,
which were found to at least partially digest phytate (Leytem et al., 2004), and transgenic
pigs expressing salivary phytase (Golovan et al.,, 2001; Zhang et al., 2018). The
accumulation of myo-IPe in soil occurs due to the negative charge of the deprotonated
phosphate groups, which can coordinate on the charged surfaces of Fe and Al (hydro)-
oxides (Anderson et al., 1974; Ognalaga et al., 1994), clay minerals (Goring and
Bartholomew, 1951), and soil organic matter (SOM) (McKercher and Anderson, 1989) or
form insoluble precipitates with cations (Celi and Barberis, 2007). These processes lead
to the stabilisation of IP in soil resulting in its accumulation and reduced bioavailability
(Turner et al., 2002). In contrast, the sources and mechanisms controlling the flux of scyllo-
, Neo- and D-chiro-IPe in soil remain unknown but are thought to involve epimerisation of

the myo stereoisomer (L'Annunziata, 1975).

Chromatographic separation of alkaline soil extracts revealed the presence of four

stereoisomers of IPs and lower-order IP1.5 (Halstead and Anderson, 1970; Anderson and
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Malcolm, 1974; Cosgrove and Irving, 1980; Irving and Cosgrove, 1982). Irving and
Cosgrove (1981) used hypobromite oxidation prior to chromatography to isolate the IP
fraction in alkaline soils. The basis of this approach is that IP are considered to be highly
resistant to hypobromite oxidation, whereas other organic compounds (e.g. phospholipids
and nucleic acids) will undergo oxidation (Dyer and Wrenshall, 1941; Turner and
Richardson, 2004). The resistance of IP to hypobromite oxidation is thought to be due to
the high charge density and steric hindrance, which is caused by the chair conformation
of the molecule and the bound phosphate groups, with the P in its highest oxidation state.
Hypobromite oxidation of inositol (without phosphate groups) mainly results in the
formation of inososes, which have an intact carbon ring (Fatiadi, 1968). Fatiadi (1968)
considered that the oxidation of bromine with inositol is stereospecific and comparable to

catalytic or bacterial oxidants.

A limitation of chromatographic separation of alkaline extracts is that there is a mixture of
unknown organic compounds that can co-elute with IP and result in an overestimation of
IP concentrations (Irving and Cosgrove, 1981). However, this can also occur for IP, and
historically, studies often reported the combined concentration of IPs and IPs due to a lack
of differentiation in their elution times (McKercher and Anderson, 1968b). More recently,
Almeida et al. (2018) investigated how cover crops might mobilise soil IP using
hypobromite oxidation on NaOH-EDTA extracts followed by chromatographic separation.
The authors found that pools of myo-1Ps and ‘unidentified IP’ accounted for 30 % of the
total extractable pool of P and hypothesised that the unidentified IP pool consists solely of
lower-order myo-IP. Pools of lower-order IP1.s comprise on average 17 % of the total pool
of IP in soil and account for an important pool of soil organic P in terrestrial ecosystems
(Anderson and Malcolm, 1974; Cosgrove and Irving, 1980; Turner et al., 2002; Turner,
2007).

Since the 1980s, solution 3P nuclear magnetic resonance spectroscopy (NMR) has been
the most commonly used technique to characterise the chemical nature of organic P in soil
extracts (Newman and Tate, 1980; Cade-Menun and Liu, 2014). An advantage of this
technique is the simultaneous detection of all forms of organic P that come into solution,
which is brought about by a single-step extraction with alkali and a chelating agent (Cade-
Menun and Preston, 1996). However, a limitation of the technique has been the loss of
information on the diversity and amount of soil IP compared to that typically obtained prior
to 1980 (Smith and Clark, 1951; Anderson, 1955; Cosgrove, 1963). To date, solution 3P

NMR spectroscopy on soil extracts has only reported concentrations of myo-, scyllo-, chiro-

60



Chapter 2

and neo-IPs. The fact that lower-order IP were not reported in studies using NMR
spectroscopy might be due to overlap of peaks in the phosphomonoester region, which

makes peak assignment of specific compounds difficult (Doolette et al., 2009).

Turner et al. (2012) carried out hypobromite oxidation prior to solution 3P NMR analysis
of alkaline soil extracts to isolate the IP fraction. This had the advantage of reducing the
number of NMR signals in the phosphomonoester region and consequently the overlap of
peaks. The authors demonstrated the presence of neo- and chiro-IPs in NMR spectra via
spiking of hypobromite oxidised extracts. Interestingly, the authors also reported the
presence of NMR signals in the phosphomonoester region that could not be assigned to
IPe and were resistant to hypobromite oxidation. They were not able to attribute the NMR
signals to any specific P compounds but hypothesised based on their resistance to

hypobromite oxidation that they were due to lower-order IP.

The aim of this study reported here was to identify and quantify IP in soil extracts following
hypobromite oxidation using solution 3P NMR spectroscopy. In addition, the structural
composition of phosphomonoesters in soil extracts following hypobromite oxidation was
probed using solution 3P NMR spectroscopy and transverse relaxation experiments. We
hypothesise that a large portion of sharp peaks in the phosphomonoester region of
untreated soil extracts are resistant to hypobromite oxidation, which would indicate the
presence of a wide variety of IP. This would have major consequences on our
understanding of P cycling in terrestrial (and aquatic) ecosystems, as many more organic
P compounds and mechanisms would be involved than previously thought. Furthermore,
a better understanding of these organic P compounds in soil would also help improve
strategies to increase their biological utilisation, which may reduce the amount of fertiliser
needed in agricultural systems and thus influence the transfer of P to aquatic and marine
ecosystems.
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Materials and methods

Soil collection and preparation

Soil samples were collected from the upper horizon of the profile at four diverse sites.
These comprise a Ferralsol from Colombia, a Vertisol from Australia, a Cambisol from
Germany, and a Gleysol from Switzerland (WRB, 2014). The four soil samples were
chosen from a larger collection based on their diverse concentration of Pog and
composition of the phosphomonoester region in NMR spectra (Reusser et al., 2020a).
Background information and some chemical properties of the soils are reported in Table
1. Briefly, the Ferralsol was collected from an improved grassland in 1997 at the
Carimagua Research Station’s long-term Culticore field experiment in Columbia (Buhler et
al., 2003). The Vertisol was collected from an arable field in 2018 located in southern
Queensland. The site had been under native shrubland prior to 1992. The Cambisol (F)
was collected from a beech forest in 2014 and is part of the “SPP 1685—Ecosystem
Nutrition” project (Binemann et al., 2016; Lang et al., 2017). The Gleysol was collected
from the peaty top soil layer of a drained marshland in 2017, which has been under

grassland for at least 20 years.

Soil samples were passed through a 5 mm sieve and dried at 60°C for 5 days, except for
the Ferralsol (sieved <2 mm) and the Vertisol (ground <2 mm), which were received dried.
Total concentrations of C and N in soils were obtained using combustion of 50 mg of
ground soil (to powder) weighed into tinfoil capsules (vario PYRO cube®, Elementar
Analysensysteme GmbH). Soil pH was measured in H2O with a soil-to-solution ratio of

1:2.5 (w/w) using a glass electrode.
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Table 1. General characteristics of soil samples used in this study.

Parameter Unit Ferralsol Vertisol Cambisol (F) Gleysol
Soil type - Ferralsol Vertisol Dystriccafnk;!se;ici Gleysol
Country - Colombia Australia Germany Switzerland
Coordinates - 4°30'N/ 27°52'S/ 50°21° N/ 47°05'N/
sampling site 71°19'W 151°37'E 9°55'E 8°06' E
Elevation m ASL 150 402 800 612
Sampling depth  cm 0-20 0-15 0-7 0-10
Year of year 1997 2017 2014 2017
sampling

Land use - Pasture Arable field Forest Pasture
Crot g C/kgsoi 26.7 23.9 90.3 148.3
Niot g N/Kgsoi 1.7 1.9 6.6 10.9
pH in H20 - 3.6 6.1 3.6 5.0

Soil phosphorus analyses

Total concentrations of soil P were obtained by X-ray fluorescence (XRF) spectroscopy
(SPECTRO XEPOS ED-XRF, AMETEK®) using 4.0 g of soil sample ground to powder
mixed with 0.9 g of wax (CEREOX Licowax, FLUXANA®). The XRF instrument was
calibrated using commercially available reference soils. Concentrations of organic P for
NMR analysis were obtained using the NaOH-EDTA extraction technique of Cade-Menun
et al. (2002) at a soil-to-solution ratio of 1:10, i.e. extracting 4 g of soil with 40 mL of

extractant.

Hypobromite oxidation

Hypobromite oxidation of NaOH-EDTA soil filtrates was carried out based on a modified
version of the method described in Suzumura and Kamatani (1993) and Turner et al.
(2012). The hypobromite oxidation procedure is similar to that reported in Turner (2020).
Briefly, 10 mL of the NaOH-EDTA filtrate was placed in a three-necked round-bottom flask
equipped with a septum, condenser, magnetic stir bar and thermometer (through a Claisen
adapter with N2 adapter). After the addition of 1 mL of 10 M aqueous NaOH and vigorous
stirring, an aliquot of 0.6 mL Br, (which was cooled prior to use) was added, resulting in

an exothermic reaction where some of the soil extracts nearly boiled. The optimal volume
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of Br, for oxidation was assessed in a previous pilot study using 0.2, 0.4, 0.6 and 0.8 mL
Br, volumes, and then observing differences in their NMR spectral features (Figure SI-8).
The reaction was heated to 100 °C within 10 min and kept at reflux for an additional 5 min.
After cooling to room temperature, the solution was acidified with 2 mL of 6 M aqueous
HCI solution in order to obtain a pH <3, which was confirmed with a pH test strip. The
acidified solution was reheated to 100 °C for 5 min under a stream of nitrogen to vaporise
any excess bromine. The pH of the solution was gradually increased to 8.5 using 10 M
aqueous NaOH solution. After dilution with 10 mL of H>O, 5 mL of 50 % (w/w) ethanol and
10 mL of 10 % (w/w) barium acetate solution was added to the solution in order to
precipitate any IP (Turner et al., 2012). The solution was then heated and boiled for 10 min
and allowed to cool down overnight. The solution was subsequently transferred to a 50 mL
centrifuge tube and a 10 mL aliquot of 50 % (w/w) ethanol was added, manually shaken
and centrifuged at 1500 g for 15 min. The supernatant was removed, and a 15 mL aliquot
of 50 % (w/w) ethanol was added to the precipitate, shaken and then centrifuged again as
before. The supernatant was removed and the process repeated once more to further
purify the pool of IP. Afterwards, the precipitate was transferred with 20 mL of H>O into a
100 mL beaker that contained a 20 mL volume (equating to a mass of 15 g) of Amberlite®
IR-120 cation exchange resin beads in the H* form (Sigma-Aldrich, product no. 06428).
The suspension was stirred for 15 min and then passed through a Whatman no. 42 filter
paper. A 9 mL aliquot of the filtrate was frozen at -80°C and then lyophilised prior to NMR
analysis. This resulted in 18-26 mg of lyophilised material across all soils. Concentrations
of total P in solutions were obtained using inductively coupled plasma-optical emission
spectrometry (ICP-OES). Concentrations of molybdate reactive P (MRP) were obtained
using the malachite green method of Ohno and Zibilske (1991). The difference in
concentrations of total P and MRP in solution is molybdate unreactive P (MUP), which is
predominantly organic P for these samples. To assess the effect of hypobromite oxidation
on the stability of an IPs, duplicate samples of the Cambisol (F) and the Gleysol were
spiked with 0.1 mL of an 11 mM myo-IPe standard. The recovery of the added myo-I1Pg
following hypobromite oxidation was calculated using Equation 1:
Cspikea(7)~Cunspiea "}

Spike recovery (%) = A 1)
L

c g
standard added

where Cspiked @nd Cunspiked are the concentrations of myo-1Ps in NaOH-EDTA extracts
following hypobromite oxidation of the spiked and unspiked samples, respectively.

Cstandard added IS the concentration of the added myo-IPs within the standard. As 3P NMR
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spectroscopy of the standard revealed impurities, the concentration of myo-IPs in the
standard was calculated based on the 3P NMR spectrum.

Sample preparation for solution 3P NMR spectroscopy

The lyophilised material of the untreated soil extracts was prepared for solution 3P NMR
spectroscopy based on a modification of the methods of Vincent et al. (2013) and Spain
et al. (2018). Briefly, 120 mg of lyophilised material was taken and dissolved in 600 pL of
0.25 M NaOH-0.05 M EDTA solution (ratio of 1:5). However, for the Cambisol (F) sample,
this ratio resulted in an NMR spectrum that exhibited significant line broadening. Therefore,
this was repeated on a duplicate sample but at a smaller lyophilised-material-to-solution
ratio (ratio of 1:7.5), as suggested in Cade-Menun and Liu (2014), which resolved the issue
of poor spectral quality. The suspension was stored overnight to allow for complete
hydrolysis of phospholipids and RNA (Doolette et al., 2009; Vestergren et al., 2012) and
was then centrifuged at 10621 g for 15 min. A 500 pL aliquot of the supernatant was taken,
which was subsequently spiked with a 25 uL aliquot of a 0.03 M methylenediphosphonic
acid standard made in D>O (Sigma-Aldrich, product no. M9508) and a 25 pL aliquot of
sodium deuteroxide at 40 % (w/w) in D>O (Sigma-Aldrich, product no. 372072). The
solution was then mixed and transferred to a 5 mm diameter NMR tube.

A similar procedure was used for the soil extracts that had undergone hypobromite
oxidation, except the total mass of lyophilised material (18-26 mg) was dissolved with
600 pL of a 0.25 M NaOH-0.05 M EDTA solution. However, for the Cambisol (F) sample,
the NMR spectrum exhibited considerable line broadening, and an additional 400 uL
aliquot of NaOH-EDTA solution was added to the NMR tube, mixed and then returned to

the NMR spectrometer. This resolved the issue of poor spectral quality.

Solution 3P NMR spectroscopy

Solution 3P NMR analyses were carried out on all untreated and hypobromite oxidised
soil extracts at the NMR facility of the Laboratory of Inorganic Chemistry (Hénggerberg,
ETH Zdrich). All spectra were obtained with a Bruker AVANCE Ill MD 500 MHz NMR
spectrometer equipped with a cryogenic probe (CryoProbe™ Prodigy) (Bruker Corporation;
Billerica, MA). The 3P frequency for this NMR spectrometer was 202.5 MHz and gated
broadband proton decoupling with a 90° pulse of 12 pus was applied. The spectral
resolution under these conditions for 3P was <1 Hz. Longitudinal relaxation (T1) times

were determined for each sample with an inversion recovery experiment (Vold et al.,
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1968). This resulted in recycle delays ranging from 8.7 to 30.0 s for the untreated extracts
and 7.8 to 38.0 s for the hypobromite oxidised soil extracts. The number of scans for the
untreated extracts was set to 1024 or 4096, depending on the signal-to-noise ratio of the
obtained spectrum. All hypobromite oxidised spectra were acquired with 3700 to 4096

scans.

Processing of NMR spectra

All NMR spectra were processed with Fourier transformation, phase correction, and
baseline adjustment within the TopSpin® software environment (version 3.5 pl 7, Bruker
Corporation; Billerica, MA). Line broadening was set to 0.6 Hz. Quantification of NMR
signals involved obtaining the integrals of the following regions: 1) up to four phosphonates
(6 19.8 to 16.4 ppm); 2) the added MDP (6 17.0 to 15.8ppm) including its two carbon
satellite peaks; 3) the combined orthophosphate and phosphomonoester region (6 6.0 to
3.0 ppm); 4) up to four phosphodiesters (& 2.5 to -3.0 ppm), and 5) pyrophosphate (6 -4.8
to -5.4 ppm). Due to overlapping peaks in the orthophosphate and phosphomonoester
region, spectral deconvolution fitting (SDF) was applied as described in Reusser et al.
(2020a). In brief, the SDF procedure involved the fitting of an underlying broad signal,
based on the approach of Biunemann et al. (2008b) and McLaren et al. (2019). We carried
out the SDF with a non-linear optimisation algorithm in MATLAB® R2017a (The
MathWorks, Inc.) and fitted visually identifiable peaks by constraining their line widths at
half-height as well as the lower and upper boundary of the peak positions along with an
underlying broad signal in the phosphomonoester region. The sharp signals of high
intensity (e.g. orthophosphate) and the broad peak were fitted using Lorentzian line
shapes, whereas sharp signals of low intensity were fitted using Gaussian line shapes.
The NMR observability of total P (Pwt) in NaOH-EDTA extracts was calculated using
Equation 2 (Dougherty et al., 2005; Doolette et al., 2011a):

Ptot NMR

NMR observability (%) = s—4———
tot -

*100 % , (2)

where Pt NMR refers to the total P content in mg P/kgsei detected in the soil extracts using
solution 3P NMR spectroscopy and Piw: ICP-OES refers to the total P concentration in

mg P/kgsoil measured in the soil extracts prior to freeze-drying using ICP-OES.
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Spiking experiments

To identify the presence of IP in hypobromite oxidised extracts, samples were spiked with

a range of standards and then analysed again using NMR spectroscopy. This involved the

addition of 5 to 20 pL aliquots of an IP standard solution directly into the NMR tube, which

was then sealed with parafilm, manually shaken, and then allowed to settle prior to NMR

analysis. Each sample extract was consecutively spiked with no more than four IP

standards. The NMR spectra of soil extracts after spiking were overlaid with the NMR

spectra of unspiked soil extracts to identify the presence of IP across all soil samples. This

comparison of NMR spectra was possible due to negligible changes in the chemical shifts

of peaks among soil samples. The IP standards used in this study are listed in Table 2.

Table 2. Standard solutions used for the spiking experiment of the hypobromite oxidised soil extracts.
All standards were dissolved in 0.25 M NaOH and 0.05 M EDTA.

Concentration of standard

Standard Product number Company or origin in NaOH-EDTA (mg/mL)
myo-1Ps P5681 Merck (Sigma-Aldrich) 8.10
L-chiro-IPs Collection of Dr Max Tate 2.39
-chiro-IPs CAY-9002341 Cayman Chemical 2.00
neo-1Ps Collection of Dr Dennis Cosgrove?! 4.62
D-myo-(1,2,4,5,6)-IPs  CAY-10008452-1 Cayman Chemical 2.00
myo-(1,2,3,4,6)-IPs 93987 Merck (Sigma-Aldrich) 2.00
D-myo-(1,3,4,5,6)-IPs  CAY-10009851-1 Cayman Chemical 2.00
D-myo-(1,2,3,5,6)-IPs  CAY-10008453-1 Cayman Chemical 2.00
scyllo-1Ps Collection of Dr Dennis Cosgrove 2.64
L-chiro-IPs Collection of Dr Dennis Cosgrove 2.24
neo-1Ps Collection of Dr Dennis Cosgrove 2.45
myo-IP4 Collection of Dr Dennis Cosgrove 2.76
scyllo-1P4 Collection of Dr Dennis Cosgrove 2.41
neo-IP4 Collection of Dr Dennis Cosgrove 2.33

1 Made up in 15 mM HCI
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Transverse relaxation (T2) experiments

Due to the presence of sharp and broad signals in the phosphomonoester region of NMR
spectra on hypobromite oxidised soil extracts, transverse relaxation (T2) experiments were
carried out to probe their structural composition. The transverse relaxation (originally spin-
spin relaxation) describes the loss of magnetisation in the x-y plane. This loss occurs due
to magnetic field differences in the sample, arising either by instrumentally caused
magnetic field inhomogeneities or by local magnetic fields in the sample caused by
intramolecular and intermolecular interactions (Claridge, 2016b). Generally, small, rapidly
tumbling molecules exhibit longer T2 relaxation times compared to large, slowly tumbling

molecules (McLaren et al., 2019).

Briefly, solution 3P NMR spectroscopy with a Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence (Meiboom and Gill, 1958) was carried out on all hypobromite oxidised soill
extracts, as described in McLaren et al. (2019). This involved a constant spin-echo delay
(1) of 5 ms, which was repeated for a total of eight iterations (spin-echo periods of 5, 50,
100, 150, 200, 250, 300 and 400 ms). A total of 4096 scans and a recycle delay of 4.75 s
were used for all iterations. Transverse relaxation times for the aforementioned integral
ranges were calculated using Equation 3 within the TopSpin® software environment. Due
to overlapping peaks in the orthophosphate and phosphomonoester region, spectral
deconvolution was carried out to partition the NMR signal, as described in McLaren et al.
(2019). The T» times of the partitioned NMR signals were calculated using Equation 3
within RStudio© (version 1.1.442):

M(t) = My + e80T | ®3)

where M refers to the net magnetisation derived from the average angular momentum in
the x—y plane, T refers to the spin-echo delay in milliseconds (ms), and T» refers to the

transverse relaxation time (ms).

Statistical analyses and graphics

Statistical analyses were carried out using Microsoft® Excel 2016 and MATLAB R2017a
(©The MathWorks, Inc.). Graphics were created with Microsoft® Excel 2016 and MATLAB
R2017a (©The MathWorks, Inc.). Solution (1D) 3'P NMR spectra were normalised to the
peak intensity of MDP (6 16.46 ppm). Spectra from the T, experiments were normalised

to the peak intensity of scyllo-1Pe (& 3.22 ppm).
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A one-way ANOVA was carried out in MATLAB R2017a (©The MathWorks, Inc.) with a
subsequent multi-comparison of mean values using Tukey’s honestly significant difference

procedure based on the Studentised range distribution (Hochberg and Tamhane, 1987;
Milliken and Johnson, 2009).
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Results

Phosphorus concentrations in soil extracts

Concentrations of total soil P as determined by XRF ranged from 320 to 3841 mg P/kgsoi
across all soils (Table 3). Concentrations of total P as estimated by the NaOH-EDTA
extraction technique ranged from 160 to 1850 mg P/kgsoi, which comprised 28 % to 51 %
of the total soil P as determined by XRF. Pools of organic P comprised 28 % to 72 % of
the total P in NaOH-EDTA untreated soil extracts.

Concentrations of total P in NaOH-EDTA soil extracts following hypobromite oxidation
ranged from 77 to 578 mg P/kgsoil (Table 3), which accounted for 31 % to 48 % (on average
38 %) of the total P originally present in the extracts. Similarly, pools of organic P in NaOH-
EDTA extracts following hypobromite oxidation were lower, comprising 22 % to 48 % (on

average 36 %) of that originally present in untreated NaOH-EDTA extracts across all soils.

Table 3. Concentrations of total P as measured by XRF and 0.25 M NaOH + 0.05 M EDTA extractable
P before and after hypobromite oxidation of soil extracts. Concentrations of total P in NaOH-EDTA
extracts were determined by ICP-OES, whereas the concentration of molybdate reactive P (MRP) was
determined by the malachite green method of Ohno and Zibilske (1991). Concentrations of molybdate
unreactive P (MUP) were calculated as the difference between total P and MRP.

Measure Unit Ferralsol Vertisol  Cambisol (F) Gleysol
XRF Ptot (Mg P/kgsoit) 320 1726 3841 2913
NaOH-EDTA extractable P Pt (Mg P/kgsoil) 160 484 1850 1490
(untreated)

MRP (mg P/kgsoil) 67 351 525 610

MUP (Porg) (Mg P/kgsoir) 93 133 1326 880
NaOH-EDTA extractable P Pt (mg P/kgsoi) 77 158 580 578
(hypobromite oxidised)

MRP (mg P/kgsoil) 32 111 283 231

MUP (Porg) (Mg P/kgsoil) 45 47 297 348

Solution 3P NMR spectra of hypobromite oxidised soil extracts

The most prominent signal in the NMR spectra of untreated NaOH-EDTA soil extracts was
that of orthophosphate at & 5.25 (£0.25) ppm, followed by the phosphomonoester region

ranging from 6 6.0 to 3.0 ppm (Figures 1a + b). There were also some minor signals due
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to pyrophosphate 6 -5.06 (£0.19) ppm (all soils), phosphodiesters ranging from & 2.5 to
- 2.4 ppm (not detected in the Vertisol), and phosphonates (not including the added MDP)
at 6 19.8, 19.2 and 18.3 ppm (not detected in the Gleysol). However, these compounds
comprised less than 8 % of the total NMR signal.

Following hypobromite oxidation of NaOH-EDTA extracts, the most prominent NMR
signals were found in the orthophosphate (65% of total NMR signal) and
phosphomonoester (35 % of total NMR signal) region across all soils (Figures 1a + 1b).
Phosphodiesters and pyrophosphates were removed following hypobromite oxidation in
the Ferralsol, the Vertisol and the Cambisol (F). However, some signal remained in the
Gleysol at low concentrations (0.4 % of the total NMR signal). Phosphonates were
removed following hypobromite oxidation in the Ferralsol and the Vertisol, but a total of
five sharp peaks in the phosphonate region were detected (& 19.59, 18.58, 17.27 and
9.25 ppm) in the Cambisol (F). These peaks comprised 0.6 % of the total NMR signal.

The phosphomonoester region of NMR spectra on untreated NaOH-EDTA extracts
exhibited two main features: 1) the presence of a broad signal centred at around & 4.1 ppm
(x0.1) with an average line width at half-height of 256.12 Hz; and 2) the presence of
between 19 and 34 sharp signals. This was similarly the case for hypobromite oxidised
extracts, except there was a decrease in the intensity of the broad signal and a change in
the distribution and intensity of sharp signals. For the Cambisol (F) and Gleysol, the
number of sharp signals in the phosphomonoester region approximately doubled (to 40
and 70 sharp signals, respectively) following hypobromite oxidation. In contrast, less than
half of the sharp signals remained in the Ferralsol following hypobromite oxidation (i.e. 14
of the 30 peaks originally present in the untreated extract), whereas one peak was
removed following hypobromite oxidation in the Vertisol. There was little change
(0.23 ppm) in the chemical shifts of peaks between the untreated and hypobromite

oxidised extracts.
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Figure 1la. Solution 3P nuclear magnetic resonance (NMR) spectra (500 MHz) of the
orthophosphate and phosphomonoester region on untreated (UT) and hypobromite oxidised (HO)
0.25 M NaOH + 0.05 M EDTA soil extracts Ferralsol and Vertisol. Signal intensities were normalised
to the MDP peak intensity. The vertical axes were increased for improved visibility of spectral
features, as indicated by a factor. The orthophosphate peak is marked with an asterisk. The symbol

‘x’ marks the four individual peaks of myo-1Ps and ‘+’ the peak of scyllo-1Pe.
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Figure 1b. Solution 3P nuclear magnetic resonance (NMR) spectra (500 MHz) of the
orthophosphate and phosphomonoester region on untreated (UT) and hypobromite oxidised (HO)
0.25 M NaOH + 0.05 M EDTA soil extracts Cambisol (F) and Gleysol. Signal intensities were
normalised to the MDP peak intensity. The vertical axes were increased for improved visibility of
spectral features, as indicated by a factor. The orthophosphate peak is marked with an asterisk.

The symbol ‘x’ marks the four individual peaks of myo-IPs and ‘+’ the peak of scyllo-IPs.
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Table 4. Concentrations (mg P/kgsoil) of P compounds in solution 3P NMR spectra of 0.25 M NaOH +
0.05 M EDTA soil extracts (Ferralsol, Vertisol, Cambisol (F) and Gleysol) before and after hypobromite
oxidation (HO). Quantification was based on spectral integration and deconvolution fitting. The
proportion of P detected in hypobromite oxidised extracts compared to that in untreated extracts is

provided in brackets.

Phosphorus class Ferralsol Vertisol Cambisol (F) Gleysol
Phosphonates before HO 1.0 2.6 145 -
after HO - - 3.0 0.2

(21)
Orthophosphate before HO 54.8 221.4 434.3 368.3
after HO 32.0 116.6 329.3 243.4
(58) (53) (76) (66)
Phosphomonoester before HO 36.3 39.1 501.1 399.2
after HO 12.7 24.2 210.3 292.1
(35) (62) (42) (73)
Broad peak in before HO 21.6 30.9 305.8 216.7
phosphomonoester region after HO 8.3 19.3 99.2 108.4
(39) (63) (32) (50)
Phosphodiester before HO 5.1 - 28.2 26.9
after HO - - - 2.0
®)
Pyrophosphate before HO 1.9 1.8 12.9 23.9
after HO - - - -

Identification and quantification of inositol phosphates (IPs, IPs and IP4) in soil

extracts

Detailed views of the phosphomonoester regions of spiked samples are shown in Figure
SI-1 to SI-5 of the supporting information. The number of identified sharp peaks in the
phosphomonoester region ranged from 7 (Vertisol) to 33 (Gleysol). myo- and scyllo-IPe
were identified in the hypobromite oxidised extracts of all soils (Table 5). On average, 72 %
of myo-IPs and 56 % of scyllo-IPs present in the untreated extracts remained in the
hypobromite oxidised extracts (Table SI-1 in the supporting information). neo-1Ps was
identified in the 2-equatorial-4-axial and 4-equatorial-2-axial conformations, and chiro-IPg
in the 2-equatorial-4-axial confirmation, of the oxidised extracts in the Cambisol (F) and

Gleysol but was absent in the Ferralsol and the Vertisol (Figures SI-4 and SI-5).

The myo, scyllo, chiro and neo stereoisomers of IPs were identified in various hypobromite
oxidised extracts (Table 5). Two isomers of myo-IPs were identified in some extracts, which
included myo-(1,2,4,5,6)-IPs and myo-(1,3,4,5,6)-1Ps. In addition, scyllo-IP4 was detected
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in all soils except that of the Vertisol. There was insufficient evidence for the presence of
myo-IP4 in these soil samples, as only one of the two peaks of this compound was present
in the NMR spectra of untreated extracts. This could possibly be due to the partial
dephosphorylation of myo-IP4 during the hypobromite oxidation procedure. The reason for
the reduced resistance of lower-order IP to hypobromite oxidation compared to 1Ps+s might
be due to their reduced steric hindrance and charge density, as fewer phosphate groups

are bound to the inositol ring.

Concentrations of total IP ranged from 1.4 to 159.3 mg P/kgsoi across all soils, which
comprised between 1 % (Vertisol) and 18 % (Gleysol) of the organic P in untreated NaOH-
EDTA extracts (Table 3). Pools of IPs were the most abundant form of IP, which ranged
from 0.9 to 144.8 mg P/kgscil across all soils (Table 5). The proportion of IPs sterecisomers
across all soils was on the order of myo (61 %, SD=12), scyllo (29 %, SD=3), chiro (6 %,
SD=8) and neo (4 %, SD=5). Similarly, the myo and scyllo stereoisomers were also the
most predominant forms of IPs but comprised between 83 % (Cambisol (F)) and 100 %
(Ferralsol and Vertisol) of total IPs (Table 5). Trace amounts of scyllo-IPs were also
detected in three of the four soils. The ratio of total IPes to IPs differed across all soils
(Figure 2).

100%
10.7
90% r
80% r
70% 1.9 23
60%
50% r

40% r

30%

% of total identified IP

20%

10%

0%

Ferralsol Vertisol Cambisol Gleysol

mIP6 WIPS W IP4

Figure 2. The proportion of total identifiable pools of inositol hexakisphosphates (IPs), -pentakis-
phosphates (IPs) or -tetrakisphosphates (IP4) in the total pool of identifiable IP, as determined by
solution 3P NMR spectroscopy on four soil extracts (Ferralsol, Vertisol, Cambisol (F) and Gleysol)
following hypobromite oxidation. Values located above the IPs bar are the ratio of total identifiable IPs

to total identifiable IPs in each soil sample.
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Table 5. Concentrations of identified inositol phosphates (IP) in hypobromite oxidised 0.25 M NaOH +
0.05 M EDTA soil extracts (Ferralsol, Vertisol, Cambisol (F) and Gleysol). Concentrations were
calculated from solution 3P NMR spectra using spectral deconvolution fitting including an underlying
broad signal. When no concentration is given, the IP compound was not detected in the respective solil
extract. Chemical shift positions are based on the NMR spectrum of the Cambisol (F) extract (Figure SI-
7). Peak positions varied up to +0.018 ppm (Gleysol). Conformation equatorial (eq) and axial (ax)

according to Turner et al. (2012).

Concentrations (mg P/kgsoir)

Phosphorus Chemical shift

compound & ppm Ferralsol Vertisol Cambisol (F) Gleysol
myo-IPs 4.97, 4.06, 3.70, 3.57 11 0.6 26.3 85.0
scyllo-IPs 3.20 0.4 0.3 15.6 41.1
neo-IPs 4-eq-2-ax 5.86, 3.75 - - 1.4 8.8
neo-IPs 2-eq-4-ax 4.36,4.11 - - 4.0 1.3
D-chiro-1Ps 2-eq-4-ax 5.66, 4.25, 3.83 - - 9.4 8.6
myo-(1,2,4,5,6)-IPs 4.42,3.97,3.72, 3.36, 3.25 - - 7.0 4.1
myo-(1,3,4,5,6)-IPs 4.12, 3.60, 3.23 - - 2.8 1.3
scyllo-IPs 3.81, 3.31, 3.05 0.7 0.5 10.8 6.1
neo-IPs 4.64,4.27,4.01, 3.87, 3.13 - - 3.3 21
chiro-IPs 4.61, 3.39 - - 0.9 -
scyllo-(1,2,3,4)-1P4 4.12,3.25 0.8 - 4.3 1.0
Total IP 3.0 1.4 85.9 159.3

If sharp peaks arising from IP were identified in the NMR spectra on hypobromite oxidised
extracts, a comparison was made with that of their corresponding untreated extracts. The
sharp peaks of all stereocisomers of IP¢ were present in the untreated extracts. The five
peaks of myo-(1,2,4,5,6)-IPs and the three peaks of scyllo-IPs were also identified.
However, it was not possible to clearly identify other IPs compounds in untreated extracts
due to overlapping signals. In the Gleysol, all three peaks of scyllo-IPs were detected, but
only two of the possible five peaks could be clearly assigned to myo-(1,2,4,5,6)-1Ps. In the
Ferralsol, both peaks of scyllo-IP4 were present in the untreated extract, but only two of
the three possible peaks could be assigned to scyllo-IPs. In the Vertisol, no IPs was
identified. Concentrations of IP in untreated extracts assessed by spectral deconvolution

fitting were generally double that measured in hypobromite oxidised extracts. Recoveries
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of added myo-IPs in the Gleysol and Cambisol (F) following hypobromite oxidation were
47 % and 20 %, respectively.

Spin-echo analysis of selected P compounds

Due to the presence of sharp and broad signals in hypobromite oxidised soil extracts, the
structural composition of phosphomonoesters was probed. A comparison of the NMR
spectra at the lowest (1*1) and highest (80*T) pulse delays revealed a fast-decaying broad
signal for all hypobromite oxidised soil extracts, which was particularly evident in the
Gleysol (Figure 3). Calculated T times of all IPs sterecisomers were longer than those of
the broad signal (Table 6). The T2 times of scyllo-IPs (on average 175.8 ms, SD=49.7)
were generally the longest of all stereocisomers of IPs. The T time of the orthophosphate
peak was the shortest, which was on average 11.5 ms (SD=4.9).

The average (n=4) T2 times of the broad peak was significantly different than that of scyllo-
and myo-IPs (p <0.05). Significant differences in the T2 times of neo- and D-chiro-1Ps were
not tested, as these compounds were not detected in the Ferralsol and the Vertisol.

Table 6. Transversal relaxation times (T2) of various P species in the orthophosphate and
phosphomonoester regions as determined by solution 3P nuclear magnetic resonance (NMR)

spectroscopy and a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence on hypobromite oxidised soil

extracts.

Phosphorus T2 (ms)

compound Ferralsol Vertisol Cambisol (F) Gleysol
myo-IPs 163 140 139 121
scyllo-IPs 250 155 154 144
neo-IPs - - 203 102
D-chiro-1Ps - - 108 132
Orthophosphate 14 9 17 6
Broad peak 44 69 89 62
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Figure 3. Solution 3P NMR spectra of hypobromite oxidised soil extracts acquired with a CPMG pulse
sequence with 1*1 (black) and 80*T (red) spin-echo delays. The orthophosphate (*), scyllo-1Ps (+) and
myo-IPs peaks (x) are marked accordingly. Spectra were normalised to the maximum scyllo-IPs peak

intensity in the 1*1 spectrum for each soil. The vertical axes were increased/decreased for better
visualisation by an indicated factor.
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Discussion

Pools of phosphorus in untreated and hypobromite oxidised soil extracts

On average, 44 % of total P (as measured with XRF) was extracted by NaOH-EDTA, which
is consistent with previous studies (Turner, 2008; Li et al., 2018; McLaren et al., 2019).
The non-extractable pool of P is likely to comprise inorganic P as part of insoluble mineral
phases but could also contain some organic P (McLaren et al., 2015a). Nevertheless, the
NaOH-EDTA extraction technique is considered to be a measure of total organic P in soil,
which can be subsequently characterised by solution 3P NMR spectroscopy (Cade-Menun
and Preston, 1996).

Hypobromite oxidation resulted in a decrease in the concentration of inorganic and organic
P in NaOH-EDTA extracts across all soils. The decrease of organic P is consistent with
previous studies (Turner and Richardson, 2004; Turner et al., 2012; Almeida et al., 2018).
However, Almeida et al. (2018) reported an overall increase in the concentration of
inorganic P following hypobromite oxidation, which the authors proposed to be caused by
the degradation of organic P forms not resistant to hypobromite oxidation. A decrease in
the concentration of organic P in NaOH-EDTA extracts following hypobromite oxidation
was expected based on the oxidation of organic molecules containing P. The products of
hypobromite oxidation are most probably carbon dioxide, simple organic acids from the
oxidative cleavage of the phosphoesters and orthophosphate (Irving and Cosgrove, 1981;
Sharma, 2013).

Overall, hypobromite oxidation of NaOH-EDTA soil extracts resulted in a considerable
increase in the number of sharp peaks and a decrease in the broad underlying peak in the
phosphomonoester region compared to untreated soil extracts. This was particularly the
case for the Cambisol (F) and the Gleysol, which had high concentrations of extractable
organic P. Since the broad peak is thought to be closely associated with the SOM
(Dougherty et al., 2007; Bunemann et al., 2008b; McLaren et al., 2015b), its decrease in
soil extracts following hypobromite oxidation is consistent with that observed for other
organic compounds (Turner et al., 2012). Our results indicate that a majority of sharp peaks
present in the phosphomonoester region of untreated soil extracts are stable to

hypobromite oxidation and are therefore likely to be IP.

Across all soils, 5 to 15 peaks in the phosphomonoester region were removed following

hypobromite oxidation compared to those in untreated extracts, which are likely due to the
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oxidation of: a-and B-glycerophosphate (Doolette et al., 2009; McLaren et al., 2015b), RNA
mononucleotides (8 peaks) (Vincent et al., 2013), glucose 6-phosphate, phosphocholine,
glucose 1-phosphate, or phosphorylethanolamine (Cade-Menun, 2015).

Phosphorus assignments of sharp peaks in hypobromite oxidised extracts

The detection of myo-, scyllo-, chiro, and neo-1Ps in untreated and hypobromite oxidised
soil extracts is consistent with previous studies using chromatography (Irving and
Cosgrove, 1982; Almeida et al., 2018) and NMR (Turner and Richardson, 2004; Doolette
et al., 2011b; Vincent et al., 2013; Jarosch et al., 2015; McLaren et al., 2015b). Turner et
al. (2012) suggested that hypobromite oxidised extracts only contained neo-IPs in the 4-
equatorial-2-axial conformation due to the absence of signals from the 2-equatorial-4-axial
conformation. In the current study, both conformations could be identified in two of the four
soil extracts, which is likely due to improved spectral resolution and sensitivity. The relative
abundances of the four identified stereoisomers of IPe in soil extracts were similar to

previous studies (Irving and Cosgrove, 1982; Turner et al., 2012).

Several studies have shown overlap of peaks relating to RNA mononucleotides and those
of a-and B-glycerophosphate, which are the alkaline hydrolysis products of RNA and
phospholipids, respectively. However, in the current study, several sharp peaks were
present in hypobromite oxidised extracts which are in the chemical shift range of RNA
mononucleotides and a-and (3-glycerophosphate. Whilst a peak at & 4.36 ppm would be
assigned to a-glycerophosphate based on spiking experiments in the untreated extracts of
the Cambisol (F) and the Gleysol, hypobromite oxidation revealed the presence of the 2-
equatorial-4-axial C2,5 peak of neo-IPs at & 4.37 ppm, and also an unidentified peak at &
4.36 ppm in the Cambisol (F). Therefore, the assignment and concentration of a-

glycerophosphate may be unreliable in some soils of previous studies.

For the first time, we identified lower-order IP (IPs and IP4) in soil extracts using solution
31P NMR spectroscopy. Smith and Clark (1951) were the first to suggest the presence of
IPs in soil extracts using anion-exchange chromatography, which was later confirmed
(Anderson, 1955; Cosgrove, 1963; McKercher and Anderson, 1968b). Halstead and
Anderson (1970) reported the presence of all four stereoisomers (myo, scyllo, neo and
chiro) in the lower ester fractions (IP2-IP4) as well as in the higher ester fractions (IPs, 1Ps)
isolated from soil, with the myo stereoisomer being the main form in all fractions. In the
current study, all four stereoisomers of IPs could be detected in the hypobromite oxidised

soil extracts, of which the myo and scyllo stereocisomers were the most abundant. The
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relative abundances of IPs stereoisomers are consistent with the findings of Irving and
Cosgrove (1982) using gas-liquid chromatography on the combined IP¢ + IPs fraction. The
detection of all four stereoisomers of IPs in NMR spectra provides direct spectroscopic

evidence for their existence in soil extracts.

In addition to the four stereoisomers of IPs, we were able to identify the presence of two
isomers of myo-IPs in the Cambisol (F) and Gleysol, i.e. myo-(1,2,4,5,6)-IPs and myo-
(1,3,4,5,6)-1Ps. These two isomers have not yet been detected in soil extracts. A distinction
of different myo-IPs isomers was not reported in earlier studies using chromatographic
separation. In non-soil extracts, myo-(1,2,4,5,6)-IPs was detected by Doolette and Smernik
(2016) in grapevine canes and myo-(1,3,4,5,6)-1Ps as the thermal decomposition product
of a phytate standard (Doolette and Smernik, 2018). It is possible that an abiotic
transformation of myo-IPe to myo-(1,3,4,5,6)-1Ps occurs, which could then be adsorbed by
soil constituents. Stephens and Irvine (1990) reported myo-(1,3,4,5,6)-IPs as an
intermediate in the synthesis of IPs from myo-IP in the cellular slime mould Dictyostelium.
Therefore, myo-(1,3,4,5,6)-1Ps could have been biologically added to the soil. Furthermore,
myo-(1,3,4,5,6)-1Ps was present in different animal feeds and manures (Sun and Jaisi,
2018). Sun et al. (2017) reported myo-(1,3,4,5,6)-IPs and myo-(1,2,4,5,6)-IPs as
intermediates in the minor pathways and major pathways, respectively, of Aspergillus niger
phytase and acid phosphatase (potato) phytate degradation. The presence of myo-
(1,2,3,4,6)-1Ps could not be confirmed as NMR analyses on the compound itself exhibited
a broad NMR signal (Figure SI-6). This is because in solutions with a pH of 9.5 or above,
the 1l-axial-5-equatorial and 5-axial-1-equatorial forms of myo-(1,2,3,4,6)-IPs are in a
dynamic equilibrium, which can cause broadening (Volkmann et al., 2002). According to
Turner and Richardson (2004) and Chung et al. (1999), the two identified scyllo-1P4 peaks
(signal pattern 2:2) can be attributed to the scyllo-(1,2,3,4)-1P4 isomer. However, the two
peaks of scyllo-IP4 overlapped in the Cambisol (F) and Gleysol with the peak at the furthest
upfield chemical shift of myo-(1,2,4,5,6)-IPs at  3.25 ppm, and with the peak at the furthest
downfield chemical shift of myo-(1,3,4,5,6)-IPs at & 4.12 ppm. Turner and Richardson
(2004) reported NMR-signals for two other scyllo-IP4 isomers, which could not be tested

for in this study due to the lack of available standards.

Whilst on average 48 % of the sharp peaks in the phosphomonoester region of soil extracts
following hypobromite oxidation could be attributed to IPs, IPs and scyllo-IP4, the identities
of many sharp peaks remain unknown. An unidentified peak at & 4.33 ppm is present in all

soil samples except in the Ferralsol, with concentrations of up to 10 mg P/kgsei (Cambisol
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(F)). Other unidentified peaks at & 3.49, 3.86, 4.20 and 3.91 ppm were detected in all soils,
with concentrations ranging from 1 to 2 mg P/kgsei. Interestingly, two peaks upfield of
scyllo-IPe became more prominent (at & 3.08 and 3.05 ppm) following hypobromite
oxidation, which was particularly the case in the Vertisol soil. The diversity of organic P
species in the Vertisol soil appears to be much greater than previously reported (McLaren
et al., 2014). We hypothesise that many of these unidentified peaks arise from other

isomers of myo- and scyllo-1Ps, based on the higher abundance of their IPs counterparts.

The ratio of IPs to lower-order IP varied across soils, which ranged in decreasing order:
Gleysol >»> Cambisol (F) > Vertisol > Ferralsol. McKercher and Anderson (1968a) found a
higher ratio of IPs to IPs in some Scottish soils (ratio 1.8 to 4.6) compared to some
Canadian soils (0.9 to 2.4). The authors attributed this difference to the greater stabilisation
of IPe relative to lower esters in the Scottish soils, possibly due to climatic reasons or
effects of different soil properties. In a subsequent study, McKercher and Anderson
(1968b) observed increased IP contents with increasing total organic P content. Studies
of organic P speciation along chronosequences found that myo-IPs concentrations
declined in older soils (McDowell et al., 2007; Turner et al., 2007a; Turner et al., 2014).
Similarly, Baker (1976) found that the IPs + IPs concentrations in the Franz Josef
chronosequence increased until reaching 1000 years, followed by a rapid decline. In our
soil samples, the highest IPs-to-IPs ratio was found in the soil with the highest SOM
content, suggesting a possible stabilisation of IPs due to association with SOM (Borie et
al., 1989; Makarov et al., 1997). In contrast, the Ferralsol sample containing high amounts
of Fe and Al showed the smallest IPs to IPs ratio, even though IPe is known to strongly
adsorb to sesquioxides (Anderson and Arlidge, 1962; Anderson et al., 1974). However,
the production, input and mineralisation rates of IP¢ and IPs are not known for our soil
samples. Further research is needed to understand the mechanisms controlling the flux of

lower-order IP in soil.

In the Ferralsol and the Cambisol (F), there was an overall decrease in the concentration
of IPs and IPs following hypobromite oxidation compared to the untreated extracts. Since
the main cause of resistance of IP to hypobromite oxidation is that of steric hindrance,
which generally decreases with a decreasing phosphorylation state and conformation of
the phosphate groups (axial vs. equatorial), we assume that low recoveries of added myo-
IPe are due to losses of precipitated Pog compounds during the precipitation and
dissolution steps. This is supported by the decrease in the concentration of

orthophosphate following hypobromite oxidation compared to untreated extracts.
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Therefore, quantities of IP as reported in the current study should be considered as

conservative.

Structural composition of phosphomonoesters in hypobromite oxidised soil

extracts

The NMR spectra on hypobromite oxidised soil extracts revealed the presence of sharp
and broad signals in the phosphomonoester region. Transverse relaxation experiments
revealed a rapid decay of the broad signal compared to the sharp peaks of IPs, which
support the hypothesis that the compounds causing the broad signal arise from P
compounds other than IP. These findings are consistent with those of McLaren et al.
(2019), who probed the structural composition of phosphomonoesters in untreated soil
extracts. Overall, measured T, times in the current study on hypobromite oxidised extracts
were markedly longer compared to those of untreated extracts reported in McLaren et al.
(2019). This could be due to removal of other organic compounds by hypobromite
oxidation in the matrix and therefore a decrease in the viscosity of the sample. This would
result in an overall faster tumbling of the molecules and hence an increased T» relaxation
time. As reported by McLaren et al. (2019), calculations of the broad signal’s line width
based on the T, times were considerably lower compared to those of the standard
deconvolution fitting (SDF). When applying the same calculations to our samples, the line
width of the broad signal at half-height is on average 5.2 Hz based on the T, times. In
contrast, the line widths acquired from the SDF average 256.1 Hz. McLaren et al. (2019)
suggested that the broad signal is itself comprised of more than one compound. Our results
are consistent with this view and therefore it is likely that the main cause of the broad signal
is a diversity of P molecules of differing chemical environments within this region, rather
than the slow tumbling of just one macromolecule. Nebbioso and Piccolo (2011) reported
that high molecular weight material of organic matter in soil is an association of smaller
organic molecules. We suggest that these associations would still cause a broad signal in
the phosphomonoester region of soil extracts due to the reduced tumbling of the large
molecular structure with resulting short T, time and enhanced line width. Furthermore, the
incorporation into a larger association could be a reason that some organic molecules

containing P are protected from hypobromite oxidation.

Since a portion of the broad signal is resistant to hypobromite oxidation, this suggests the
organic P is complex and in the form of polymeric structures. The chemical resistance of

the broad signal to hypobromite oxidation may also indicate a high stability in soil (Jarosch
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etal., 2015). Annaheim et al. (2015) found that concentrations of the broad signal remained
unchanged across three different organic fertiliser strategies after 62 years of cropping. In
contrast, the organic P compounds annually added with the fertilisers were completely
transformed or lost in the slightly acidic topsoil of the field trial. The large proportion of the

broad signal in the total organic P pool demonstrates its importance in the soil P cycle.

Unexpectedly, the transverse relaxation times of orthophosphate were shorter than those
of the broad signal. This was similarly the case in an untreated NaOH-EDTA extract of a
forest soil with the same origin as the Cambisol (F) as reported in McLaren et al. (2019).
The authors hypothesised that this might be due to the sample matrix (i.e. high
concentration of metals and organic matter). Whilst these factors are likely to affect T,
times, they do not appear to be the main cause as the hypobromite oxidised extracts in
the current study contained low concentrations of organic matter and metals as a
consequence of the isolation procedure. The fast decay of orthophosphate was found
across all four soil extracts with a diverse array of organic P concentrations and
compositions of organic P in the phosphomonoester region. Therefore, another possible
explanation could be a matrix effect or an association with large organic P compounds
causing the broad signal (McLaren et al., 2019). It is known that dynamic intramolecular
processes, such as ring inversion, and intermolecular processes, such as binding of small-
molecule ligands to macromolecules, can cause a broadening or a doubling of resonances
(Claridge, 2016b). When the smaller molecule is bound to the larger molecule, it
experiences slower tumbling in the solution and hence a shorter T time. It is possible that
a chemical exchange of the orthophosphate with a compound in the matrix or an organic
P molecule could result in the short T» time of the orthophosphate peak. We carried out a
T» experiment on a pure solution of monopotassium phosphate (described in the
supporting information), in which the matrix effects should be considerably reduced
compared to the soil extracts. We found that the T» time of orthophosphate (203 ms) in the
pure solution was considerably longer than that reported in soil extracts following

hypobromite oxidation.

84



Chapter 2

Conclusion

Inositol phosphates are an important pool of organic P in soil, but information on the
mechanisms controlling their flux in soil remains limited due in part to an inability to detect
them using solution 3P NMR spectroscopy. For the first time, we identified six different
lower-order IP in the solution 3P NMR spectra on soil extracts. Solution 3P NMR spectra
on hypobromite oxidised extracts revealed the presence of up to 70 sharp peaks, of which
about 50 % could be identified. Our results indicate that a majority of the sharp peaks in
solution 3P NMR soil spectra were resistant to hypobromite oxidation, and therefore
suggest the presence of diverse IP. Our study highlights the great diversity and abundance
of IP in soils and therefore their importance in terrestrial P cycles. Further research on the
mechanisms and processes involved in the cycling of this wide variety of IP in soil will have
implications for our understanding of organic P turnover as well as plant availability, and

possibly help improve fertiliser strategies in agricultural systems.

Furthermore, we provide new insight into the large pool of phosphomonoesters
represented by the broad signal, of which a considerable portion was resistant to
hypobromite oxidation. Further research is needed to understand the chemical
composition of the broad signal, and the mechanisms controlling its flux in terrestrial

ecosystems.
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Supporting information

NMR observability

Measures of NMR observability were calculated for the untreated and the hypobromite
oxidised extracts of all soils. Measures of NMR observability refer to the percentage of
total P detected using NMR compared to that by ICP-OES. For the untreated soil extracts,
measures of NMR observability ranged from 52 % (Gleysol) to 89 % (Ferralsol), with an
average NMR observability of 66 %. For the hypobromite oxidised extracts, measures of
NMR observability ranged from 58 % (Ferralsol) to 94 % (Cambisol (F)), with an average

value of 83 %.

Inositol hexakisphosphate concentrations before and after hypobromite

oxidation

Table SI-1. Concentrations of inositol hexakisphosphates in 0.25 M NaOH + 0.05 M EDTA soil extracts
before and after hypobromite oxidation (HO). Quantification was based on spectral integration and
deconvolution fitting of solution 31P NMR spectra. The proportion of P (%) detected in hypobromite

oxidised extracts compared to that in untreated extracts is provided in brackets.

Concentrations (mg P/kgsoil) Ferralsol Vertisol Cambisol (F) Gleysol
myo-IPs before HO 4.4 0.6 46.2 90.4
after HO 11 0.6 26.3 85.0

(25) (1112) (57) (94)

scyllo-IPs before HO 25 0.4 34.9 42.6
after HO 0.4 0.3 15.6 41.1

(14) (68) (45) (97)

neo-IPs 4-eq-2-ax before HO - - 4.2 7.0
14 8.8

after HO - (33) (126)

D-chiro-1Ps before HO - - 7.2 6.7
9.4 8.6

after HO - (130) (128)
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Solution 3P NMR spectra of spiked hypobromite oxidised soil extracts

Ferralsol
+ myo-(1,2,4,5,6)-1Ps *
* *
*
~

| | | | | | | | | | | |

6.25 6 5.75 5.5 525 5 475 4.5 4.25 4 3.75 3.5 3.25 3 2.75
*

Ferralsol *

+ myo-(1,2,4,5,6)-1Ps

+ myo-(1,2,3,4,6)-1Ps

*

+ scyllo-1Ps

| | | | | | | | | | | | | |
6.25 6 5.75 5.5 5.25 5 4.75 4.5 4.25 4 3.75 3.5 3.25 3 2.75

Chemical shift (ppm)

Figure SI-1. Solution 3P NMR spectra of the orthophosphate and phosphomonoester region on
Ferralsol extract following hypobromite oxidation (black trace), and also that following a spike with an IP

standard (red trace). Peaks assigned to the IP standard marked with *,
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Vertisol
*
+ myo-(1,3,4,5,6)-IPs *
*
| 1 | | 1 | 1 | | 1 |
6.25 6 5.75 5.5 525 5 4.75 4.5 4.25 4 3.75 3.5 3.25 3 2.75
Vertisol
+ myo-(1,3,4,5,6)-IPs
+ scyllo-1Ps
* *
*
1 | | 1 | | | | 1 | |
6.25 6 5.75 5.5 5.25 5 4.75 4.5 4.25 4 3.75 3.5 3.25 3 2.75
Chemical shift (ppm)

Figure SI-2. Solution 3'P NMR spectra of phosphomonoester region of hypobromite oxidised 0.25 M
NaOH + 0.05 M EDTA Vertisol extract. Spiked spectrum with indicated standard in red. Peaks assigned

to standard marked with *.
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Cambisol (F)

+ neo-IPs

| 1 | 1 1 1 1 | 1 J
6.25 6 5.75 5.5 5.25 5 4.75 4.5 4.25 4 375 3.5 3.25 3 275

Cambisol (F)

+ neo-IPs

+ chiro-IPs

| L | L
5.75 55 5.25 5 4.75 45 4.25 4 3.75 3.5 3.25 3 275

Chemical shift (ppm)

1
6.25 6

Figure SI-3. Solution 3'P NMR spectra of phosphomonoester region of hypobromite oxidised 0.25 M
NaOH + 0.05 M EDTA Cambisol (F) extract. Spiked spectrum with indicated standard in red. Peaks

assigned to standard marked with *.
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Cambisol (F)

(second extract)

+ scyllo-1P4

L I I | | | | L | | L L | J
6.25 6 575 5.5 5.25 5 4.75 4.5 425 4 3.75 35 3.25 3 275

Cambisol (F)

(second extract)

+ scyllo-IP4

+ neo-IP4

+ myo-IP4

6.25 B 5.75 5.5 5.25 5 4.75 4.5 4.25 4 3.75 35 3.25 3 275
Cambisol (F)

(second extract)

+ scyllo-IP4 +

+

+ neo-IP4

+ myo-IP4 I

+ neo-1Ps

6.25 6 5.75 55 525 5 4.75 4.5 4.25 4 3.75 35 3.25 3 2.75
Chemical shift (ppm)

Figure Sl-4. Solution 3'P NMR spectra of phosphomonoester region of hypobromite oxidised 0.25 M
NaOH + 0.05 M EDTA Cambisol (F) extract. Spiked spectrum with indicated standard in red. Peaks
assigned to 4-equatorial-2-axial conformation marked with f, peaks assigned to 2-equatorial-4-axial

conformation marked with +.
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Gleysol

+ chiro-1Ps

e w hay

6.25 6 5.75 55 5.25 5 4.75 4.5 4.25 4 3.75 35 3.25 3 2.75

Gleysol

+ chiro-IPs

+ myo-(1,2,4,5,6)-IPs

6.25 6 5.75 55 5.25 5 4.75 4.5 4.25 4 3.75 3.5 3.25 3 2.75

Gleysol

+ chiro-IPe

+ myo-(1,2,4,5,6)-IPs

C4,6
*

+ myo-(1,3,4,5,6)-1Ps

L 1 1 1 1 | | 1 | 1 1 1 I
6.25 6 5.75 55 5.25 5 4.75 4.5 4.25 4 3.75 35 3.25 3 2.75
Chemical shift (ppm)

Figure SI-5. Solution %P NMR spectra of phosphomonoester region of hypobromite oxidised
0.25 M NaOH + 0.05 M EDTA Gleysol extract. Spiked spectrum with indicated standard in red. Peaks
assigned to standard marked with *. For myo-(1,3,4,5,6)-IPs, the respective phosphorylated carbon
nuclei of the inositol have been marked based on the 3P NMR spectrum prediction of the program
Mnova 11.0.4 (©Mestrelab Research).
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Transverse relaxation time of an orthophosphate solution

The analysis of a 0.25 M NaOH + 0.05 M EDTA solution containing 910 mg KH2PO4/L
resulted in a single orthophosphate peak in the NMR spectrum (8 5.09 ppm) with a line
width at peak half-height of 0.56 Hz. Transverse relaxation experiments were carried out
(similar to that previously described) on the solution, which resulted in a T» time of 203 ms
for orthophosphate.

NMR analysis of purchased myo-(1,2,3,4,6)-IPs standard

L L 1 L L 1 1

6 55 5 4.5 4 3.5 3
Chemical shift (ppm)

Figure SI-6. Solution 3P NMR spectrum of phosphomonoester region
of purchased myo-(1,2,3,4,6)-1Ps standard dissolved in 0.25 M NaOH
+0.05 M EDTA.
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Figure SI-8. Solution 31P nuclear magnetic resonance (NMR) spectra (500 MHz) of the orthophosphate
and phosphomonoester region of hypobromite oxidised 0.25 M NaOH + 0.05 M EDTA Gleysol extract,
using 0.2 mL, 0.4 mL, 0.6 mL and 0.8 mL Brz in the hypobromite oxidation procedure. Signal intensities

were normalised to the MDP peak (intensity of 1 on y-axes).
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Gleysol UT, Cambisol (F)
x 10 UT, x7

4 3 2 1 0 -1 -2

T Inr
Gleysol HO, Cambisol (F)
x 4 HO, x 6
6 5 4 3 2 1 0 -1 -2 6 5 4 3 2 1 0 -1 -2

Chemical shift (ppm) Chemical shift (ppm)

Figure SI-9. Solution 3P nuclear magnetic resonance (NMR) spectra (500 MHz) of the
orthophosphate, phosphomonoester and phosphodiester region on untreated (UT, on top)
and hypobromite oxidised (HO, below) 0.25 M NaOH + 0.05 M EDTA soil extracts of the
Gleysol (left) and Cambisol (F) (right). Signal intensities were normalised to the MDP peak

intensity. The vertical axes were increased for improved visibility of spectral features, as
indicated by a factor.
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The molecular size continuum of soil organic phosphorus

and its chemical associations

Under review as:

Reusser, J.E., Tamburini, F., Neal, A.L., Verel, R., Frossard, E., McLaren, T.l.
The molecular size continuum of soil organic phosphorus and its chemical associations.

Geoderma, The Global Journal of Soil Science, Elsevier.
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Abstract

The chemical nature of most organic P (Porg) in soil remains ‘unresolved’ but can be
accounted for by a broad signal in the phosphomonoester region of solution 3P nuclear
magnetic resonance (NMR) spectra. The molecular size range of this broad signal and its
molecular structure remain unclear. The aim of this study was to elucidate the chemical
nature of Porg With increasing molecular size in soil extracts combining size exclusion
chromatography (SEC) with solution 3'P NMR spectroscopy. Gel-filtration SEC was carried
out on NaOH-EDTA extracts of four soils (range 238-1135 mg Porg/kgsoil) to collect fractions
with molecular sizes of <5, 5-10, 10-20, 20-50, 50-70, and >70 kDa. These were then
analysed by NMR spectroscopy.

Organic P was detected across the entire molecular size continuum from <5 to >70 kDa.
Concentrations of Porg in the >10kDa fraction ranged from 107 to 427 mg P/kgsoi and
exhibited on average three to four broad signals in the phosphomonoester region of NMR
spectra. These broad signals were most prominent in the 10-20 and 20-50 kDa fractions,
accounting for on average 77 % and 74 % of total phosphomonoesters, respectively. Our
study demonstrates that the broad signal is present across a large continuum of molecular

sizes and comprises multiple components of varying NMR peak line width (20 to 250 Hz).

The stereoisomers myo- and scyllo-inositol hexakisphosphates (IPs) were also present
across multiple molecular size ranges but were predominant in the 5-10 kDa fraction. The
proportion of IP associated with large molecular size fractions >10 kDa was on average
23 % (SD=39 %) of total IP across all soils. These findings suggest that stabilisation of IP
in soil includes processes associated with the organic phase.
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Introduction

Phosphorus (P) is an innate constituent of soil organic matter. Pools of organic P (Porg)
typically comprise between 20 % and 80 % of total P (Pwt) in most soils (Anderson, 1980;
Harrison, 1987). Inositol phosphates (IP) are an abundant and relatively stable pool of P
in soil (Turner et al., 2002): the myo stereoisomer of 1Ps is typically the most abundant form
and comprises on average one third of the soil Pog (McLaren et al., 2020). myo-IPs
accumulates in soil, largely due to its high sorption affinity to soil components, e.g. iron
(Fe) and aluminium (Al) oxides, calcium (Ca) carbonates, clay surfaces and organic matter
(Celi and Barberis, 2007). Such sorption as well as complexation with metal cations (Martin
and Evans, 1987) limit the accessibility of IP to enzymatic hydrolysis (Celi and Barberis,
2005, 2007). Other identifiable pools of Pog include phosphonates (e.g. 2-
aminoethylphosphonate), nucleic acids (e.g. DNA and RNA) and phospholipids. These
generally account for less than 10 % of soil Pt (Anderson and Malcolm, 1974; Dalal, 1977)
due to their rapid microbial degradation (Auten, 1923; Harrison, 1982). The chemical
nature of the majority of soil Porg remains unresolved and consequently the mechanisms

controlling its flux in the soil-plant system are still poorly understood (McLaren et al., 2020).

Several studies have shown that large proportions of Porg in soil extracts occur in large
molecular weight material. Moyer and Thomas (1970) reported that 31 % of extractable
Porg from a Luvisol had a molecular weight range of 1-50 kDa, whereas 36 % of the
extractable Porg had a molecular weight range greater than 50 kDa. Steward and Tate
(1971) reported that the majority of extractable Pog from several alkaline soils had a
molecular weight range greater than 30 kDa. Large pools of Porg present in high molecular
weight material have been reported in several review papers (Anderson, 1980; Kogel-
Knabner and Rumpel, 2018; McLaren et al., 2020). However, there is limited information
on the chemical nature of Pog with increasing molecular weight. Some studies provide
evidence supporting the existence of IP in high molecular weight material (Moyer and
Thomas, 1970; Hong and Yamane, 1981; Borie et al., 1989), despite the molecular size of
IP being about 660 Da or less. These studies often suggest that the presence of IP in high
molecular weight material could be due to a polymeric form of IP, or IP bound to (or within)
other organic compounds. In this latter case, it is proposed that IP might be complexed to
organic compounds via polyvalent metals, such as Fe and Al (Lévesque and Schnitzer,
1967; Lévesque, 1969; Veinot and Thomas, 1972).

In general, the largest pool of soil Porg is observed as an underlying broad signal in the

phosphomonoester region of solution 3P NMR spectra on soil extracts (Doolette et al.,
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2011a; Jarosch et al., 2015; McLaren et al., 2015b). Compounds responsible for the broad
signal typically comprise 40-70 % of total Porg and are of an apparent high molecular
weight. Jarosch et al. (2015) used Sephadex G-25 gel to separate NaOH-EDTA extracts
according to molecular size from several soils. The authors found that Porg was detected
in both low (<5 kDa) and high (>5 kDa) size fractions. Pools of Pog in the latter fraction
were largely stable to enzyme hydrolysis and correlated with pools of phosphomonoesters
exhibiting a broad NMR signal. At the same time, McLaren et al. (2015b) used ultrafiltration
to separate NaOH-EDTA extracts from diverse soils into <10 kDa and >10 kDa fractions.
These authors reported that about 32 % of Porg was measured in the larger fraction, and
was dominated by a broad NMR signal in the phosphomonoester region. However, the
authors also reported the presence of a broad signal in the phosphomonoester region of

NMR spectra of <10 kDa fractions.

The structural composition of the broad signal in the phosphomonoester region of solution
31P NMR spectra on soil extracts was later investigated by McLaren et al. (2019) based on
transverse relaxation (T2) experiments. The authors found that T, times associated with
the broad signal were considerably shorter than those of sharp signals (e.g. myo-1Ps) in
the phosphomonoester region, suggestive of the former having a large molecular size
(Bloembergen et al., 1948; Keeler, 2010). This was similarly the case for T, experiments
carried out on soil extracts following hypobromite oxidation (Reusser et al. (2020b).
McLaren et al. (2019) compared the line width of the broad signal at half peak intensity
based on spectral deconvolution with that derived from T, experiments. The authors
reported that the line width at half peak intensity of the broad signal based on the former
approach was significantly larger than that based on the latter approach, suggesting the
broad signal itself is derived from multiple components. The number of components and

their chemical composition remains unknown.

Organic compounds containing phosphate in soil are known for their capacity to form
complexes with metal cations, such as Al and Fe (Parfitt, 1979; Stevenson, 1994; Turner
et al., 2002; Vincent et al., 2012). Such complexes of soil organic matter (SOM) and Porg
(i.e. IP) with metals contribute to the stabilisation and possible accumulation of compounds
in soil (Stevenson, 1994; Celi and Barberis, 2005). Gerke (2010) reported that
orthophosphate is not directly bound to an organic moiety of SOM, as would be the case
for Porg cOmpounds, but indirectly associated with the SOM via metal bridges. The authors

identified AI¥* and Fe3* as the predominant metal linkages in humic-metal-P complexes.
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The aim of this study was to provide new insight on the chemical nature of Pog at increasing
molecular size in soil extracts, combining size exclusion chromatography (SEC) and
solution 3P NMR spectroscopy. We hypothesised that: 1) phosphomonoesters in large
molecular size material are dominated by several broad signals in the phosphomonoester
region, but also contain several sharp signals due to IP; 2) phosphomonoesters in small
molecular size material are dominated by sharp signals primarily from IP; 3) the
composition, and hence the peak shape and intensity of the broad signal, will change
among molecular size fractions; and 4) concentrations of Fe and Al in large molecular size
material will correlate with that of IP, indicating the importance of metals in bridging IP with

large molecular size compounds.
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Materials and methods

Soil collection and preparation

The A horizon of calcareous Cambisol arable (A) and pasture (P) soils from Switzerland,
a Cambisol forest (F) soil from Germany, and a Gleysol pasture soil from Switzerland
(WRB, 2014) were investigated in this study. Detailed information of sampling sites,
cropping systems and properties of the four soils can be found in Reusser et al. (2020a).
Additional information on oxalate extractable concentrations of total Fe, Al, and P are
reported in Table 1. For each, 1 g of soil was extracted with 100 mL of 0.2 M acid oxalate
solution (Tamm-reagent at pH 3) according to the modified method of Schwertmann
(1964), as described in Pansu and Gautheyrou (2007). Tubes were shaken end-over-end
for 4 h at 11 revolutions per min in the absence of light at 20 °C, centrifuged at 6480 g for
10 min, and the supernatant analysed for total Al, Fe and P using inductively coupled

plasma-optical emission spectroscopy (ICP-OES).

Table 1. Oxalate extractable aluminium, iron and phosphorus of the soil samples reported in this study.

Parameter Unit Cambisol (P) Cambisol (F) Gleysol Cambisol (A)
Alox 0/kgsoil 15 7.2 3.2 0.8
Feox 9/kgsoil 3.4 48.8 35 2.0
Pox mg/kgsoil 643.4 1795.0 989.3 337.0

Concentrations of total phosphorus in soil

Total concentrations of soil P were obtained by X-ray fluorescence (XRF) spectroscopy
(SPECTRO XEPOS ED-XRF, AMETEK®) using 4.0 g of soil sample ground to powder
mixed with 0.9 g of wax (CEREOX Licowax, FLUXANA®). The XRF instrument was
calibrated using commercially available reference soils. Microwave acid digestion was
used to determine the concentration of P in soil based on the method of Fioroto et al.
(2017). In brief, 200 mg of dried and ground soil was digested in 4 mL of a 14 M nitric acid
solution using a turboWAVE® MRT microwave digestion system (MILESTONE Srl,
Sorisole, Italy) at 250 °C for 35 min. The digestate was then diluted to 10 mL with deionised

water and analysed for P using the malachite green method of Ohno and Zibilske (1991).
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Extraction of soil organic phosphorus

Extraction of Porg from soil was based on the method of Cade-Menun et al. (2002). Briefly,
4 g of soil was extracted with 40 mL of 0.25 M NaOH + 0.05 M EDTA (NaOH-EDTA)
solution and shaken for 16 h. The tube was then centrifuged at 4643 g for 10 min and the
supernatant filtered through a Whatman no. 42 filter paper. Concentrations of P in soil
filtrates were determined by ICP-OES. Concentrations of molybdate reactive P (MRP) in
soil filtrates were measured using the malachite green method. The difference in
concentrations of Pt and MRP is referred to as molybdate unreactive P (MUP),

conventionally considered to be Porg (Bowman and Moir, 1993).

Initially, we carried out high-pressure liquid (HPL)-SEC with in-line inductively coupled
plasma-mass spectrometry (ICP-MS) on lyophilised NaOH-EDTA soil extracts based on
the method of Dell’Aquila et al. (2020) at Rothamsted Research (supporting information).
Separation of samples was performed via SEC using an HPLC (PerkinElmer LC 200
Series HS, Seer Green, Bucks, UK) composed of an injector, a Flexar UV/VIS detector
operating at 280 nm and a high-pressure peristaltic pump equipped with PEEK tubing (0.17
mm internal diameter), operated at a flow rate of 0.6 mL/min. Samples were analysed
using an ICP-MS (PerkinElmer NexION 300XX, Seer Green, Bucks, UK) equipped with a
glass Meinhard nebuliser, a quadrupole mass spectrometer and a collision cell. The
column was a Superdex Peptide 10/300 GL (10 mm diameter x 300 mm length, GE
Healthcare Bio-Sciences, Sweden). This revealed well resolved chromatograms with a
continuum of P spanning the <1 to >20 kDa molecular size range (Figures SI-2 and SI-3).
Concentrations of P in collections of discrete molecular size fractions were too low for P
characterisation using NMR spectroscopy. An alternative preparative SEC method (i.e.
high-resolution SEC) was used to fractionate NaOH-EDTA soil extracts according to
molecular size which yielded sufficient concentrations of P in collected solution volumes

for characterisation using NMR spectroscopy.

Size-exclusion chromatography

To prepare the soil extracts for size-fraction collection by high-resolution SEC, salts were
first removed. This preparatory desalting procedure resulted in separation of soil filtrates
into two size fractions with molecular sizes of <5 kDa and >5 kDa, based on a modified
version of the method of Jarosch et al. (2015). Soils were extracted with NaOH-EDTA as
described above. A 15 mL aliquot of soil filtrate was diluted with 35 mL of deionised water

and filtered through a 0.22 ym syringe filter: the Cambisol (F) was filtered using a 0.45 ym
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syringe filter due to blockage of 0.22 ym syringe filters. Desalting of the filtrate was carried
out on an AKTAprime plus system (GE Healthcare), using a 4.5 cm (diameter) x 16 cm
(length) column filled with Sephadex™ G-25 (GE Healthcare) with an exclusion limit of 5
kDa. The injected sample was eluted with deionised water at a flow rate of 1 mL/min and
an upper-limit pressure of 0.2 MPa. Runtime was about 360 min and carried out under
constant temperature (4 °C). The eluate was collected in 9 mL fractions. The cut-off at 5
kDa was defined based on the conductivity (peak indicating eluted orthophosphate ions),
the absorbance (two major peaks) and measured concentrations of Pinorg @nd Porg in the
collected fractions (Tamburini et al., 2018). The absorbance and conductivity curves with
the determined cut-off are plotted in Figures SI-5 and SI-6 in the supporting information.
Subsamples with molecular sizes greater than 5 kDa were combined (total volume of 126-
135 mL) and lyophilised. Similarly, subsamples with molecular sizes less than 5 kDa were

combined (total volume of 117-135 mL) and lyophilised.

High-resolution SEC was carried out to collect fractions of Pog across a wide molecular
size distribution, which could then be analysed using solution 1P NMR spectroscopy. The
lyophilised material of the desalted soil extracts (>5 kDa fraction) was redissolved in 10 mL
of deionised water. A 4 mL aliquot was then injected into the AKTAprime plus system of
GE Healthcare equipped with a 1.6 cm (diameter) x 68.2 cm (length) column containing
Superdex™ 75 prep grade resin beads (GE Healthcare) with a fractionation range of ~3 to
70 kDa (globular proteins). The sample was eluted with degassed 0.2 M ammonium nitrate
(pH approx. 7.6) at a flow rate of 0.5 mL/min and a pump pressure of 0.3 MPa. Runtime
for each sample was about 300 min and carried out under constant temperature (4 °C). As
soon as the UV/VIS detector measured an increase in absorbance, 1 mL subsamples were

collected.

The sensitivity curve of the column was calculated in the same way as described for the
HPL-SEC analysis in the supporting information (Figure SI-1) but using a standard mixture
of vitamin Bi> (0.24 mg/mL), aprotinin (0.92 mg/mL), myoglobin (0.98 mg/L), albumin
(1.44 mg/L) and blue dextran (1.16 mg/mL). Based on the sensitivity curve, and
information provided from HPL-SEC analysis, elution times corresponding to molecular
size cut-offs of 5 kDa, 10 kDa, 20 kDa, 50 kDa and 70 kDa were chosen. Subsamples
were combined accordingly, resulting in molecular size fractions of <5 kDa (28-30 mL), 5-
10 kDa (14 mL), 10-20 kDa (14 mL), 20-50 kDa (18 mL), 50-70 kDa (7 mL) and >70 kDa
(14-18 mL). For the Cambisol (P) soil, the 50-70 kDa and >70 kDa fractions were

combined due to a preparation error. A 450 yL aliquot was taken from each fraction in
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order to determine the concentration of MRP using the malachite green method (Ohno and
Zibilske, 1991), and concentrations of total P, Fe, Al, Mn, Ca and K were determined using
ICP-OES. The remaining volume of collected fractions was lyophilised prior to NMR

sample preparation, resulting in 90 to 440 mg of lyophilised material.

Sample preparation for solution 3P NMR spectroscopy

Sample preparation for NMR analyses was carried out based on the methods of Spain et
al. (2018) and Reusser et al. (2020a). Lyophilised material from each fraction was
redissolved in 600 pL of NaOH-EDTA (a concentration factor of 13.55), except for the 10-
20 kDa fraction of the Cambisol (F) which had a concentration factor of 18.55, when
compared to the pre-lyophilisation volume. The solution was stored overnight to allow for
complete hydrolysis of RNA and phospholipids (Vestergren et al., 2012), and then
centrifuged at 10621 g for 15 min at 21 °C. A 500 uL aliquot of the supernatant was
transferred to a 1.5 mL microcentrifuge tube and spiked with 25 uL sodium deuteroxide
(NaOD) at 40 % (w/w) in D2O (Sigma-Aldrich, product no. 372072) and 25 uL of a 0.03 M
methylenediphosphonic acid standard (MDP) made up in D2O (Sigma-Aldrich, product no.
M9508). The prepared solution was then homogenised with a vortex mixer and transferred
to a5 mm NMR tube.

The fraction removed by the desalting process (<5 kDa), which was not subjected to high-
resolution SEC, was prepared by redissolving 150 mg of lyophilised material with 750 pL
of NaOH-EDTA. This was then stored and centrifuged as above. A 125 L aliquot of the
supernatant was diluted with 9.875 mL of deionised water and subsequently analysed for
P and metals as described above. A 500 pL aliquot of the remaining supernatant was
transferred to a 1.5 mL microcentrifuge tube. The supernatant was further prepared for
NMR analysis as described above, except that 35 pL of NaOD was used instead of 25 L
to adjust the chemical shift of the orthophosphate peak. Furthermore, the Cambisol (F)
and Gleysol samples were diluted with an additional 300 pL of NaOH-EDTA in the NMR

tube due to considerable line broadening, which resolved the issue.

Solution 3P NMR analysis and processing of spectra

Detailed information on the solution 3P NMR analyses and processing of NMR spectra
can be found in McLaren et al. (2019) and Reusser et al. (2020a). Spectra were acquired
using a Bruker 500 MHz NMR spectrometer (3'P frequency of 202.5 MHz) equipped with

a Prodigy CryoProbe™ (Bruker Corporation, Billerica, USA). Inverse gated proton
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decoupling (90° pulse of 12 pys) was applied. Longitudinal relaxation (T1) times were
determined for each sample based on a preliminary inversion recovery experiment (Vold
et al., 1968), which involved a recycle delay of 5 s and 24 scans per experiment. T1 values
were calculated from 10 individual experiments with increasing time periods ranging from
5 to 400 ms between the applied pulses (total analysis time was 56 min per sample). These
experiments indicated recycle delays (i.e. five times T1 of the slowest NMR signal) ranging
from 5.5 to 33.0 s across all samples. Solution 1D 3P NMR analyses were carried out with
4096 scans for each sample.

NMR spectra were processed (phase correction, baseline adjustment and integration)
using the TopSpin® software environment (Bruker Corporation, Billerica, USA). Spectra
are presented with a common line broadening of 0.6 Hz. For quantification of P species,
spectral integration was performed. Relative proportions of peak regions compared to the
net peak area of the MDP standard (& 17.45 to 16.06 ppm), which has a known P
concentration, were calculated for all samples (Turner, 2008; Doolette et al., 2011a). Peak
regions included: 1) phosphonates (6 20.14 to 16.41 ppm); 2) a combined orthophosphate
and phosphomonoester region (6 6.39 to 3.05 ppm); 3) phosphodiesters (6 1.08 to -
2.78 ppm), and 5) pyrophosphates (6 -4.12 to -5.48 ppm). The NMR observability for Pyt
in NaOH-EDTA extracts was determined for all samples by comparing the proportion of
Pt as measured by NMR spectroscopy with that measured by ICP-OES (Dougherty et al.,
2005; Doolette et al., 2011a).

Spectral deconvolution fitting procedure

Spectral deconvolution fitting (SDF) was applied to the combined orthophosphate and
phosphomonoester region to separate overlapping peaks as described in Reusser et al.
(2020a). Sharp peaks were fitted simultaneously with underlying broad signals using a
non-linear optimisation algorithm in MATLAB® R2017a (The MathWorks, Inc.). Multiple
broad signals were fitted based on a visual assessment of the peak distributions, to further
minimise the residuals of the fitting procedure, and supporting evidence for multiple
components in the literature (McLaren et al., 2019; Reusser et al., 2020a; Reusser et al.,
2020b).
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Statistical analysis and graphics

Figures of chromatograms and element plots were created in Microsoft® Excel 2016,
whereas all NMR spectra were created using MATLAB® R2017a of The MathWorks Inc.
Statistical analyses, including calculation of mean values, standard deviations (SD) and
coefficients of determination (R?) of certain measured parameters, were carried out in
Microsoft® Excel 2016. Pearson correlation coefficients r were calculated in R, version
4.0.3 (R Core Team, 2020).
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Results

Soil phosphorus

Concentrations of Pt in soil ranged from 864 to 2260 mg P/kgseil (Table 2). Pools of NaOH-
EDTA extractable Pt ranged from 41 % (Cambisol (A)) to 95 % (Cambisol (P)) of Pt in
each soil. Concentrations of Porg in the extracts ranged from 238 mg P/kgsoi (Cambisol (A))
to 1135 mg P/kgsoi (Cambisol (F)), which comprised on average 67 % of Piwt in NaOH-
EDTA extracts.

Table 2. Concentrations of Pt in soil determined by XRF and acid digestion, and pools of 0.25 M NaOH
+ 0.05 M EDTA extractable P determined using the method of Cade-Menun et al. (2002). For the NaOH-

EDTA extractable P, mean values (n=3) are listed with standard deviations in parentheses.

XRF Digestion NaOH-EDTA extraction

Soil
Ptot Ptot Ptot MRP2 MUPP
mg P/kgsoil mg P/kgsoil mg P/kgsoil mg P/kgsoil mg P/kgsoil
Cambisol (P) 2553 913 863 +13 319 (14) 544 (20)
Cambisol (F) 3841 2260 1626 +13 491 (5) 1135 (17)
Gleysol 2913 1763 1620 +49 508 (18) 1113 (66)
Cambisol (A) 1724 864 356 +11 118 (2) 238 (9)

@ Molybdate reactive P (MRP), considered to be Pinorg (Ohno and Zibilske, 1991).
b Molybdate unreactive P (MUP), considered to be Porg (Ohno and Zibilske, 1991; Hens and Merckx, 2001).

Phosphorus concentrations in molecular size fractions

Concentrations of Py in the combined molecular size fractions ranged from 189 (Cambisol
(A)) to 706 mg P/kgsoii (Gleysol), as determined by high-resolution SEC and ICP-OES
(Table 3). This accounted for an average 48 % of Pt assessed in unfractionated soil
extracts. Concentrations of Porg in the combined molecular size fractions ranged from 182
(Cambisol (A)) to 678 mg P/kgseil (Gleysol), as determined from the differences of P and
MRP. Overall, the distribution of Porg across the molecular size fractions can be broadly
separated into three main groups (Figure SI-7): 1) concentrations of Porg were predominant
in molecular size fractions <10 kDa (Cambisol (P) and Gleysol); 2) concentrations of Porg

were evenly distributed across the molecular size fractions (Cambisol (A)); and

107



Chapter 3

3) concentration of Porg Wwere predominant in molecular size fractions >70 kDa (Cambisol

(F)).

Concentrations of Pinorg in the combined molecular size fractions were low
(<45 mg P/kgsoi)), as determined by high-resolution SEC and NMR spectroscopy (Table 3).
The majority of Pinorg was measured in the <5 kDa fraction of the soil filtrate following the
desalting preparation process (Figure SI-8, Table SI-1). The predominant P species in this
fraction was orthophosphate, comprising between 85 % and 91 % of Pwt. This fraction also
contained minor concentrations of Porg as phosphomonoesters, which comprised between
7 % and 13 % of Piot.

Organic phosphorus speciation in molecular size fractions

Diverse NMR signals were evident across all molecular size fractions (Figure 1 and Figure
2, and Figure SI-9), the majority being found in the phosphomonoester region (& 6.0 to 3.0
ppm) (Figure 1, Figure 2). This region exhibited two main spectral features: a multitude of
sharp peaks arising largely from IP, which were predominant in the <5 and 10 kDa
fractions; and several broad signals arising from unidentified Porg cOmpounds, which were

predominant in the >10 kDa fractions.
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Figure 1. Solution 3P nuclear magnetic resonance (NMR) spectra (500 MHz) of the combined
orthophosphate (0) and phosphomonoester region for each of six molecular size fractions generated
from 0.25 M NaOH + 0.05 M EDTA soil extracts of the Cambisol (P) and Cambisol (F) soils (Superdex™
75 prep grade column). Peaks associated with a-glycerophosphate/unknown high molecular weight Porg
(McLaren et al., 2015b) (+), B-glycerophosphate (B) as well as myo- (*) and scyllo- (s) IPs are marked.
Signal intensities were normalised to a methylenediphosphonic acid standard peak intensity. The
vertical axes were scaled for improved visibility of spectral features, as indicated by a factor. The

molecular size fractions >70 kDa and 50-70 kDa of the Cambisol (P) were pooled, shown as the >50 kDa

spectrum.
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Chemical shift (ppm) Chemical shift (ppm)

Figure 2. Solution 3P nuclear magnetic resonance (NMR) spectra (500 MHz) of the combined
orthophosphate (0) and phosphomonoester region on the molecular size fractions (Superdex™ 75 prep
grade column) of 0.25 M NaOH + 0.05 M EDTA soil extracts of the Gleysol and Cambisol (A). The peaks
of a-glycerophosphate/unknown high molecular weight Porg (McLaren et al., 2015b) (+) as well as myo-
(*) and scyllo- (s) 1Ps are marked. Signal intensities were normalised to a methylenediphosphonic acid
standard peak intensity. The vertical axes were scaled for improved visibility of spectral features, as

indicated by a factor.
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Concentrations of phosphomonoesters were highest in the <10 kDa fractions and ranged
from 19 (<5 kDa fraction Cambisol (A)) to 120 mg P/kgsei (<5 kDa fraction Gleysol)
(Table 3). Sharp signals due to myo- and scyllo-1Ps were detected in the <5 and 5-10 kDa
fractions of the Cambisol (P) and Cambisol (A) (Table 4). In contrast, these two IP were
prominent in several fractions of >20 kDa for the Cambisol (F) and similarly for the Gleysol,

but at lower concentrations (Table 4).

Concentrations of lower-IP in the combined molecular size fractions ranged from 2
(Cambisol (A)) to 16 mg P/kgsoi (Cambisol (P)) across all soils (Table 4). This included
signals of myo-(1,2,4,5,6)-1Ps in the <5 and 5-10 kDa fractions of the Gleysol, scyllo-IPs in
the <5 kDa fractions of all soils and in all molecular size fractions of the Cambisol (F).
Furthermore, traces (1.6 to 5.2 mg P/kgsei)) of scyllo-IP4 were detected in the <5 and 5-10
kDa fractions of the Cambisol (P) and in the 5-10 kDa of the Cambisol (F).

Several broad signals were present in the phosphomonoester region of all molecular size
fractions and represented on average 64 % (SD=20 %) of the total concentration of
phosphomonoesters (Table 3, Table 4 and Figure SI-10). These broad signals were
particularly prominent in the 10-20 and 20-50 kDa fractions, which comprised an average
77 % and 74 % of the total concentration of phosphomonoesters of each fraction,
respectively. In contrast, their contribution to the total pool of phosphomonoesters was
lowest in the <5 kDa fraction but were still an important component (on average 44 %).
Unlike the other soil samples, the broad signals dominated all size fractions of the
Cambisol (A) soil extract. In this sample, on average 3.7 (SD=1.9) broad peaks were fitted
in the SDF procedure across all size fractions, whereas for other soil samples this was on
average 2.0 (SD=0.7) broad peaks. The average line width at half-height for each broad
peak was 88 Hz (SD=53). The half widths of the individual broad peaks decreased with
increasing number of fitted broad peaks and were lowest in the Cambisol (A) (67, SD=60),

for which most underlying broad peaks were fitted.

Table 3. Concentrations (mg P/kgsoi) of total P (Piwt) in each molecular size fraction as determined by

ICP-OES, and the main P classes (orthophosphate, phosphomonoester, phosphodiester and other
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compounds, such as polyphosphates, pyrophosphates and phosphonates) as determined by solution
3P NMR spectral deconvolution fitting. Molecular size fractions were obtained on NaOH-EDTA soil
extracts using high-resolution SEC (Superdex™ 75 prep grade column). The proportion (%) of P to Piot
in each molecular size fraction is reported in parentheses. The <5 kDa fractions do not account for the

fraction removed by the desalting process (Table SI-1).

Piot ICP-OES Ptot NMR Ortho-P P-monoester P-diester other P
(mg P/kgsoi) (Mg P/kgsoi) (Mg P/kgsoi) (Mg P/kgsoi) (Mg P/kgsoil) (Mg P/kgsoir)

Cambisol (P)

<5 kDa 190.4 143.3 18.9 (13) 115.9 (81) 0.0 (0) 8.4 (6)
5-10 kDa 124.7 81.2 0.0 (0) 79.3 (98) 0.2 (0) 1.7 (2)
10-20 kDa 46.4 29.4 0.0 (0) 26.9 (91) 1.2 (4) 1.3 (5)
20-50 kDa 39.7 23.0 0.0 (0) 20.7 (90) 1.1 (5) 1.2 (5)
50->70 kDa? 335 15.4 0.0 (0) 13.8 (90) 0.0 (0) 1.6 (10)
Cambisol (F)

<5 kDa 108.9 68.5 24.5 (36) 42.4 (62) 0.0 (0) 16 (2
5-10 kDa 133.5 87.4 0.0 (0) 80.1 (92) 4.1 (5) 3.2 (4)
10-20 kDa 86.2 49.9 5.2 (10) 39.9 (80) 34 (7) 16 (3)
20-50 kDa 93.4 51.9 5.0 (10) 36.4 (70) 9.0 (17) 16 (3)
50-70 kDa 50.7 225 3.2(1%) 15.5 (69) 2.0 (9) 1.8 (8)
>70 kDa 229.9 54.7 6.7 (12) 43.1 (79) 2.6 (5) 22 (4)
Gleysol

<5 kDa 735 135.8 7.9 (6) 119.9 (88) 0.0 (0) 8.0 (6)
5-10 kDa 73.4 95.4 0.0 (0) 93.5 (98) 05 (1) 15 (2)
10-20 kDa 103.8 42.2 4.9 (12) 35.5 (84) 1.6 (4) 0.2 (0)
20-50 kDa 81.4 51.6 2.9 (6) 42.9 (83) 5.4 (10) 04 (1)
50-70 kDa 172.8 33.1 1.7 (5) 23.7 (72) 6.6 (20) 11 (3)
>70 kDa 2015 20.1 0.0 (0) 14.9 (74) 5.2 (26) 0.0 (0)
Cambisol (A)

<5 kDa 43.4 25.4 6.0 (24) 19.4 (76) 0.0 (0) 0.0 (0)
5-10 kDa 38.3 25.4 04 (2) 24.9 (98) 0.0 (0) 0.1 (0)
10-20 kDa 21.8 14.4 04 (3) 13.7 (96) 0.0 (0) 0.2 (2)
20-50 kDa 31.8 16.6 0.0 (0) 16.5 (99) 0.0 (0) 0.1 (1)
50-70 kDa 18.1 9.9 0.3 (3 8.7 (87) 0.5 (5) 0.6 (6)
>70 kDa 36.0 9.4 0.0 (0) 7.4 (79) 1.8 (20) 0.1 (2

Table 4. Concentrations (mg P/kgsci) of P species in each molecular size fraction as determined by

solution 3P NMR spectroscopy and spectral deconvolution fitting, as described in (Reusser et al.,

2The 50-70 kDa and >70 kDa fractions of Cambisol (P) have been pooled together. The given values represent the concentrations measured
in the pooled fraction.
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2020a). Molecular size fractions were obtained on NaOH-EDTA soil extracts using high-resolution SEC
(Superdex™ 75 prep grade column). Pools of ‘other IP¢’ include the neo and chiro stereoisomers of IPs.
Pools of lower-order IP (lo. order IP) include scyllo-IPs, myo-(1,2,4,5,6)-IPs and scyllo-IPs. The
concentrations of glycerophosphate (glycerol-P) include the unknown high molecular weight (HMW) Porg
compound described by McLaren et al. (2015b), whose peak overlaps with a-glycerophosphate. The
proportion (%) of P to that of the Piwt in each molecular size fraction is reported in parentheses. The

<5 kDa fractions do not include the removed fraction by the desalting process (Table SI-1).

myo-IPs scyllo-IPs other IPs lo. order IP  broad peaks glycero-P
+ HMW Porg
(mg P/kgsoi) (Mg P/kgsoi) (Mg P/kgsoi) (Mg P/Kkgsoi) (Mg P/kgsoil) (Mg P/kgsoir)

Cambisol (P)
<5 kDa 44.6 17.2 6.0 11.4 26.8 (23) 1.4
5-10 kDa 20.3 8.8 24 4.6 32.1 (41) 2.6
10-20 kDa - 0.6 - - 18.0 (67) 3.3
20-50 kDa - - - - 13.7 (66) 3.2
50->70 kDa® - 0.3 - - 9.1 (66) 34

Cambisol (F)
<5 kDa 1.0 0.7 - 1.4 26.3 (62) -
5-10 kDa 0.1 1.4 - 34 51.5 (64) 6.2
10-20 kDa 0.6 0.6 - 0.3 30.4 (76) 3.2
20-50 kDa 2.9 21 - 0.9 23.2 (64) 24
50-70 kDa 3.0 21 - 0.8 6.6 (43) 0.2
>70 kDa 8.1 9.4 - 3.1 21.5 (50) -

Gleysol

<5 kDa 50.5 23.1 7.8 75 25.7 (21) -
5-10 kDa 33.1 13.1 1.7 5.0 33.3(36) -
10-20 kDa 0.7 1.6 - - 27.5(77) 25
20-50 kDa 1.2 24 - - 34.0 (79) 4.1
50-70 kDa 1.9 15 0.2 - 16.6 (70) 2.8
>70 kDa 25 1.7 - - 9.6 (65) 1.0

Cambisol (A)
<5 kDa 1.9 2.8 - - 13.7 (71) -
5-10 kDa 2.0 1.7 - 2.0 17.6 (71) -
10-20 kDa - 0.1 - - 11.8 (86) 1.7
20-50 kDa - - - - 14.5 (88) 2.0
50-70 kDa - - - - 8.1 (93) 2.4
>70 kDa - - - - 7.0 (95) -

Concentrations of phosphodiesters were highest in molecular size fractions above 10 kDa

(Table 3). The peak associated with DNA was most prominent in the 20-50 kDa fraction of

3 The 50-70 kDa and >70 kDa fractions of Cambisol (P) have been pooled together. The given values represent the concentrations measured
in the pooled fraction.
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the Cambisol (F) and in the 50-70 kDa and >70 kDa size fraction of the Gleysol, which
comprised more than 25 % of the total NMR signal (Table 3). Other P compounds including
phosphonates and pyrophosphates comprised less than 10 % of the total NMR signal
(Table 3).

The NMR observability in the fraction removed by the desalting process (<5 kDa) was on
average 91 %. In contrast, the NMR observability of the analysed molecular size fractions
differed markedly: on average 27 % (SD=1 %) in the >70 kDa fraction, 48 % (SD=4 %) in
the 50-70 kDa fraction, 54 % (SD=3 %) in the 20-50 kDa fraction, 60 % (SD=5 %) in the
10-20 kDa fraction, 63 % (SD=5 %) in the 5-10 kDa fraction and 66 % (SD=6 %) in the
<5 kDa fraction.

Metal concentrations in molecular size fractions

In general, concentrations of Fe were highest in the <5 and >70 kDa molecular size
fractions of all soils (Figure 3). The ratio of Fe to Al in NaOH-EDTA extracts differed
between soils and molecular size fractions. For the Cambisol (P), Al dominated the lowest
size fraction, whereas Fe dominated the highest molecular size fraction. For the Gleysol,
increasing concentrations of Fe were measured with increasing molecular size, not
including the <5 kDa fraction. The Cambisol (F) exhibited a similar distribution pattern of
the Fe and Al concentrations across the molecular size fractions. For the Cambisol (A), Al
was only detected in the highest molecular size fraction. This soil was alkaline with a pH
of 7.7 measured in water (Meyer et al., 2017). In contrast, the pH of the other soil samples
ranges from 3.6 (Cambisol (F)) to 5.1 (Cambisol (P)) (Reusser et al., 2020a).
Concentrations of IP across all size fractions and soil samples were not significantly
correlated with the measured Fe (r=0.048, p=0.829) or Al (r=0.123, p=0.576)
concentrations. However, considering all molecular size fractions of the individual soils, IP
concentrations were significantly positively correlated with Fe concentrations in the
Cambisol (F) sample (r=0.847, p=0.033) and with Al concentrations in the Gleysol sample

(r=0.823, p=0.044). These correlations were much less apparent in the other soils.

Calcium concentrations were highest in the <5 kDa fraction for all soils and decreased

rapidly with increasing molecular size.
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Figure 3. Concentrations of aluminium (Al, grey) and iron (Fe, black) in 0.25 M NaOH + 0.05 M EDTA

soil extracts following passage through a Superdex™ 75 prep grade column, which resulted in several

technically defined fractions with molecular sizes of <5, 5-10, 10-20, 20-50, 50-70, and >70 kDa.

Concentrations in the molecular size fractions were analysed by ICP-OES.

115



Chapter 3

Discussion

Phosphorus concentrations in molecular size fractions

The molecular weight distribution of Porg in soils has typically been studied using technically
defined molecular weight fractions using cut-offs of either 5 kDa (Jarosch et al., 2015) or
10 kDa (McLaren et al., 2015b). We present the continuous molecular size distributions of
extracted soil P. Our reported molecular size distribution of P ranges from small molecules,
i.e. orthophosphate, to large molecular size fractions approaching nanoparticles (1-100 nm
(Gottselig et al., 2017)). This study bridges research on small identifiable Pog molecules,
such as lower-order IP (Reusser et al., 2020b), with research on colloid-associated P
(Missong et al., 2016). Furthermore, our quantitative results of Pinorg and Porg
concentrations in different molecular size fractions confirm the previously conjectured

continuum of P along the molecular size distribution.

Pools of Pog exhibited a wide concentration range in the investigated soils (238 to 1135 mg
P/kgsoi). Concentrations of NaOH-EDTA extractable P were similar to those reported in
previous studies (Jarosch et al., 2015; McLaren et al., 2019). SEC chromatograms
revealed a broad molecular size distribution of P in NaOH-EDTA extracts from soil.
Furthermore, the majority of Porg Was present in molecular size fractions >5 kDa across all
soils investigated here, despite differences in their chemical and physical properties.
Several studies using SEC have reported that a large portion of Porg in soil extracts is
detected in molecular size fractions above 10 kDa (Moyer and Thomas, 1970; Steward
and Tate, 1971; Veinot and Thomas, 1972). The consistency and abundance of this high
molecular size Porg pool in different soil systems suggests its importance in the soil P cycle.

We identified three Pog distribution patterns in high molecular size material: 1)
concentrations of Porg Wwere predominant in molecular size fractions <10 kDa (Cambisol (P)
and Gleysol); 2) concentrations of Porg were evenly distributed across all molecular size
fractions (Cambisol (A)), and; 3) concentrations of Porg Were predominant in molecular size
fractions >70 kDa (Cambisol (F)). As discussed in the following sections, each specific
distribution of Porg in high molecular size material could be attributed to differing contents

of SOM, metals and soil minerals.
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Speciation of organic P compounds in molecular size fractions

Solution 2P NMR spectroscopy on soil extracts revealed a large diversity of P compounds
across all molecular size fractions and soil samples. Our results demonstrate a much
greater diversity of organic P compounds along the molecular size continuum than was

evident in previous studies (Jarosch et al., 2015; McLaren et al., 2015b).

The molecular size material below 5 kDa was dominated by orthophosphate in the fraction
removed by the desalting process and by phosphomonoesters in the <5 kDa fraction of
the subsequent high-resolution SEC. In the Cambisol (P) and Gleysol samples, the <5 kDa
fraction consisted mostly of IP, which were probably in the free form or desorbed from soll
mineral surfaces (Moyer and Thomas, 1970; Celi and Barberis, 2007). The fraction
removed by the desalting process (cut-off=5 kDa) was less enriched in IP compared to the
<5 kDa fraction of the subsequent high-resolution SEC of the desalted extract, despite the
molecular size of IP being 660 Da or less. Nebbioso and Piccolo (2012) reported that
chromatographic separation weakens the supramolecular architecture of SOM. This may
indicate that associations of IP with higher molecular size compounds were weakened
during the desalting chromatography step. The liberated IP may then have been eluted in
the <5 kDa fraction in the subsequent high-resolution SEC step.

Spectra derived from molecular size fractions greater than 5 kDa were dominated by poorly
resolved broad 3P NMR signals. Compounds causing these broad NMR signals are
apparently of large molecular size. These findings are consistent with the studies of
Jarosch et al. (2015) and McLaren et al. (2015b). We also employed multiple analytical
approaches to demonstrate that the underlying broad signal in the NMR
phosphomonoester region is not derived from a single molecule with a discrete molecular
size, but rather from a continuum of unidentified Porg molecules spanning a wide molecular
size distribution. This is in agreement with observations of McLaren et al. (2019) and
Reusser et al. (2020b). In the four studied soils, broad signals were most prominent in the

10-20 and 20-50 kDa fractions rather than the highest molecular size fractions.

The number of underlying peaks necessary to account for the broad feature by spectral
deconvolution fitting varied between soils and molecular size fractions. Previously, a single
broad signal has been used to represent the ‘unresolved’ Porg pool (Reusser et al., 2020a).
However, this approach results in an imperfect Lorentzian/Gaussian distribution,
explaining the high variations of the C5 peak of myo-IPe in spectral deconvolution fitting

results reported by Reusser et al. (2020a). The line width at half-height of 88 Hz in this
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study provides evidence for the existence of more than one underlying broad peak,
suggesting the presence of several compounds. McLaren et al. (2019) reported line widths
at half-height of the fitted broad signal were on average 196 Hz, however transverse
relaxation times suggest the line widths are closer to 11 Hz. In addition, the underlying
broad peak at chemical shift region & 4.5-4.0 ppm appears to be more pronounced
compared to the fitted broad peaks more to the side of the phosphomonoester region. This
could suggest that 1) the net peak area of sharp peaks arising from other
phosphomonoesters in this region is influenced by the underlying broad signal. If this is
the case, these peaks may be more susceptible to overestimation when underlying broad
signals are not accounted for in SDF procedures compared to other compounds at the
side of the chemical shift region; and 2) the restriction of the chemical shift region where
most of the signal of the unresolved Pog pool appears will help to identify P containing
molecular structures resonating in this specific region. This could improve our

understanding of the chemical nature of this pool in future studies.

Furthermore, the results of this study show that at least 32 % (Cambisol (P)) and up to
93 % (Cambisol (F)) of total detected IP was present in molecular size fractions greater
than 5 kDa. These findings are in agreement with other studies as Veinot and Thomas
(1972), Hong and Yamane (1981) and Borie et al. (1989). Moreover, we provide direct
spectroscopic evidence that IP are present in large molecular size fractions of soil extracts

as well as information on their speciation.

The mechanisms by which IP become associated with large molecular size material is
assumed to be due to a close association of IP with compounds of large molecular size,
such as SOM and/or relatively small (nano-) sized soil minerals (Moyer and Thomas, 1970;
Omotoso and Wild, 1970; Borie et al.,, 1989; Celi and Barberis, 2005). Possible
mechanisms involve metal bridges, presumably with Fe or Al (Veinot and Thomas, 1972;
Vincent et al., 2012), or nucleophilic addition of free amine groups to aromatic rings (Borie
et al., 1989). The occurrence of the latter mechanism during phosphorylation of model
humic polymers was reported by Brannon and Sommers (1985). Cosgrove (1977)
suggested that high molecular weight material consists of complexes of Fe(lll) and
nitrogenous organic matter containing IPs. Another possibility could be that the phosphate
groups of IP associate with SOM via ester-bonds, forming part of the SOM suprastructure
model introduced by Piccolo (2001). Jagrgensen et al. (2015) reported that the relative
importance of the main binding sites (SOM matrix, amorphous metal oxides or clay

minerals) in stabilising IPs can vary markedly between soils and that the association of IPs
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with SOM can be important in soils despite high contents of amorphous iron and aluminium
oxides. The Cambisol (F) studied here not only has high organic carbon contents but also
the highest amounts of oxalate extractable (amorphous) Fe and Al. Such findings
emphasise that the mechanisms of incorporation of IP into large organic molecules and a
possible role of IP in stabilising SOM, as proposed by Tipping et al. (2016), warrant further
investigation. For example, targeted degradation of the soil IP pool for the purpose of plant-
nutrition could result in a concomitant destabilisation of SOM structure. The results of this
study show that IP associated with large molecular size material are mainly in the myo and
scyllo forms, suggesting these stereoisomers are more prone to association with high
molecular size compounds and reduced enzymatic hydrolysis compared to neo and chiro

forms.

We present evidence that molecular size fractions greater than 5 kDa consist not only of
IPs, as previously proposed, but also of lower-order IP. scyllo-IPs was detected in all
molecular size fractions of the Cambisol (F) soil extract, suggesting similar mechanisms
of association to IPs. Association of a proportion of IP with organic phases may limit not
only the accessibility of IPs to enzymatic hydrolysis in soils, but also a fraction of lower-
order IP. However, this is likely to depend on the stereochemistry of the associations,
including the spatial protection conferred to IP, as well as whether IP is linked to the SOM
matrix by metal bridges or ester bonds, which might be more readily hydrolysed by

phosphatases.

Our findings regarding phospholipids and phosphodiesters in large molecular size material
are comparable with the studies of Missong et al. (2016) on forest soil colloids and Wang
et al. (2017) using DOSY NMR spectroscopy of NaOH-EDTA soil extracts. The presence
of glycerophosphates in large molecular size fractions could be explained by hydrolysis of
large phospholipid molecules by NaOH (Doolette et al., 2011a) or associations of
glycerophosphates, which were intrinsically present in the soil sample (Wang et al., 2021),
with large molecular size compounds. However, McLaren et al. (2015b) reported the
presence of a high molecular weight Porg compound at a similar chemical shift to the a-
glycerophosphate peak. We could not resolve these two peaks in our spectra, hence the
concentrations of glycerophosphate and this unknown high molecular weight compound
are combined. We assume that this compound, and not a-glycerophosphate, is mainly
present in the Cambisol (F), Gleysol and Cambisol (A) soil samples due to the lack of the

corresponding B-glycerophosphate peak.
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Gerke (1992) proposed that a dominant proportion of soil P is present in the form of Pinorg
(as orthophosphate) associated with organic molecules via metal bridges, i.e. Fe3* and
AlR*, forming large molecules. The author states that often over 50 % of these associations
may be hydrolysed during spectrophotometric determination of Porg and Pinorg USiNg the
phosphomolybdate method. Hence, P in these associations would be misattributed to the
free orthophosphate pool. In our study, orthophosphate is present in large molecular size
fractions but to a much lesser extent compared to the <5 kDa fractions. The predominant
proportion of P in large molecular size fractions is present as phosphomonoesters, and to
a lesser extent phosphodiesters. We propose that 1) IP complexed by SOM and large
molecular size material through metal bridges (Borie et al., 1989) and 2) P linked via ester
bonds to the SOM organic molecules (McLaren et al., 2015b; McLaren et al., 2020)

contribute to the majority of large molecular size soil P.

Nuclear magnetic resonance observability

Few studies on solution 3P NMR spectroscopy of soil samples report the NMR
observability as recommended by Doolette et al. (2011a). In our previous studies on the
same soil samples, NMR observability values ranged from 52% to 94% (Reusser et al.,
2020a; Reusser et al., 2020b). Reduction of the NMR observability with increasing
molecular size in this study could be related to an increase of precipitates at the bottom of
the microcentrifuge tubes after centrifugation at 10621 g. Missong et al. (2016) used
ultracentrifugation at 14000 g for 60 min to separate water-dispersible colloids from the
electrolyte phase. In our study, precipitation of colloids containing P not removed by
filtration but by centrifugation could account for the low NMR observability of large
molecular size material. To test this, we measured total P contents in the precipitates by
total digestion and subsequent P analysis by ICP-OES. Results indicate that on average
only 7 % (SD=6 %) of P, representing 4.5 mg P/kgsoi (SD=3.6 mg P/kgsoil), was lost to
precipitation. However, an exception was the >70 kDa fraction of the Cambisol (F), which
had a concentration of 121.3 mg P/kgsoi in the precipitate, representing 58 % of Piot. This
soil sample contains a large amount of amorphous and complexed Fe and Al oxides
(Table) as well as a large amount of Fe in the largest molecular size fraction. The increase
in the pH during sample preparation for NMR may have resulted in complex formation of
IP and other Porg compounds with metals and organic matter, decreasing their solubility
(Martin and Evans, 1987; Celi and Barberis, 2005; Hiradate et al., 2006). P concentrations
in precipitates were correlated with NMR observability in the Cambisol (F) and Cambisol
(A) but not in the Cambisol (P) and the Gleysol (Figure SI-11). Decreasing NMR
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observability with increasing molecular size due to precipitation suggests that
guantification and identification of P compounds in large molecular size material by

solution 3P NMR spectroscopy could be underestimated in some soils.

Metal concentrations in molecular size fractions

Multivalent cations, including Al** and Fe3*, are known to form complexes with organic
compounds possessing free electron pairs such as amines, carboxylates and ethers, as
well as phosphate anions (Parfitt, 1979; Stevenson, 1994; Turner et al., 2002; Gerke,
2010; Vincent et al., 2012). In our study, Al was present mostly at elution volumes in the
range of 1 kDa (single peak at Ka=0.7, Figure SI-4). This large signal is assumed to arise
from metal-EDTA complexes, EDTA being present in the extractant. We assume that most
Zn and Al was either present in the free ion form or was liberated from soil compounds

during extraction.

Concentrations of Fe were highest in the <5 kDa and >70 kDa molecular size fractions:
the first pool is likely to be dominated by Fe-EDTA complexes; the second by Fe-
oxyhydroxides or Fe bound to/complexed with oxygen containing organic compounds
(Stevenson, 1994), based on their molecular sizes (Lead and Wilkinson, 2006). When
converting molecular size in Da to the nm scale, a spherical molecule with a molecular
size of 70 kDa would exhibit a minimum diameter of approximately 5.5 nm (Erickson,
2009). Fe-oxyhydroxides range from 1 nm to 1 um in size (Lead and Wilkinson, 2006). The
high Fe concentration in the >70 kDa fraction of the Cambisol (F) could also indicate the
presence of Porg adsorbed to Fe oxyhydroxide nanoparticles (Ognalaga et al., 1994; Lead
and Wilkinson, 2006; Missong et al., 2016) or Porg complexed with Fe3*. These hypotheses
are supported by the positive correlation of IP concentrations in the size fractions of the
Cambisol (F) sample with measured Fe. Celi and Barberis (2005) reported that indirect
adsorption of Porg through bi- or trivalent cations with the resulting formation of ternary
organic matter-metal-P complexes is one abiotic process which contributes to
incorporation of Pog into SOM. Furthermore, Fe oxides were identified as important
sorbents of organic matter and thus playing a major role in controlling long-term SOM

preservation (Kégel-Knabner et al., 2008).

The differing molecular size distributions of Fe and Al apparent from our chromatograms
indicate that total soil concentrations of Al and Fe do not reflect the abundance of larger
molecular size complexes containing P and that the association of Porg with Al in large

molecular size complexes is less important than its association with Fe. Further research
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is needed to understand the association of Pinorg and Porg With Fe and Al in large molecular
size material to elucidate the stability and cycling of these complexes in soil systems.

Conclusion

The majority of Porg in soil extracts are associated with molecular sized material above
5 kDa. For the first time, we report the presence of the myo and scyllo stereocisomers of
IPes, as well as some lower-order IP species, in molecular size material above 5 kDa by
combining high-resolution size exclusion chromatography and solution 3P NMR
spectroscopy. Our findings also show that the largest pool of Porg in large molecular size
material is generally represented by three or four underlying broad signals in the
phosphomonoester region of NMR spectra. We provide further evidence for an unresolved
Porg pool in soil being responsible for poorly resolved broad signals in the
phosphomonoester region of soil extracts, and that this is comprised of a continuum of Porg
compounds having a broad range of molecular sizes. This unresolved pool of
phosphomonoesters contains multiple components rather than single polymers of discrete
molecular sizes. The corresponding NMR signal is comprised of several overlapping broad
peaks with varying peak shapes and line widths, indicating diverse compositions of the
unresolved Porg pool. Furthermore, our results suggest that this unresolved Porg pool is
represented by Porg associated with SOM rather than orthophosphate adsorbed to organic
molecules via metal bridges. Nevertheless, metals, particularly Fe, appear to be an
important bridging component of Porg associations in large molecular size material. The
findings of this study will forward our understanding of Porg - SOM associations and their
importance in the soil P cycle.
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Supporting information

High-pressure liquid size exclusion chromatography with in-line ICP-MS

analysis

High-pressure liquid (HPL) size exclusion chromatography (SEC) with in-line inductively
coupled plasma-mass spectrometry (ICP-MS) was carried out on soil filtrates to acquire
highly resolved P and metal chromatograms. The SEC-ICP-MS analyses were carried out
based on the method of Dell'Aquila et al. (2020) at Rothamsted Research in Harpenden
(UK). A 20 mL aliguot of the NaOH-EDTA soil filtrate was frozen at -80 °C and lyophilised.
This resulted in a freeze-dried mass of on average 647 mg across all soils. The lyophilised
material was redissolved in 3 mL of deionised water, or 30 mL for the Gleysol soil, and
then filtered with a 0.2 ym syringe filter. A preliminary study showed that the viscosity of
the samples was too high for the SEC. Hence, the redissolved extracts were diluted further
with a dilution factor (DF)=4 for the Cambisol (P) and the Gleysol, a DF=10 for the
Cambisol (F) and a DF=2 for the Cambisol (A) soil sample.

The HPL-SEC was carried out on the soil filtrates using the Flexar™ HPLC system
(PerkinElmer Inc., Waltham, USA) and the Superdex™ Peptide 10/300 GL column (GE
Healthcare, Chicago, USA). A 100 pL aliquot of soil filtrate was injected and subsequently
eluted with degassed 0.2 M ammonium-nitrate (pH approx. 7.6) at a flow rate of
0.6 mL/min and a pump pressure of 1.2 MPa. The runtime was set at 40 min and carried
out under constant temperature (25 °C). Furthermore, an in-line UV/VIS detector
(wavelength=280 nm) was connected with a NexION™ 300 ICP-MS (PerkinElmer Inc.,
Waltham, USA), which determined concentrations of Al, Co, Cu, Fe, Mn, Zn and P with

elution time.

To evaluate the void volume (Vo), and calculate the partition coefficient (Kay) of organic
compounds, an experiment was carried out using compounds with known molecular sizes.
This involved a mixture of standards (150 yL each) containing vitamin B1> (0.2 mg/mL),
triglycine (10 mg/mL), cytochrome ¢ (1 mg/mL) and blue dextran, which was passed
through the column. Equation SI-1 was used to calculate the Kay (O’Fagéin et al., 2011):

Ve—Vo
Kav = m y (Sl-l)
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where V, is the void volume in mL (i.e. elution volume of blue dextran), Ve is the elution
volume in mL (i.e. the volume from sample injection to the peak maximum of a compound),

and V. is the total volume of the packed bed in mL.

The values of Kay for the standards were plotted against their molecular size in Dalton,
which resulted in a selectivity curve of the column (Figure SI-1). Consequently, the elution
times of compounds in the soil filtrates are measured and their molecular size estimated.
These calculations are based on the assumption that all compounds have the same
symmetrical shape (O’Fagain et al., 2011).
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Figure SlI-1. Selectivity curves of standards for Superdex™ Peptide 10/300 GL (left) and Superdex™

75 prep grade (right). The calculated partition coefficient Kay is plotted against the molecular size Mr.

All chromatograms were baseline corrected by subtracting the average number of counts
per second in the first 5 minutes of elution from the overall chromatogram. Calibration
curves were used to determine the concentration of Py and metals in solution. The
coefficients of determination (R?) of the calibration curves were 0.9998 for P, 0.9986 for
Al, 0.5987 for Mn, 0.8239 for Fe and 0.7656 for Zn.

Results

The P chromatograms of NaOH-EDTA extracts were dominated by the orthophosphate
signal at molecular size <1 kDa in all six soils, as determined by HPL-SEC with in-line ICP-
MS (Figures SI-2 and SI-3). In addition, three main features can be distinguished in the P
chromatograms: 1) the presence of P signals corresponding to molecular sizes of >20 kDa,
which were particularly dominant in the Cambisol (F), Gleysol and Cambisol (A) soils; 2) a
continuum of P signals corresponding to molecular sizes ranging from 1 to <20 kDa; and
3) a broad signal corresponding to a molecular size range of 1 to 5 kDa, which was

particularly dominant in the Cambisol (P), Cambisol (F) and Gleysol.
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The ultraviolet-visible (UV-VIS) chromatograms of the SEC-ICP-MS measurements were
partitioned into four main regions (from left to right, Figures SI-2 and SI-3). This included:
1) a sharp signal at Ka=0 corresponding to organic compounds with molecular sizes >20
kDa; 2) a continuum of signals corresponding to organic molecules with molecular sizes
between 1 kDa and <20 kDa; 3) a sharp signal corresponding to organic compounds with
a molecular size of ~1 kDa, and attributed to the previously described EDTA complexes,
and; 4) one to four sharp signals corresponding to organic compounds with molecular sizes
<1 kDa. This information was used to carry out further size separation of soll filtrates using
high-resolution SEC, which provided samples with sufficient concentrations of Porg in each
molecular weight range for subsequent characterisation using solution 3P NMR

spectroscopy.

Concentrations of Fe, Al, manganese (Mn) and zinc (Zn) were highest in the Gleysol and
Cambisol (F), as determined by ICP-MS (Figure SlI-4). Concentrations of Fe were highest
in molecular size fractions above 20 kDa for all soils. The chromatograms of Mn, Al and
Zn were all dominated by a peak at Ka=0.7, corresponding to a molecular size of 1 kDa
(Figure SI-4). In addition, there was elevated concentrations of Mn in fractions with a

molecular size of 1 kDa.
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Figure SI-2. The UV-VIS absorbance (black) and phosphorus (P, red) chromatograms of the HPL SEC-
ICP-MS measurements of the 0.25 M NaOH + 0.05 M EDTA soil extracts. The partition coefficients at

molecular sizes of 1, 5 10 and >20 kDa are marked with dashed lines.
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Figure SI-3. The UV-VIS (black) and P (red) chromatograms of the HPL SEC-ICP-MS measurements
of the 0.25 M NaOH + 0.05 M EDTA soil extracts. The partition coefficients at molecular sizes of 1, 5 10

and >20 kDa are marked with dashed lines.
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Figure Sl-4. Iron (Fe), aluminium (Al), manganese (Mn) and zinc (Zn) chromatograms of the HPL-SEC
ICP-MS measurements of the 0.25 M NaOH + 0.05 M EDTA soil extracts. The metal concentrations in

mg/kgsoil are plotted against the partition coefficient Kav.
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Figure SI-5. UV-VIS absorbance of the desalting process of NaOH-EDTA soil extracts eluted in
Sephadex™ G-25 gel media. Dashed black line: cut-off of 5 kDa.
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Figure SI-7. Molecular size distribution of total P measured in 0.25 M NaOH + 0.05 M EDTA soil extracts
after passing through the Superdex™ 75 prep grade column. The proportion of molybdate reactive P to

the total P measured by ICP-OES is indicated by the shaded region of the bars.
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Figure SI-8. Solution 3P nuclear magnetic resonance (NMR) spectra (500 MHz) of the combined
orthophosphate (0) and phosphomonoester region on the fraction of 0.25 M NaOH + 0.05 M EDTA saoill
extracts (<5 kDa) removed by the desalting process (Sephadex™ G-25 gel media). The peaks of a-
glycerophosphate/unknown high molecular weight Porg (McLaren et al., 2015b) (+), B-glycerophosphate
(B) as well as myo- (*) and scyllo- (s) IPs are marked. Signal intensities were normalised to the MDP
peak intensity. The vertical axes were increased for improved visibility of spectral features, as indicated
by a factor.
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Table SI-1. Concentrations of total P (Pwt) determined by ICP-OES and main P classes
(orthophosphate, phosphomonoester, phosphodiester and other P compounds) determined by solution
31P NMR spectroscopy in mg P/kgsoi measured in the fraction (<5 kDa) of 0.25 M NaOH + 0.05 M EDTA
soil extracts removed by the desalting process (Sephadex™ G-25 gel media). The percentage of the P
class to the Prwt concentration is listed in parentheses.

Ptot ICP-OES Piot NMR Ortho-P P-monoester P-diester other P

(mg P/kgsoi) (Mg P/kgsoi) (Mg P/kgsoi) (Mg P/kgsoil) (Mg P/kgsoi) (Mg P/kgsoil)

Cambisol (P) 255.8 254.4 231.2 (91) 17.9 (7) 0.5 (0) 48 (2)
Cambisol (F) 296.7 279.8 248.0 (89) 28.3 (10) 0.0 (0) 3.6 (1)
Gleysol 418.6 391.6 331.8 (85) 49.7 (13) 0.0 (0) 10.1 (3)
Cambisol (A) 115.6 101.9 90.3 (89) 9.2 (9) 0.0 (0) 25 (2)
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Table SI-2. Iron, aluminium, manganese, potassium, and calcium concentrations in size fractions of soil

extracts as determined by SEC and ICP-OES. Values below lower limit of detection are not listed. Value

above upper limit of detection is marked with an asterisk.

Fe (mg/kgsoil)

Al (m g/kg SOi|)

Mn (mg/kgsoil)

K (m g/kg SOi|)

Ca (mg/kgsoit)

Cambisol (P)

<5 kDa 13.3 37.2 1.9 124.9 157.1
5-10 kDa 3.7 11.4 0.7 35.9 58.3
10-20 kDa 33 - - 29.8 4.6
20-50 kDa 5.1 - - 38.1 -
50->70 kDa* 215 - - 67.2 -
Cambisol (F)

<5 kDa 973.0 462.0 27.0 63.7 268.1
5-10 kDa 203.2 151.7 9.8 315 92.4
10-20 kDa 69.8 23.2 0.4 31.6 5.1
20-50 kDa 238.5 49.7 15 39.6 1.3
50-70 kDa 287.0 58.8 3.0 15.1 0.8
>70 kDa *1855.3 667.3 20.5 69.7 8.5
Gleysol

<5 kDa 289.2 160.1 - 8.7 1245.9
5-10 kDa 6.6 24.3 - - 165.6
10-20 kDa 15.0 - - - -
20-50 kDa 70.5 14.8 - - -
50-70 kDa 144.6 21.0 - - -
>70 kDa 222.4 50.2 - - 26.2
Cambisol (A)

<5 kDa 22.6 - - - 2398.1
5-10 kDa - - - - 282.4
10-20 kDa - - - - -
20-50 kDa - - - - -
50-70 kDa 4.2 - - - -
>70 kDa 49.4 10.4 - - -

4The 50-70 kDa and >70 kDa fractions of Cambisol (P) have been pooled together. The given values represent the concentrations measured

in the pooled fraction.
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Figure SI-9. Solution 31P nuclear magnetic resonance (NMR) spectra (500 MHz) of the phosphomono-
and phosphodiester region on the molecular size fractions (Superdex™ 75 prep grade column) of 0.25
M NaOH + 0.05 M EDTA soil extracts (Cambisol (F), Cambisol (P), Gleysol and Cambisol (A)). Signal
intensities were normalised to the MDP peak intensity. The vertical axes were scaled for improved
visibility of spectral features, as indicated by a factor. The molecular size fractions >70 kDa and 50-

70 kDa of the Cambisol (P) were pooled.
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Figure SI-10. Relative concentrations of compounds causing the broad signals in the
phosphomonoester region to the total concentrations of phosphomonoesters measured in the indicated
molecular size fractions of solution 3P NMR soil spectra.
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centrifugation). The x-axis and the fitted correlation curves are in logarithmic scale.
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Abstract

The majority of organic P (Porg) in soil is considered to be closely associated with the soil
organic matter (SOM). The chemical nature of this pool of Poryg is largely ‘unresolved’ and
of apparent high molecular weight. In this study, we investigated the bonding types of
unresolved Pog within the SOM structure using the Humeomics sequential chemical
fractionation (SCF) procedure and nuclear magnetic resonance (NMR) spectroscopy. In
summary, the SCF procedure extracted 118 % more P from a Gleysol soil compared to a
single-step NaOH-EDTA extraction. Approx. 38 % of the extracted Porg was present in the
form of the unresolved Porg pool represented by one to two underlying broad signals in the
phosphomonoester region of solution 3P NMR spectra. The Humeomics SCF revealed
that 47 % of this unresolved Porg pool was associated with the SOM, mainly through ester
bonds (40 %) and ether bonds (7 %). Another part of the unresolved Porg pool (30 %)
appeared in the SOM fraction closely associated with the soil mineral phase. These
findings provide further evidence that the unresolved Pqrg pool in soil is mostly comprised
of a range of smaller P containing molecules associated with the SOM through ester
linkages and not of a single macropolymeric structure. Furthermore, our results revealed
that especially the pool of inositol phosphates (IP) associated with the soil mineral phase
was highly underestimated using a single-step NaOH-EDTA extraction, which only
extracted 58 % of total IP compared to the Humeomics sequential extraction. These
findings on the associations and bonding types of the majority of Porg with the SOM wiill
have major implications on our understanding of Porg Stabilisation, transformation and
cycling in soil systems. By knowing the bonding types, fertilisation and soil management
strategies can be developed targeting these associations in order to enhance the liberation

and mineralisation of the unresolved Pqrq pool for plant nutrition.
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Introduction

Phosphorus (P) is an essential constituent of the energy storing compounds in cells and
the genome of living organisms. Organic molecules containing P in soil, i.e. soil organic P
(Porg), generally comprise between 20 % and 80 % of the total P in soil (Anderson, 1980).
Soil Porg exists as P covalently bound to an organic moiety R (R—PO3, phosphonates), via
an ester linkage (R—-O-PO3, phosphomonoester), or via two ester linkages (R'-O—PO>—
O-R?, phosphodiesters) (Condron et al., 2005). In addition, soil Porg can include phosphate
associated with soil organic matter (SOM), or condensed forms of P (e.g. polyphosphates)

present within microorganisms (George et al., 2018; McLaren et al., 2020).

The chemical nature of the majority of Porg in soil remains unresolved (McLaren et al.,
2020). This ‘unresolved’ pool of Porg can be accounted for as an underlying broad signal in
the phosphomonoester region of 3P NMR spectra on soil extracts (McLaren et al., 2015b;
Reusser et al., 2020a). The molecules comprising the unresolved pool of Pqqg are of
apparent large molecular weight, complex in structure, and resistant to enzymatic
hydrolysis (He et al., 2006; Jarosch et al., 2015; McLaren et al., 2015b; McLaren et al.,
2020). Furthermore, there is increasing evidence that this pool contains several
components distributed along a continuum of molecular weights rather than a single

polymeric structure (McLaren et al., 2019).

The occurrence of unresolved pool of Pog pool in high molecular size material of alkaline
(NaOH) soil extracts suggests a close association with the SOM, because by definition,
humic and fulvic acids are extracted with alkali from soil (Stevenson, 1994). For example,
Ogner (1983) extracted humic acids from four Norwegian raw humus types using
0.5 M NaOH. The subsequent solution 3P NMR spectroscopic analyses revealed a great
diversity and abundance of phosphomonoesters in high molecular weight material of these
humic acids. The close association of the unresolved Porg pool with the organic matter
matrix was also hypothesised by Dougherty et al. (2007). The authors reported that an
underlying broad signal in the phosphomonoester region of 3P NMR spectra on soil
extracts partially resisted an HF treatment whereas phytate was completely removed.
Gerke (2010) reported that humic-metal-P associations can account for more than 50 %
of P in soil solutions. The author described the association of P with the SOM not as
orthophosphate being directly bound to the organic molecules, as it is the case for Porg in
its closer definition, but as orthophosphate bound to metal cations, which are complexed
with humic substances. In contrast, McLaren et al. (2015b) suggested that the unresolved

Porg cOmpounds are associated with the SOM by ester linkages due to the appearance of
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underlying broad signals in the phosphomonoester region of 3P NMR soil spectra.
However, knowledge on the associations and bonding types of the unresolved Poyg pool

with the SOM and mineral phase is very limited.

Inositol phosphates (IP) are another major pool of Porg in soils. They are the predominant
pool of P in seeds, and can accumulate in soil due to their high sorption affinity to soil
constituents (Celi and Barberis, 2007). Concentrations of IP vary widely in soil ranging
from less than 1 % up to more than 80 % of the total pool of Pog in soil (Cosgrove and
Irving, 1980; Harrison, 1987; McDowell and Stewart, 2006; Smernik and Dougherty, 2007).
The most abundant IP form in soil is myo-IPs, commonly known as phytate, followed by
the scyllo isomer of IPs (Cosgrove and Irving, 1980; Turner et al., 2002). The other two
isomers of IP (neo- and chiro) are less abundant in soil. New findings of Reusser et al.
(2020b) on solution 3P NMR spectra of hypobromite oxidised soil extracts suggest that
the diversity of IP in soils could be much higher than previously thought, including a variety

of lower-order IP forms.

Pools of IP are largely considered to be associated with the mineral phase of soils, e.g.
amorphous Al and Fe, clay minerals, or calcite (Ognalaga et al., 1994; Celi et al., 1999;
Turner et al., 2002; Celi and Barberis, 2007). However, there is supporting evidence that
IP can be associated to the organic phase of soils (Moyer and Thomas, 1970; Hong and
Yamane, 1980; Borie et al., 1989). Furthermore, Jgrgensen et al. (2015) indicated that the
association of IPs with SOM can be important even in soils rich in amorphous Al and Fe.
The authors reported that more than half of IPs was associated with the SOM in strongly
weathered Oxisols and one fourth in organic rich grassland soils. Indeed, despite the
apparent high abundance of these IP-SOM associations and the possible role of IP in the
stabilisation of SOM (Tipping et al., 2016), the types of these associations and the

formation mechanisms are largely unknown.

Soil organic matter consists of the total organic compounds in the soil except undecayed
plant and animal residues as well as the living microbial biomass (Stevenson, 1994).
Piccolo (2001) described SOM as an association of smaller molecules forming
‘suprastructures’ of apparent large molecular size. These smaller molecules are stabilised
within the suprastructure by various bonding types, including van der Waals and hydrogen
bonds (Piccolo, 2001). Nebbioso and Piccolo (2011) developed the ‘Humeomics’
sequential chemical fractionation (SCF) procedure to fractionate the SOM using different
extractants without breaking any C—C bonds. In the Humeomics SCF procedure, extraction

with a dichloromethane/methanol solution yields the ‘unbound’” SOM fraction, extraction
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with a 12 % BF3 in methanol solution the ‘weakly ester-bound’, extraction with a 0.5 M KOH
in methanol solution the ‘strongly ester-bound’, and extraction with 47 % HI the ‘ether-
bound’ fraction (Nebbioso and Piccolo, 2011). The residual fraction is assumed to be
closely associated with the mineral phase. In summary, the unbound fraction consists of
free molecules and molecules liberated from associations held together by weak
dispersive forces (Piccolo et al., 2019). Subsequently, readily accessible ester linkages
are transesterified, giving rise to the operationally defined ‘weakly’ ester-bound fraction. In
a next step, ester linkages are cleaved which were not physically accessible during the
first transesterification process, resulting in the ‘strongly’ ester-bound fraction. In the last
step, ether linkages are cleaved, resulting in the ether-bound and residual fractions.
Drosos et al. (2017) applied the SCF procedure to an agricultural sandy loam soil and
reported the extraction of 235 % more soil organic C compared to a single-step alkaline
(0.5 M NaOH + 0.1 M NasP»07) extraction. The authors found that most C was extracted
from the SOM suprastructure by breaking the weak (32 %) and strong (16 %) ester
linkages. The ether-bound fraction was minor, comprising 5 % to total C. The residue after
the Humeomics SCF contained 39 % of total C. This final residue is assumed to consist
mostly of SOM bound to the soil mineral matrix via two processes (Drosos et al., 2017): 1)
adsorption of hydrophobic components on aluminosilicate surfaces and 2) complex

formation between mineral iron and oxygen containing hydrophilic groups.

George et al. (2018) declared that the interactions between P speciation, availability and
SOM are of prime importance in order to evaluate the nutrient status in terrestrial
ecosystems and improve land management practices. In this study, we combine the SOM
sequential fractionation method of Humeomics (Nebbioso and Piccolo, 2011) with solution
31P NMR spectroscopy, the most commonly used spectroscopic technique for Porg
speciation (Cade-Menun, 2005; McLaren et al., 2020), in order to unravel the chemical
nature and bonding type of soil Porg associated with the SOM. The aim of this study was
to fractionate the complex structure of SOM into smaller components based on their
bonding type with subsequent speciation of Porg compounds within the different fractions

of Humeomics and residues.
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We hypothesise that: 1) the Humeomics SCF procedure will extract more soil P compared
to a single-step NaOH-EDTA extraction due to the stepwise ‘decoating’ of the SOM
suprastructure; 2) subsequent fractionation of the SOM suprastructure causes a decrease
in the pool of unresolved Pog, i.€. broad signals in the phosphomonoester region of solution
31P NMR spectra; 3) the predominant bonding type for unresolved pools of Poq associated
with large structures (suprastructures) of SOM is via ester linkages, and; 4) the residual

fraction following SCF will be dominated by IP.
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Materials and methods

Soil collection and preparation

A sample from a Gleysol (WRB, 2014) soil under pasture was collected in 2017 from the
0-10 cm layer in Switzerland. Detailed information on the location and soil properties can
be found in Reusser et al. (2020a). The soil sample was sieved (<5 mm), dried for 5 days
at 60°C, and then ground to powder using a mortar and pestle to pass through a 0.5 mm

sieve.

Humeomics sequential chemical fractionation

The Humeomics SCF procedure was carried out on three analytical replicates of the
Gleysol soil at the Institute of Agricultural Chemistry, University of Naples Federico Il in
Naples. The procedure is based on a slightly modified version of the method of Nebbioso
and Piccolo (2011), which is summarised in Figure 1. If not otherwise stated, extraction of
soils occurred at room temperature (21°C), centrifugation of extracts was carried out at
7500 rpm (8678 g) at 10°C and the supernatant passed through a Whatman® no. 41 filter

paper.

142



Chapter 4

"JoelXe aAnoadsal ay) Jo uonebnyuyuso Jeye ajendiosid syl 0] ,DIYd, pue aseyd joueyisw ay) 0} HOBW, ‘©seyd Juaajos olueBio ay) 0}

OYO, ‘eseyd snosnbe sy} 01 ,NOY, ‘dels uonoelxe aAnoadsal ay) Jo)e anpisal [10S pPaLIp 8] 0] sisjel STy, Wis) 8y 'se|dwes ||e uo usye) sjusliainsesul

1uaJaylp ayl pue ‘(TTOZ) 002214 pue 0SOIggaN WOl palipow se ‘ainpadoid uoneuonoel) [edlwayd [enuanbas solwoswnH ayl jo Arewwns vy T ainbi4

PSTY [onels VIQT-HOEN el

YWN dig | ﬁom_-zom.z...?IAl O%H-IH %Lt L

= €S3Y |- VLAT-HOBN el

[¥WN drcle-- vLO-HORN " ENOV | AEHNDer]  {¥N dre]

E1 [ 4 |« EHOPW HO2W-HOM N 0
000 [ €980 _ A
ZS3AY |- VIAI-HOBN s

wornios uos oeio | [AWN dre “Hr Des o : .
e [y AN gy "AWN die]
_ YN 23e3s pljos _ EA «PDm_-IOmZ...r.E

| % |«-{ ZTHOPW HOPIN-€48 %zt

_ PI|OS "DU0D US| |B10} _ E
‘ J””...m_oao {7990 | P e R
[YWN dre 'Hr Ogr¥ TSAY |-l VIAF-HOBN -wwo]
(i}« Taa R T
Sy k:Z HOPIN/NOA L
p— 757

______ . »=%000 | _TOHUO | ,
[4WN dre "Hy D¢ ¥ 0S3Y |-l VLAI-HOEN wwes)

“peeesss V103-HOEN [ ONOV |€——IOH W 1'0
.. E . uOuU JOu& O& _._Q DnDn_

5

Ibrlw_zz d -
) wuw 50> = .
l10s payea.qun [ VLQ3-HOBN e
o BT [ BTN

o

dWN uonnjos

On_ ___n_ ..uOun_

143



Chapter 4

Extraction with a 0.1 M HCI in water solution

Carbonates were removed by extracting 300 g of soil with 900 mL of a 0.1 M HCI solution
for 3 h at 130 rpm. The soil extracts were then centrifuged for 30 min and the supernatant
filtered. A 20 mL aliquot of the filtrate was collected and freeze-dried for further analyses
(AQUO). The soil residue was suspended in 600 mL of H.O, shaken manually, and the
supernatant discarded following centrifugation for 15 min. The soil residue (RESO0) was
then dried at 40°C for 48 h and freeze-dried.

Extraction with a dichloromethane-methanol solution

The ORG1 fraction was obtained by extracting 40 g of RESO with 120 mL of a
dichloromethane 2:1 methanol (DCM/MeOH) solution (v/v) for 12 h at 130 rpm. The
extracts were then centrifuged for 20 min and the supernatant filtered into a round-bottom
flask. The extraction procedure was repeated but with 60 mL of solution for 1 h. The
volume of the combined extracts was reduced to about 10 mL by rotary evaporation, and
subsequently centrifuged at 12000 rpm (13870 g) for 20 min in order to separate the clay
minerals (PREC1). The remaining supernatant (ORG1) was further rotary evaporated and
dried under a N gas flow. The soil residue (RES1) was then dried at 40°C for 72 h.

Extraction with a 12 % BFz in methanol solution

In the next step, transesterification was carried out using a 12 % (1.5 M) BFz in methanol
solution. In this transesterification reaction, the BFz served as a lewis acid catalyst. It
catalyses the exchange of an organic group of an ester with the organic group of an
alcohol, i.e. methanol (McCarthy et al., 2020). The transesterification reaction mechanism

on the example of triglyceride is illustrated in Figure SI-1 in the supporting information.

Briefly, 30 g of RES1 was suspended in 40 mL solution of 12 % BF3 in methanol using
Teflon tubes, and a constant temperature of 77°C for 16 h using an oven. The extraction
procedure was repeated twice but with 90 mL and 40 mL of solution for 12 h and 7 h,
respectively. The combined extracts were then centrifuged for 20 min and the supernatant
filtered into a round-bottom flask. The soil residue was suspended sequentially five times
in 30 mL of methanol and shaken manually. Each extract was centrifuged for 20 min and
the supernatant filtered into the round-bottom flask containing the BF3 extract.
Furthermore, the soil residue was resuspended again twice but in 20 mL of H.O and

shaken manually. Each extract was centrifuged for 20 min and the supernatant filtered into
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the round-bottom flask containing the BFz extract. This extract was then rotary-evaporated
and transferred to a separation funnel, in order to obtain an organic phase (ORG2), a
methanol phase (MeOH?2) and an aqueous phase (AQU2). This procedure involved adding
a total of 110 mL of H20 and 250 mL of chloroform to the separation funnel. The ORG2
fraction was dried with anhydrous sodium sulphate, filtered, rotary evaporated, and then
dried under a N> gas flow. Similarly, the MeOH2 fraction was dried with anhydrous sodium
sulphate following centrifugation for 20 min, filtered, rotary evaporated, and then dried
under a N2 gas flow. The precipitate after centrifugation was combined with the soil
residue. The AQU2 fraction was filtered and then rotary evaporated. Replicates 1 and 2 of
AQU2 were dialysed prior to freeze-drying by ultrafiltration with a 500 Da cut-off membrane
against H2O in order to remove ions, which could otherwise interfere with the analysis of
C using GC-MS (not part of this paper). The water was changed twice a day until the
electrical conductivity was below 1 uS/cm. Replicate 3 of AQU2 was directly freeze-dried
for subsequent analysis of total P (Ptwt). The soil residue (RES2) was then dried at 40°C
for 144 h.

Extraction with a 0.5 M KOH in methanol solution

The soil residue RES2 was further fractionated by extracting 20 g with 30 mL of 0.5 M
KOH in methanol, which was stirred under a N> atmosphere and reflux at a constant
temperature of 80°C for 2 h. The soil residue was suspended sequentially three times in
acidified methanol (pH=2, HCI) and shaken manually. Each extract was centrifuged for
20 min and the supernatant filtered and added to the KOH extract. Furthermore, the soil
residue was washed again but with a non-acidified methanol solution, and processed as
previously described. The combined extracts were then centrifuged, filtered, rotary
evaporated, and transferred to a separation funnel, in order to obtain an organic phase
(ORG3), a methanol phase (MeOH3) and an aqueous phase (AQU3). This involved adding
a total of 250 mL of dichloromethane, 20 mL of methanol, and 80 mL of H>O to the
separation funnel. The ORG3, MeOHS3, and AQU3 fractions were processed the same as
that previously described. The soil residue (RES3) was then dried at 40°C for 48 h.

Extraction with a 47 % HI in water solution

The last Humeomics SCF fraction was obtained by suspending 15 g of RES3 in a 20 mL
solution of 47 % HI in H20 using Teflon tubes, and a constant temperature of 77°C for 48 h
using an oven. After cooling, the extract was centrifuged for 20 min and filtered into a

plastic beaker. The soil residue was washed sequentially eleven times with 20 mL of H,O
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for 30 min at 130 rpm. Each extract was centrifuged for 20 min and the supernatant filtered
and added to the HI extract. However, approximately 200 mg of sodium carbonate was
added to the eleventh H2O extraction in order to increase the pH of the soil to above 5.
Sodium carbonate was added stepwise under stirring to the soil extract in the plastic
beaker until a pH of 7 was reached. The I, was neutralised with a stepwise addition of
sodium thiosulfate (pentahydrate) until a colour change from reddish brown to grey brown
was observed. Replicates 1 and 2 of AQU4 were dialysed prior to freeze-drying as
previously described. Replicate 3 of AQU4 was directly freeze-dried for subsequent
analysis of Piwt. The soil residue (RES4) was then dried at 40°C for at least 72 h.

Concentrations of total phosphorus in soil

Concentrations of Pyt in soil residues following each extraction step (UN, RESO, RES1,
RES2, RES3, and RES4) were determined using microwave acid digestion. Briefly, 200
mg of ground soil was digested in 3 mL of a 65 % nitric acid solution and 1 mL of a 37 %
hydrochloric acid using a turboWAVE® MRT microwave digestion system (MILESTONE
Srl, Sorisole, Italy) at 250°C for 35 min (Fioroto et al., 2017). The digest was then made
up to volume with H20 and subsequently analysed for P using the malachite green method
of Ohno and Zibilske (1991).

Concentrations of Py in the rotary evaporated fractions of the SCF were measured using
the aforementioned microwave acid digestion method, except about 100 mg of dried

material was digested in 2 mL of a 65 % nitric acid solution.

The proportion of Pt extracted by the Humeomics SCF procedure (PiotH) t0 Pt in the

untreated soil was calculated using Equation 1:

Piotn’ Prot,ur,mp (%) =

PorG11+PoRrRG21HPorG3TPaQuotPaQuitPaqu2tPaqustPaguatPpreEC1tPMeoH2tPMeoHs +100 (1)

Ptot,uT,MD

, Where Piot,ut,mp IS the total P concentration (mg P/kgsoi)) in the untreated soil, and Porci-
Pwmeons are the P concentrations (mg P/kgsoi) in the respective dried Humeomics SCF
extracts. The concentrations were determined using microwave acid digestion with

subsequent malachite green measurements of the diluted digests.

146



Chapter 4

NaOH-EDTA extractable phosphorus

Concentrations of NaOH-EDTA extractable P in the untreated soil (UT) and soil residues
following each extraction step (RESO, RES1, RES2, RES3, and RES4) were measured
using the method of Cade-Menun et al. (2002). The soil was extracted with 0.25 M NaOH
+ 0.05 M EDTA at a 1:10 soil-to-solution ratio for 16 h at 150 rpm. Soil extracts were
centrifuged for 15 min and filtered prior to analysis of Pt by ICP-OES, and molybdate
reactive P (MRP) by the malachite green method of Ohno and Zibilske (1991). The
difference between Pyt and MRP is MUP, and is considered to be largely organic P. An
aliquot of all NaOH-EDTA filtrate for Replicate 3 was frozen at -80°C and then freeze-dried
for NMR analysis.

The proportion of Pyt extracted by the Humeomics SCF procedure to Pyt measured in the
NaOH-EDTA extract of the untreated soil was calculated based on Equation 1, but by
replacing Pwtutmp With the measured Pt concentration in the NaOH-EDTA extract

(Ptot,ut.Nne, Mg P/Kgsoil).

The recovery (R) of Piwt extracted by the Humeomics SCF procedure with subsequent
NaOH-EDTA extraction of the final residue compared to Pt measured in the NaOH-EDTA

extract of the untreated soil was calculated using Equation 2:
R (%) =

Porg1+PoRrG2+PorG3TPaQuotPaQuitPaqu2tPaqustPagusatPprEC1TPMeoH2PMeoH3+Ptot RES4NE +100 (2)

Ptot,UT,NE

, Where Piotut e IS the total P concentration (mg P/kgsei) in the NaOH-EDTA extract of the
untreated soil, Porc1-Pveons are the P concentrations (mg P/kgsei) in the respective dried
Humeomics SCF extracts determined by microwave digestion, and Piotresane IS the total
P concentration (mg P/kgsoi) in the NaOH-EDTA extract of the final residue RES4.

Sample preparation for solution 3P NMR spectroscopy

Sample preparation of freeze-dried material for solution 1P NMR spectroscopy is similar
to that reported in Reusser et al. (2020a). Briefly, 40 mg (UT, RES1, and RES2) or 80 mg
(RESO, RES3, and RES4) of freeze-dried material was dissolved in 600 pL of NaOH-EDTA
solution. The solution was then shaken and allowed to rest for at least 2 h, prior to
centrifugation at 10000 rpm (10621 g) for 15 min. A 500 pL aliquot of the supernatant was

transferred to a 1.5 mL microcentrifuge tube, which was then spiked with a 25 pL aliquot
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of 0.03 M methylenediphosphonic acid (MDP) standard in D20, and a 25 pL aliquot of
sodium deuteroxide (NaOD) at 40 % (w/w) in D2O. The solution was then transferred to a

5 mm NMR tube for analysis.

Sample preparation of the AQUO, AQU1, AQU3, and AQU4 freeze-dried materials was
similar to that described above, except at a different material to solution ratio. The freeze-
dried material of AQUO was dissolved in 2 mL of NaOH-EDTA, and after centrifugation at
10000 rpm (10621 g) for 15 min, a 600 pL aliquot of the supernatant was transferred to a
1.5 mL microcentrifuge tube and spiked with 25 pL of MDP in D>O and 30 pL of NaOD.
The freeze-dried material of AQU2 still contained moisture due to its high ion content.
Briefly, a subsample of 40 mL was freeze-dried and dissolved in NaOH-EDTA to make a
final volume of 12 mL. Several different dilution factors and additions of NaOD were tested
but resulted in low-quality NMR spectra. Consequently, the concentrated ion solution was
removed using ultrafiltration with a 1 kDa cut-off at 5000 rpm for 20 min. This resulted in
an aliquot of 200 uL for the 1 kDa retentate, which was subsequently diluted with 550 pL
of NaOD and centrifuged. A 500 pL aliquot was transferred to a 1.5 mL microcentrifuge
tube and spiked with 25 pL of MDP, which then produced a high-quality NMR spectrum.
The freeze-dried material of AQU3 (80 mg) and AQU4 (120 mg) was dissolved in 600 pL
of NaOH-EDTA, and after centrifugation, a 500 pL aliquot of the supernatant was
transferred to a 1.5 mL microcentrifuge tube and spiked with 25 puL of MDP and 30 pL of

NaOD. All solutions were then transferred to a 5 mm NMR tube for analysis.

Sample preparation of the ORG1, ORG2, and ORG3 freeze-dried materials was similar to
that described above, except 750 pL of deuterated chloroform (CDCls) was used as the
dissolving agent. After centrifugation, a 500 pL aliquot was transferred to a 1.5 mL
microcentrifuge tube and spiked with 25 uL of a 0.03 M triphenylphosphate (TPP) in
CDCls. All solutions were then transferred to a 5 mm NMR tube for analysis.

Solution 3P NMR spectroscopy and processing of spectra

All solution 3P NMR analyses were carried out at the NMR facility of the Laboratory of
Inorganic Chemistry (Honggerberg, ETH Zurich). All samples were analysed using a
Bruker Avance Il HD 500 MHz NMR spectrometer equipped with a 5 mm liquid-state
Prodigy™ CryoProbe (Bruker Corporation; Billerica, MA). The 3'P frequency was set to
202.5 MHz with inverse gated broadband proton decoupling and 90° pulses (duration of
12 ps). The longitudinal relaxation time (T1) of each sample was assessed in advance by

an inversion recovery experiment. Detailed description of this experiment can be found in
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Reusser et al. (2020a). Recycle delays were then calculated by multiplying the longest T1
value of the inversion recovery experiment times by 5 in order to achieve a full recovery
(99.33 %) of point magnetisation (Claridge, 2016b). This resulted in recycle delays ranging
from 5 to 35 s for the NaOH-EDTA extracts and 5 to 14 s for the CDCIz extracts. An
average of 4096 scans for each NMR spectrum was acquired for the NaOH-EDTA and
CDClz extracts.

Solution %P NMR spectra were Fourier transformed, phase corrected, and baseline
adjusted using the TopSpin® software of Bruker (Version 4.1.0, Bruker Corporation;
Billerica, MA). Line broadening was set to 0.6 Hz for all spectra. Quantification of NMR
signal involved comparing the integral region of the added P standard (MDP or TPP) of
known P concentration, with all other NMR signals which are directly relative to each other.
Integral regions included: 1) phosphonates (& 19.9 to 13.3 ppm), 2) the combined
orthophosphate and phosphomonoester region (& 6.2 to 2.9 ppm), 3) phosphodiester
(6 2.81t0-2.0 ppm), 4) pyrophosphates (0 -4.8 to -5.5 ppm) and 4) polyphosphates (6 -17.1
to -20.6 ppm). Spectral deconvolution fitting (SDF) was applied to the orthophosphate and
phosphomonoester region due to overlapping NMR signals in this region, as described in
Reusser et al. (2020a). Peak assignments were based on spiking the extracts with
standard solutions of the respective Porg coOmpound and comparing the chemical shift with
reported values of known compounds (Doolette et al., 2009; Cade-Menun, 2015; Reusser
et al., 2020b).

The proportion of a specific P compound removed by the Humeomics SCF from the soill

residue (Premoved) Was calculated using Equation 3:

P conc. RESy — P conc.RESy4+1
P conc.RESy

Premovea (%) = *100 (3)

, where ‘P conc. RESy’ is the concentration of the respective P compound (mg P/kgsoil)
determined by NMR in the NaOH-EDTA extract of the soil residue before the Humeomics
SCF extraction step (RESx), and ‘P conc. RESx+1’ is the concentration of the respective P
compound (mg P/kgsoi) In the soil residue after the Humeomics SCF extraction step
(RESx+1).

Concentrations of total carbon and total nitrogen

Concentrations of total C and total N in the soil residues following each extraction step
(RESO, RES1, RES2, RES3, and RES4) were determined using combustion (vario PYRO
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cube®, Elementar Analysesysteme GmbH). About 5 mg of soil was weighed into tin folil
capsules, which were then placed into the C and N analyser.

Solid-state CPMAS *C NMR spectroscopy

All solid-state cross polarisation magic angle spinning (CPMAS) 13C NMR analyses were
carried out at the Interdepartmental Research Centre on NMR for the Environment, Agro-
food and New Materials (CERMANU) of the University of Naples Federico Il in Portici, Italy.
All samples were analysed using a Bruker Avance 300 MHz wide-bore NMR spectrometer
equipped with a CPMAS probe. Soil was packed into a 4 mm Zirconia rotor fitted with Kel-
F end-caps, which was spun at 13000 Hz. The 3C frequency was set to 75.47 MHz and
spectra were obtained using a ramped-amplitude CP pulse sequence, in which the H spin
lock power was varied linearly during the contact time. Each NMR spectrum was acquired

using a 1 ms contact time, a recycle delay of 2 s, and an average of 32000 scans.

Solid-state *C NMR spectra were Fourier transformed, phase corrected, and baseline
adjusted using the TopSpin® software of Bruker (Version 4.1.0, Bruker Corporation;
Billerica, MA). Line broadening was set to 200 Hz for all spectra. Integral regions were
measured and peak assignments were carried out according to Stevenson (1994) and
Spaccini et al. (2006). This included: 1) 0-50 ppm, alkyl-C (e.g. alkanes and fatty acids);
2) 50-85 ppm, C-0O and C—N in ethers, esters, carbohydrates and amines (e.g. amino acid-
peptide- and protein-C); 3) 85-105 ppm, aliphatic C-O (carbohydrates); 4) 105-160 ppm,
aromatic C with phenolic C between 150-160 ppm, and; 5) 160-200 ppm carbonyl-C.
Integral regions 1) and 4) are considered to represent mostly hydrophobic compounds,
whereas those of 2), 3), and 5) are considered mostly to comprise of hydrophilic
compounds (Spaccini et al., 2006). Furthermore, the alkyl-C region of 1) can also be
referred to the aliphatic region, whereas regions 2) and 3) are also known as the O-alkyl

region (Simpson and Simpson, 2017).

Statistical analyses and graphics

Calculations of replicate averages, standard deviations and correlation coefficients were
carried out using Microsoft® Excel 2016. One-way ANOVA with subsequent multi-
comparison of mean values were processed in MATLAB R2017a (©The MathWorks, Inc.).
The multi-comparison of means calculation was based on the Tukey’s honestly significant
difference procedure using the Studentised range distribution (Hochberg and Tamhane,

1987; Milliken and Johnson, 2009). All graphics of solution 3P NMR spectra were created
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in MATLAB R2017a. All solution 3P NMR spectra were normalised to the peak maximum
of the MDP peak. All other graphics, including solid-state 13C NMR spectra, were created
in Microsoft® Excel 2016.
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Results

Carbon

Concentrations of total carbon in soil Humeomics residues

The removal of carbonates with 0.1 M HCI caused a significant decrease in total soil C of
24 g C/kgsoil (15 %) (Table 1, Figure SI-2). Following this, the SCF procedure extracted on
average 48 % of the total C (Cit) when compared to the UT soil. The majority (44 %) of C
was removed by the BFz in methanol extraction. No significant differences in Cit were
found between RESO and RES1 (DCM/MeOH extraction) and between RES2 and RES3
(0.5 M KOH in methanol extraction). There was a significant increase in Ciot 0f 10 g C/kgsoi
from RES3 to RES4, following the 47 % HI in H2O extraction step and subsequent
neutralisation of soil acidity using sodium carbonate.

Chemical nature of carbon in soil Humeomics residues

The chemical nature of C in the UT soil and soil residues following each step of the SCF
procedure was assessed by solid-state CPMAS 3C NMR spectroscopy (Figure 2). There
was no difference in the chemical nature of C in the UT soil and the soil residue following
0.1 M HCI treatment (RES0). However, NMR signals in the alkyl-C region slightly
decreased following the DCM/MeOH treatment (RES1) compared to RESO. Most notably,
there was a large decrease of NMR signals in the alkyl-C region and the region
representing C-O and C—N bonds in ethers, esters, carbohydrates and amines following
the 12 % BF3 in methanol treatment (RES2) compared to RES1. The 12 % BFs in methanol
treatment also revealed the presence of a peak (& 50-60 ppm), which was assigned to N-
alkyl and methoxyl-C (Stevenson, 1994). Furthermore, the 12 % BF3 in methanol treatment
also removed some carbonyl-C (region 5) and aliphatic C-O (region 3), and N-alkyl,
methoxyl C and aliphatic C—O (region 2). The 0.5 M KOH in methanol treatment resulted
in a large decrease of NMR signals in the aliphatic C—O and N-alkyl, methoxyl C and
aliphatic C—O regions of RES3 compared to RES2. The chemical nature of C in RES4 was
largely hydrophobic alkyl-C (region 1) and aromatic C (region 4) following 47 % HI in H2O.
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Figure 2. Solid-state 12C cross polarisation magic angle spinning (CPMAS) NMR spectra on the
untreated soil (UT) and the soil residues (RESO, RES1, RES2, RES3, and RES4) after each step of
the Humeomics sequential chemical fractionation procedure. Chemical shift ranges of different C
species are separated by dotted lines and labelled with numbers: alkyl C (1), C—O and C-N in ethers,

esters, carbohydrates and amines (2), aliphatic C—O as in carbohydrates (3), aromatic C (4) and

carbonyl C (5).
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Phosphorus

Concentrations of total phosphorus in soil Humeomics extracts

The Humeomics SCF procedure extracted a total of 1158 mg P/kgsoi (Table SI-1 in the
supporting information), which accounted for 64 % of P in the Gleysol soil, as determined
by microwave acid digestion (Table 1). Furthermore, the SCF procedure extracted 69 %
of the total P pool determined in a single-step NaOH-EDTA extraction. Concentrations of
Pwt in each of the Humeomics extracts were low, except for the 47 % HI in H.O extract
(AQU4), which was 1040 mg P/kgsoi and comprised 90 % of extractable P by Humeomics
(Table SI-1). Negligible concentrations of P were present in the organic phases of

Humeomics extracts.

Table 1. Concentrations of total P (Pwt) as measured by HNOs-HCI microwave digestion; Ptwt, organic P
(Porg) and inorganic P (Pinorg) in 0.25 M NaOH + 0.05 M EDTA extracts; total C (Ctot) and total N (Ntot) as

measured by combustion. Standard deviations of n=3 replicates are shown in brackets.

Measure uT RESO RES1 RES?2 RES3 RES4
Pot digestion 1796 1579 1561 995 934 437
(Mg P/Kgsoit) (43) (28) (33) (105) (40) (60)
Ptot NaOH-EDTA extract 1682 1518 1555 648 661 621
(Mg P/Kgsoit) - - (44) (35) (80) (14)
Porg NaOH-EDTA extract 972 829 865 450 450 462
(Mg P/kgsoit) - - (50) (24) (53) (5)
Pinorg NaOH-EDTA extract 709 689 690 199 211 160
(mg P/Kgsoit) - - (10) (19) (28) )
Crot (g C/kgsoil) 159 134 131 73 70 80

(0.4) (0.9) (0.6) (3.9) (1.6) (0.9)
Niot (g N/Kgsoil) 11 9 10 5 5 3

(0.1) (0.1) (0.1) (0.4) (0.1) 0.2)
Cuot : Porg (-) 163 162 149 172 151 175
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Chemical nature of phosphorus in soil Humeomics extracts

Solution 3P NMR spectroscopy revealed that the majority of P in soil Humeomics extracts
occurred as orthophosphate in the aqueous phases of the 12 % BFs in methanol (AQU2)
and 47 % HI in H20 (AQU4) extracts (Table SI-1 and Figure SI-3), which comprised more
than 90 % of extractable P by Humeomics. In general, phosphomonoesters were the
dominant pool of organic P in Humeomics extracts, particularly in the aqueous phases of
0.5 M HCI (AQUO) and 47 % HI in HoO (AQUA4) extracts, albeit at low concentrations
(<5 mg P/kgsoi). Several sharp (and broad) unidentified signals were present in the

phosphomonoester region across all aqueous phases.

Concentrations of phosphorus pools in soil Humeomics residues

In total, 1359 mg P/kgsoil Of Ptot in soil was removed by the Humeomics sequential chemical
fractionation procedure, resulting in 76 % of Py in the untreated soil (Table 1). Most P was
extracted by the 12 % BF3 solution, leading to a decrease of the Pt concentrations in the
soil residues of 36 % (Table 1). Another significant pool of P (on average 497 mg P/kgsoi)
was removed by the 47 % HI extraction. In contrast, the other Humeomics extraction steps
did not decrease the Py contents in the soil residues in a significant amount except for the
HCIl removal of carbonates (Figure SI-5). The remaining soil residue RES4 contained 24 %
of Pwt in the untreated soil. In summary, 118 % of Py could be extracted with the
Humeomics sequential fractionation method with subsequent NaOH-EDTA extraction of
RES4 compared to a single-step NaOH-EDTA extraction.

Similar to the P results, the 12 % BF3 extraction led to a significant decrease of the
NaOH-EDTA extractable P pool of 58 % (Table 1, Figure SI-6). This decrease was more
pronounced for Pinorg, With @ reduction of 71 % (on average 491 mg P/kgseil), compared to
Porg, With a reduction of 48 % (on average 415 mg P/kgsoi). Consequently, the proportion
of Porg to total NaOH-EDTA extractable P increased from 58 % in the untreated soil to 74 %
in RES4 after the Humeomics sequential extraction method. In addition, slightly more Porg

was extracted in RES4 compared to RESS3.

Chemical nature of phosphorus in soil Humeomics residues

The chemical nature of P in the UT soil and soil residues following each step of the
Humeomics SCF procedure was assessed by solution 3P NMR spectroscopy on NaOH-

EDTA extracts (Figure 3). The whole spectra of UT and RES4 as well as a detailed peak
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assignment in the combined phosphomonoester and orthophosphate region can be found
in Figures SI-7. SI-8 and SI-9.

In general, most P was detected in the combined ortho-P + phosphomonoester region,
followed by phosphodiesters and pyrophosphates (Table 2). Phosphonates and
polyphosphates were only measured in trace amounts. The phosphomonoester region
comprised of the dominant ortho-P peak, of on average 1.5 underlying broad signals and
31 sharp peaks. The 0.5 M KOH extraction resulted in an increase of detectable sharp
peaks in the phosphomonoester region of the soil residues, i.e. from 24 sharp peaks in
RES2 to 39 resp. 40 in RES3 resp. RES4. The distribution of specific P compounds along

the Humeomics fractions are presented in the following sections in more detail.

Untreated soil

The majority of P in the untreated soil was present in the form of orthophosphate (46 % of
Pwt), inositol phosphates (22 % of Piw) and one underlying broad signal in the
phosphomonoester region (19 % of Piwt). The remaining 13 % of Pt as measured by NMR
included forms of phosphodiesters, other phosphomonoesters, pyrophosphates,

polyphosphates and phosphonates.

The most abundant form of IP was the myo-isomer of IPs (51 % of total IP). In addition, the

two inositol pentakisphosphates myo-(1,2,4,5,6)-IPs and scyllo-IPs were detected.

0.1 M HCI extraction

The extraction with 0.1 M HCI did not cause a considerable change of the P composition
in the NMR spectrum on the soil residue RES0. However, regarding concentrations, 3 %
of the unresolved Porg pool and 27 % of the total IP pool were apparently removed by the
0.1 M HCI extraction.

Dichloromethane-methanol extraction

Similar to the previous extraction step, the organic solvent extraction did not cause a
considerable change of the P composition, except that 20 % of the unresolved Porg pool
was removed. The remaining unresolved Porg pool was represented by two instead of one
underlying broad signal in the phosphomonoester region of RES 1. In contrast to this pool,
the organic solvent extraction resulted in a higher NaOH-EDTA extractability of IP and

phosphodiesters in RES1.
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12 % BF3 extraction

The 12 % BF3 extraction did not only remove most of P from the soil, but also markedly
changed the molecular composition of the remaining P pool in the residue RES2.
Compared to RES1, 71 % of orthophosphate, 35 % of the unresolved Porg pool, 87 % of
IP, and 80 % of phosphodiesters were removed by the 12 % BF3 extractant. Furthermore,

pyrophosphates were completely removed.

This extraction step gave rise to a sharp peak at & 4.79 ppm, which was attributed to
glucose-6-phosphate based on spiking the AQU3 extract with a standard solution.
Contrasting to all other P compounds, the concentration of glucose-6-phosphate increased
markedly (4-times) in the NaOH-EDTA extract of RES2 compared to RES1.

0.5 M KOH extraction

The subsequent 0.5 M KOH extraction caused again a 26 % decrease of the unresolved
Porg pool represented by one underlying broad signal in the phosphomonoester region of
RES3. However, the extraction did not much affect myo-IPe but decreased the scyllo-IPs
concentration by 40 % compared to RES2. This decrease was in line with the
reappearance of myo-(1,2,4,5,6)-1Ps and a major increase of scyllo-IPs by 250 % in the
NaOH-EDTA extract of RES3.

47 % HI extraction and residual fraction

Only 31 % of the unresolved Porg pool was left in the residual soil RES4 of the Humeomics
SCF procedure compared to the untreated soil. This unresolved Porg pool was represented
by two underlying broad signals in the phosphomonoester region of the NMR extract on
the residual fraction.

The last Humeomics extraction step caused a large increase of the NaOH-EDTA
extractable IP pool. All four isomers of IPs were again detected in the last residue. In
summary, an additional pool of 172 mg P/kgseil IP could be extracted compared to RES3,
with the total IP pool in RES4 comprising 45 % of P analysed by NMR. The dominance
of IP in the residual soil after the Humeomics SCF can also be seen in the NMR spectra
of RES4 in Figure 3. A plethora of sharp peaks in the phosphomonoester region were
detected (40), half of them were assigned to different IP isomers and conformations. It was
possible to distinguish the peaks of the 2-equatorial-4-axial and 4-equatorial-2-axial

conformation of D-chiro-1Ps as well as the ones of the 2-equatorial-4-axial and 4-equatorial-

157



Chapter 4

2-axial conformations of neo-IPs (Figure SI-9). All increases in the NaOH-EDTA
extractable IP add up to 223 mg P/kgsoi. Therefore, at least 71 % more IP could be

extracted by Humeomics compared to a single-step NaOH-EDTA extraction (UT).

Phosphodiesters were almost completely removed following the Humeomics SCF. Two
pools of phosphodiesters can be distinguished: one extracted with 12 % BF3
(52 mg P/kgsei) and one extracted with 47 % HI (12 mg P/Kgsoi)-
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Figure 3. Solution 3P NMR spectra (500 MHz) of the orthophosphate and phosphomonoester

region on 0.25 M NaOH + 0.05 M EDTA Humeomics soil residues extracts. Signal intensities were

normalised to the MDP peak intensity. The vertical axes were increased for improved visibility of
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spectral features, as indicated by a factor. The asterisks mark the four individual peaks of myo-IPs,

the ‘+’ the peak of scyllo-IPs, the ‘o’ the orthophosphate peak and the symbol ‘0’ the two peaks of
a- and B-glycerophosphate.
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Table 2. Concentrations (mg P/kgsoi) of phosphonates, orthophosphate (ortho-P), the sum of all inositol
phosphates (inositol-P) with a detailed list of all identified IP isomers below, a- and B-glycerophosphate
(glycerol-P), broad peaks, other phosphomonoester (P-monoester), phosphodiester (P-diester),
pyrophosphates (pyro-P), polyphosphates (poly-P) and total P (Pwt) measured in solution 3P NMR
spectra of 0.25 M NaOH + 0.05 M EDTA soil residues of the Humeomics fractionation procedure.
Quantification was based on spectral integration, deconvolution fitting and the relative proportion to the

peak of the added MDP standard of known concentration.

P-class uT RESO RES1 RES2 RES3 RES4
Phosphonates 2 3 2 2 2 1
Ortho-P 642 630 597 173 164 100
Total Inositol-P 312 229 275 35 40 212
myo-IPs 159 119 139 11 10 93
scyllo-IPs 70 58 57 20 12 54
neo-IPs 38 31 27 0 0 13
D-chiro-IPs 26 10 37 0 0 15
myo-(1,2,4,5,6)-IPs 12 8 8 0 9 22
scyllo-1Ps 7 5 7 4 10 14
Glycero-P 33 35 20 19 21 0
Broad peaks 272 263 211 138 102 83
Glucose-6-P 4 4 5 20 21 0
Other P-monoester 39 32 48 26 38 76
P-diester 49 51 65 13 13 1
Pyro-P 43 37 38 0 1 0
Poly-P 4 0 0 0 0 0
Ptot NMR 1400 1283 1262 427 402 473
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Discussion

Carbon content and speciation in different SOM fractions

About half of the C present in the soil was removed by the Humeomics SCF procedure,
suggesting a close association of this C pool with the SOM suprastructure. Similar to our
findings, Drosos et al. (2017) found that the organo- and hydrosoluble fractions of the 12 %
BFs transesterification process contained most of the extracted C of an agricultural sandy
loam soil classified as Typic Ustifluvent (Piccolo, 2012). The authors reported intense O-
alkyl signals and high abundance of fatty acids and sugars with minor amounts of phenolic
acids, imines, esters, dicarboxylic acids and hydroxyacids in the ORG2 fraction. Equally
to ORGZ2, the AQU2 fraction of their study showed intense signals in the O-alkyl region
indicating an abundance of hydroxyl- and methoxyl-rich molecules and minor amounts of
alkyl-C and aromatic-C (Drosos et al., 2017). The 13C CPMAS NMR results on the soil
residues of this study indicate that mostly O-alkyl rich compounds as carbohydrates but
also alkyl-C rich compounds were extracted by cleavage of weak ester bonds.
Furthermore, methoxyl-C compounds appear to be less abundant in the ORG2 + AQU2
fraction compared to the results of Drosos et al. (2017) because of their enrichment in
RES2.

Interestingly, the Gleysol did not contain significant amounts of unbound C. In contrast,
Nebbioso and Piccolo (2011) detected most C of a humic acid from a volcanic soil in the
unbound fraction ORG1, containing the largest pool of measured hydrocarbons, fatty acids
and hydroxyacids. In contrast to the volcanic solil, our results indicate that most organic
molecules present in the peaty soil of this study are either part of a larger
association/bound to the mineral phase or are rapidly biodegraded/incorporated when
unbound. Furthermore, strong ester bonds and ether bonds appear to be rather irrelevant
for the assembling of organic molecules in the SOM suprastructure of our soil. These
results are in agreement with Nebbioso and Piccolo (2011), who found that only 0.9 % of
the original humic acid weight was extracted with the strongly-bound fraction. The
organosoluble and hydrosoluble molecules after methanolic hydrolysis (strongly-bound
ester fraction) accounted for 2.4 % of total SOM solubilised by Humeomics (Drosos et al.,
2017). An explanation for the negligible effect of the KOH in methanol extraction could be
that the released OH-ions reacted with the soil buffer system, i.e. exchangeable AI3*
(Blume et al., 2009), before reacting with the SOM. Hence, the catalysis capacity for the

methanolic hydrolysis could have been reduced.
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The soil residue after the Humeomics procedure still contained 8 % C. However, there was
a slight increase in Cit from RES3 to RES4, possibly due to the addition of sodium
carbonate to the soil residue in order to increase the pH or due to residues of methanol.
Drosos et al. (2017) reported that 37.4 % of total soil organic C was left in the residue after
the Humeomics fractionation procedure. The SOM in this unextracted pool is assumed to
be closely associated to the soil mineral matrix and consist of alkyl structures (Spaccini et
al., 2006; Drosos et al., 2017). These hydrophobic components are thought to be of great
importance in the stabilisation of SOM due to entropy driven separation from the soil
solution (Spaccini et al., 2006) and adsorption to aluminosilicate surfaces (Kleber et al.,
2007; Drosos et al., 2017). The general increase of the relative amount of alkyl-C during
biodegradation as part of the ‘persistent SOM is well known (Kdgel-Knabner, 1997;
Simpson and Simpson, 2017). Kégel-Knabner et al. (1992) found an accumulation of rigid
alkyl C moieties in forest SOM but attributed it to an increase in cross-linking during the
humification process. Hence, our findings on the dominance of hydrophobic alkyl-C and
aromatic-C in the non-extracted SOM pool agree well with previous studies on the

‘persistent’ SOM pool.

In summary, approximately half of C in our soil appears to be associated with the SOM

suprastructure and the other half with the soil mineral phase.

Extractability of P using the Humeomics SCF procedure of SOM

Overall, the Humeomics sequential fractionation procedure with subsequent NaOH-EDTA
extraction of the final soil residue recovered about 118 % of Piw: when compared to a
single-step NaOH-EDTA extraction of the UT soil. This could be due to the sequential
‘decoating’ of the SOM suprastructure by Humeomics and the resulting enhanced
accessibility of P compounds for the NaOH-EDTA extractant. Especially hydrophobic
domains separating the SOM suprastructure from the soil solution were removed by the
DCM/MeOH extraction (Spaccini et al., 2006; Nebbioso et al., 2015), presumably leading
to better extractability of incorporated P by the aqueous NaOH-EDTA solution.

Analysis of the different extracts and residues revealed that 66 % of Pyt was extracted
using the 12 %BF3 in methanol solution, which is attributed to the fraction associated with
the SOM suprastructure through weak ester bonds (Nebbioso and Piccolo, 2011).
However, not all of the extracted P was recovered in the extracts, mostly due to losses in
the preparation process of the extracts for total microwave digestion. This was mostly the

case for the 12 % BF3 extraction, where the NaOH-EDTA extractable Piw: in the soil
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residues decreased by 907 mg P/kgsoi, but only 99 mg P/kgsoi were measured by
microwave digestion in the respective extracts combined. Especially AQU2 was difficult to
freeze-dry and quantitatively measure due to the high ion content. Only removal of the
<1 kDa fraction allowed for solution 3P NMR spectroscopic analysis, which revealed that
279 mg P/kgsoi was present in the AQU2 extract. Therefore, we assume that
concentrations of Pyt especially in the AQU2 extract are underestimated and quantitative
evaluation of the extractability of P compounds using Humeomics should rather be based

on the differences in the soil residues in this study.

Associations of phosphorus species with SOM fractions

The findings of this study suggest that not only the total content of P associated with SOM
varies between SOM pools but also the composition of P. So far, most studies on ratios of
soil C to P focus on total Porg concentrations and do not investigate the Porg cOmposition
(John et al., 1965; Neptune et al., 1975; Goh and Williams, 1982; Stevenson, 1986). The
average C:Porg ratio in this study was 162 and therefore in range of SOM ratios reported
by various studies (Goh and Williams, 1982; Stevenson, 1986; Tipping et al., 2016).

The findings of our study are summarised in Figure 4. The summary is based on the
solution 31P NMR spectroscopy results of the Humeomics SCF soil residues and shows
the distribution of different Porg compounds within the fractions as well as their relative
abundance. The first fraction ‘cation-complexed water soluble’ represents Porg removed by
the HCI washing step, which is not bound to the SOM suprastructure but presumably free
in soil solution, complexed with cations i.e. Ca and/or adsorbed to surfaces of calcite (Celi
et al., 2000). The second fraction ‘unbound organo soluble’ consists of Pog cOmpounds
that are soluble in organic solvents (i. e. DCM/MeOH), such as phospholipids. These
compounds are either free or associated by weak dispersive forces (Piccolo et al., 2019).
According to Nebbioso and Piccolo (2011), the SOM suprastructure is differentiated by the
different bonding types based on the applied extraction methods: weakly ester-bound
(12 % BFs3), strongly ester-bound (0.5 M KOH) and ether-bound (47 % HI). Furthermore,
the summary includes Pog in the final residue, which is assumed to represent SOM

associated with the mineral phase (Nebbioso and Piccolo, 2011).
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associated with unbound SOM suprastructure
mineral phase organo-soluble
weakly
ester-
bound
cation-complexed strongly
water soluble ester-
bound
ether-
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# unresolved Porg minositol phosphates m glycerophosphates glucose-6-phosphate
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Figure 4. Summary of soil organic P extracted with the Humeomics sequential extraction procedure of
the SOM suprastructure and in the residual fraction (associated with mineral phase). The fractions
include: 0.1 M HCI extraction (water soluble and/or cation-complexed Porg), DCM/MeOH extraction
(unbound organo-soluble Porg), 12 % BFs extraction (weakly ester-bound Porg), 0.5 M KOH extraction
(strongly ester-bound Porg) and 47 % HI extraction (ether-bound Porg). The quantitative pie charts are
based on 3P NMR results of the NaOH-EDTA extracts of soil residues after each Humeomics sequential
extraction step (Table 2). Percentages indicate the proportion of Porg removed with the respective
fraction compared to total removed Porg values as measured by 3P NMR spectroscopy. The arrows

represent possible exchange/transformation mechanisms between the different pools.
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Unresolved Porg pool

Our results provide further evidence that the unresolved Porg pool is not comprised of a
single, large polymeric structure with C—C bonds and phosphate as functional groups but
mainly as part of the SOM associations of smaller, recognisable molecules. The
associations of these unresolved Pog molecules with other organic molecules of the SOM
would result in the apparent high molecular size reported by Jarosch et al. (2015); McLaren
et al. (2015b) and McLaren et al. (2019). The phosphate containing molecules causing the
broad signals are mostly associated with the SOM through weak and strong ester linkages
(40 %) as defined by Nebbioso and Piccolo (2011). However, the extraction with KOH in
methanol could also have caused a ligand exchange with phosphate groups bound to the
mineral phase, hence additionally extracting unresolved Pog molecules associated with
the soil mineral phase. This effect needs to be further investigated on model compounds

containing Porg adsorbed to mineral surfaces.

The close association with the SOM structure could result in the described resistance of
the unresolved Pog pool to enzymatic hydrolysis (Jarosch et al., 2015) and chemical
stability (Reusser et al., 2020b), because the accessibility is limited due to the hydrophobic
nature and complex structure of these associations, possibly hindering microbial attack
(Schmidt et al., 2011).

A smaller proportion of the unresolved Pog pool (unbound fraction) appears to be free or
part of associations held together only by weak dispersive forces (22 %). Another part
(30 %) is still present in the SOM pool associated with the soil mineral phase. It is not
known whether this remaining unresolved Porg pool exhibits a polymeric structure or not.
Nebbioso et al. (2015) found an enrichment of aromatic compounds in this residual
fraction. Similarly, Drosos et al. (2017) reported that the SOM fraction associated with the
mineral phase consisted of mostly oxygen and nitrogen heterocyclic compounds, benzoic
acids, and esters. The authors proposed that in this fraction, alkyl apolar components
assemble by hydrophobic dispersive forces into larger size aggregates. These findings
would rather not support the model of a macropolymeric structure of the unresolved Porg

pool in the final residue.

McLaren et al. (2019) and Reusser et al. (2020b) found that the underlying broad peaks in
the phosphomonoester region are not comprised of a range of sharper signals arising from
IP. This study provides further evidence that the broad peaks represent one or several

separate, unresolved Porg pools, as the continuous decrease of these compounds in the
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NaOH-EDTA extracts by subsequent decoating of the SOM suprastructure is decoupled
from the extractability trend of the IP and other phosphomonoesters.

Inositol phosphates

Two major pools of IP have been identified: the first pool being closely associated with the
SOM and the second pool with the soil mineral phase. The association of IP with the SOM
suprastructure would explain the occurrence of IP high molecular weight material (Moyer
and Thomas, 1970; Veinot and Thomas, 1972; Borie et al., 1989).

The extractability of IP could be markedly enhanced using the Humeomics SCF with
results indicating that only 58 % of the total IP pool in soil can be extracted using a single-
step NaOH-EDTA extraction. Furthermore, we assume that many sharp peaks in the
phosphomonoester region of RES4 could be attributed to unknown IP based on a
hypobromite oxidation study of the same soil (Reusser et al., 2020b), resulting in an even
higher total IP pool in the investigated soil. Previous studies on quantitative analysis of IP
using NMR were mostly based on a single alkaline extraction step (Turner et al., 2003c;
Turner and Richardson, 2004; McLaren et al., 2019; Reusser et al., 2020a). The findings
of our study imply that especially the IP pool associated with the mineral phase of some

soils has been underestimated using a single-step NaOH-EDTA extraction.

Drosos et al. (2017) suggested that stabilisation of the SOM pool associated with the
mineral phase should also be attributed to complex formation between oxygen-containing
hydrophilic groups and mineral iron. The phosphate groups of IP would fulfil these
requirements and serve as important anchor molecules between the soil mineral phase
and SOM. Furthermore, IP are well known for their adsorption affinity to minerals and
organic matter (Cosgrove and Irving, 1980; Ognalaga et al., 1994). Hence, the high
abundance of IP in the final residue could be due to IP released from the soil mineral phase
through acidic hydrolysis by HI.

Tipping et al. (2016) reported that P contributes 3 % to the total mass of ‘nutrient rich’ SOM
(according to their mixing-model), which is stabilised by sorption to the mineral phase. The
authors suggested that specific molecules as myo-1Ps are possibly selectively incorporated
into this SOM pool because of their strong sorption capacity. Our findings are in agreement
with the suggestion of the authors that myo-IPs is the most prevalent form in the SOM

fraction associated with the mineral phase. Moreover, our study provides evidence that not
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only myo-1Ps but also other IP forms and phosphomonoesters could play a role in
stabilising the SOM pool.

The significant reduction of IP in the transesterification process with BFs is assumed to
result mainly from breaking weak ester bonds between the SOM and organic molecules
associated with the phosphate groups of IP and not from breaking the ester bond between
the phosphate groups and the inositol ring itself. The reason for this assumption is that the
phosphate ester linkage of IP is considered to be quite stable with slow chemical hydrolysis
in acidic media (Turner et al., 2002). However, no IP has been recovered in the AQU2
fraction. Therefore, we suggest to test the effect of the BFs catalysed transesterification on

pure IP standards as well as on soils containing a known concentration of IP.

Other P species

Glycerophosphates are hydrolysis products of phospholipids e.g. phosphatidylcholine
(Doolette et al., 2009) as part of cell membranes (Strickland, 1973). Therefore, we can
assume that the original phospholipids in the investigated soil were either unbound, part
of the microbial biomass or completely liberated by breaking the ether bonds of the SOM
structure through acidic hydrolysis. The removal of phospholipids in the unbound fraction
appears to be coupled with the removal of alkyl-C as in fatty acids (Stevenson, 1994).
However, the observed removal of phospholipids in the last residue was not coupled with
a decrease in alkyl-C. Hence, phospholipids appear to be less important in the stabilisation

of the SOM structure compared to IP, despite their hydrophobic character.

Most of the phosphodiesters in the NaOH-EDTA residues extracts are present in form of
DNA (Makarov et al., 2002). The removal of the hydrophobic unbound fraction resulted in
an increase of 133 % of the NaOH-EDTA extractable phosphodiester pool compared to
the untreated soil. The reason for this could be the better accessibility of DNA by the
alkaline extractant. In contrast to glucose-6-phosphate and phospholipids, the subsequent
transesterification process resulted in a significant decrease of the DNA pool in the soll
residue, suggesting an association of DNA with the SOM structure. However, similar to
phospholipids and glucose-6-phosphate, almost no DNA was extracted from the SOM pool
associated with the mineral phase. These results are consistent with findings of Nebbioso
et al. (2015), who reported that plant-derived acids remained in the SOM associated with
the mineral phase rather than microbial metabolites. Furthermore, Drosos et al. (2017)
showed that the majority of lipids in the stable fraction was derived from plant polyesters

rather than from microbial activity. Our results indicate that metabolites and degradation
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products of the microbial biomass could be more abundant in the SOM structure compared
to the SOM pool associated with the mineral phase. These findings partially contradict
Kirkby et al. (2011), who proposed that the stable SOM pool is comprised of microbial
detritus due to similar stoichiometries. The authors identified microbial biomass as an
immediate precursor of stable SOM. However, the effect of the 12 % BFz extraction on
phosphodiesters needs further investigation in order to calculate the proportion of
phosphodiesters destroyed by the extractant to the proportion liberated from the SOM

structure.

In summary, we identified weak ester bonds as the main bonding type in P-SOM
associations. Further research is needed to investigate the formation and transformation
processes of these P-SOM associations in soils of diverse SOM and Pog cOmposition.
Furthermore, the effects of the Humeomics SCF steps on standard Porg cOmpounds should
be tested in order to rule out any extraction artefacts. Especially the transesterification
process catalysed by BFs needs further investigation. The large amount of orthophosphate
with the concomitant absence of Pog compounds in AQU2 could indicate that the Porg
compounds themselves were transesterified, i.e. the bond between the phosphate group
and the organic molecule being broken. The proportion of Porg compounds destroyed by
the BFs extraction needs to be evaluated in order to assess the proportion of Porg actually

liberated from the SOM suprastructure.

Implications on SOM models

The SOM pool associated with the mineral phase of this study is comparable to SOM
adsorbed to the mineral surfaces in the soil continuum model of Lehmann and Kleber
(2015). In contrast to the proposed soil continuum model of Lehmann and Kleber (2015),
our mineral associated SOM fraction includes small organic molecules containing P, i.e.
IP, which directly originate from plant and animal residues and are of high abundance in
the Porg pool. Therefore, not only large biopolymers from plant and animal residues source
the SOM pool and more attention should be drawn on specific molecules, e.g. IP, which

could function as anchor in the SOM stabilisation process (Tipping et al., 2016).
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Conclusions

The combination of the Humeomics SOM fractionation procedure with solution 3P NMR
spectroscopy revealed that the most abundant form of Porg in soil, the unresolved pool, is
associated with the SOM structure, mainly through ester and ether bonds. The subsequent
decrease of this unresolved Pog pool with the SOM fractionation advances our
understanding of its chemical nature away from the macropolymeric theory and more
towards an association point of view. Furthermore, our findings indicate that especially the
pool of IP in soil is underestimated using a single-step NaOH-EDTA extraction for soil Porg
determination. These relatively stable Por,y compounds dominated the residual fraction of
the Humeomics SOM fractionation procedure, which represents SOM associated with the
mineral phase. However, the effects of the Humeomics extractants on individual Porg

compounds need further investigation.

The improved knowledge on the chemical nature of the unresolved Poq pool as well as the
revelation of the bonding types of diverse P compounds with the SOM will impact our

understanding of P cycling, transformation and stabilisation processes in soils.
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Supporting information

Tri-glycerides |ci @o,—G—)BFa
CH;—O0—C——R4 <||
o CH,—O0——C——R;4
| i
CH—O0—C—R; BF; ”
o —®» CcH—O0—C —R;

| 0
CHy—O—C—R; “
CHZ_O_C_Rg

Di-glycerides

fatty acid methyl ester
v Y CH,—O—H

o}

Ri—C—O0—CH; +

e}

CH—O0—C—R, + BF;

e}

CH,—O0—C—R;

methanol

HsC——O0—H
_—

O/BF3
CH —O—C|:—O—CH3
\ﬁﬁ
O

CH—o—c—Rz

o}

CH;—O0—C—R3

proton transfer

io\_/@BFg
c:|-|2—®o—c|:—o—cn-|3
Jl
(e}
|
CH—O—C—R;
(o}
I

Figure SI-1. Transesterification reaction mechanism modified from Thangarasu and Anand (2019). This

example illustrates the BFs catalysed transesterification of tri-glycerides to di-glycerides using methanol.

lllustrated using ChemDraw Professional 17.0 PerkinElmer Inc.

170



Chapter 4

180

160

140 B B

120

100

Ciot (8 C/kg soil)

——

60

40

20

uT RESO RES1 RES2 RES3 RES4

Figure SI-2. Total C concentrations in the soil residues of the Humeomics fractionation procedure in g
C per kg soil. Error bars denote standard deviation of n=3 replicates, letters indicate significant
differences of means determined with a one-way ANOVA and Tukey’s honestly significant difference
procedure (p<0.0001). For RES4, sodium carbonate has been added to the soil residue in order to
increase the pH.
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Figure SI-3. Solution 3P NMR spectra (500 MHz) of the orthophosphate and phosphomonoester

region on 0.25 M NaOH + 0.05 M EDTA Humeomics aqueous extracts. Signal intensities were
normalised to the MDP peak intensity. The vertical axes were increased for improved visibility of
spectral features, as indicated by a factor. The ‘e’ marks the orthophosphate peak, the arrows the

peak of glucose-6-phosphate and the symbol ‘0’ the two peaks of a- and B-glycerophosphate.
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Figure SI-4. Solution 3P NMR spectra (500 MHz) of the CDCls Humeomics ORG extracts. The
added triphenylphosphate standard (TPP) is marked. Signal intensities were normalised to the TPP
peak intensity. The vertical axes were increased for improved visibility of spectral features, as

indicated by a factor.
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Table SI-1. Concentrations (mg P/kgsei) of phosphonates, orthophosphate (ortho-P), inositol
phosphates (inositol-P), a- and p-glycerophosphate (glycerol-P), broad peaks, other phosphomonoester
(other P-monoester), phosphodiester (P-diester), pyrophosphates (pyro-P), polyphosphates (poly-P)
and total P (Pwt) measured in solution 3P NMR spectra of redissolved Humeomics extract, either
redissolved in 0.25 M NaOH + 0.05M EDTA (aqueous extracts AQUO-4) or in CDCIs (organic solvents
extracts ORG1-3). Quantification was based on spectral integration of regions with NMR signals, and
spectral deconvolution fitting of the phosphomonoester region. Concentrations of total P (Pwt) as

measured by microwave acid digestion.

P-class AQUO  AQU2 AQU3 AQU4 ORGL1 ORG2 ORG3
Phosphonates 0.0 0.0 1.2 4.7 0.0 0.0 0.0
Ortho-P 00 2735 2.0 533.6 0.0 0.0 0.0
Inositol-P 0.0 0.0 0.0 0.7 0.0 0.0 0.0
Glycero-P 0.0 0.0 0.0 11.7 0.0 0.0 0.0
Broad peaks 0.0 0.0 0.7 29.6 0.0 0.0 0.0
Glucose-6-P 0.0 11 05 0.0 0.0 0.0 0.0
Other P- 21.1 0.0 0.6 15.1 0.0 0.0 0.0
monoester

P-diester 0.0 11 16 0.0 0.0 0.0 0.3
P-triester 0.0 3.1 0.0 0.0 0.0 0.0 0.0
Pyro-P 0.0 0.0 0.0 0.0 0.0 0.0 0.02
Poly-P 0.0 0.0 0.0 0.0 0.3 0.1 0.2
Prot NMR 211 2788 6.5 595.4 0.3 0.1 05
Puot digestion 117 715 6.3 1039.9 0.8 16 0.0
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Figure SI-5. Total P concentrations in the soil residues of the Humeomics fractionation procedure in mg
P per kg soil (microwave digestion). Error bars denote standard deviation of n=3 replicates, letters
indicate significant differences of means determined with a one-way ANOVA and Tukey’s honestly
significant difference procedure (p<0.0001).
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Figure SI-6. Organic and inorganic (shaded) P concentrations in 0.25 M NaOH + 0.05 M EDTA extracts
of the Humeomics soil residues. Error bars denote standard deviation of n=3 replicates (RES4 n=2).
Letters indicate significant differences of means determined with a one-way ANOVA and Tukey’s

honestly significant difference procedure (p<0.0001).
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Figure SI-7. Solution 3P NMR spectra (500 MHz) of 0.25 M NaOH + 0.05 M EDTA extracts of the
untreated soil (above) and the residual soil RES4 after the Humeomics sequential chemical
fractionation procedure (below). Signal intensities were normalised to 0.085-times the MDP peak
intensity. The following chemical shift regions are highlighted: phosphonates (6 19.9 to 13.3 ppm),
the combined orthophosphate and phosphomonoester region (5 6.2 to 2.9 ppm), phosphodiester (&
2.8 to -2.0 ppm), pyrophosphates (o -4.8 to -5.5 ppm) and polyphosphates (0 -17.1 to -20.6 ppm).
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Figure SI-8. Solution 3P NMR spectra (500 MHz) of the orthophosphate and phosphomonoester region
on the 0.25 M NaOH + 0.05 M EDTA extract of the untreated soil. Signal intensities were normalised to
0.085-times the MDP peak intensity. The *’ mark the four individual peaks of myo-IPs, the ‘+’ the peak
of scyllo-IPs, the ‘@’ the orthophosphate peak, the symbol ‘0’ the two peaks of a- and B-glycerophosphate
and the arrow the peak of glucose-6-phosphate. Furthermore, the following peaks are marked: 4-eq-2-
ax neo-IPs (N1), 2-eg-4-ax neo-IPs (N2), 2-eq-4-ax chiro-IPs (C1), myo-(1,2,4,5,6)-IPs (M), scyllo-IPs (S)

and RNA mononucleotides (R).
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Figure SI-9. Solution 3P NMR spectra (500 MHz) of the orthophosphate and phosphomonoester region
on the 0.25 M NaOH + 0.05 M EDTA extract of the final soil residue RES4 after the Humeomics
sequential chemical fractionation procedure. Signal intensities were normalised to 0.032-times the MDP
peak intensity. The *’ mark the four individual peaks of myo-IPs, the ‘+’ the peak of scyllo-IPs and the ‘e’
the orthophosphate peak. Furthermore, the following peaks are marked: 4-eq-2-ax neo-IPs (N1), 2-eg-
4-ax neo-IPs (N2), 2-eg-4-ax chiro-IPs (C1), 4-eq-2-ax chiro-1Ps (C2), myo-(1,2,4,5,6)-1Ps (M), scyllo-IPs
(S).

179



General discussion



General discussion

Main findings

The objective of this PhD project was to identify the chemical nature of soil Porg with
increasing molecular weight by combining several chemical extraction approaches, size
separation procedures, and solution 3P NMR spectroscopy techniques. The Porg pool of
the six soils investigated in this PhD project ranged from 70 to 1135 mg P/kgsei and

comprised 12 % to 63 % of Pyt measured by total digestion.
The main findings of this PhD project are:

e There is a much wider diversity and greater abundance of IP in soil than previously

thought, which are present as sharp NMR signals in the phosphomonoester region.

e Quantification of IP requires an underlying broad signal in the phosphomonoester

region when carrying out SDF.

e Several lower-order IP were detected in soil extracts for the first time using solution
31P NMR spectroscopy, including four stereoisomers of IPs (myo-, scyllo-, neo-, and
chiro-1Ps), scyllo-IP4 and two isomers of myo-IPs (myo-(1,2,4,5,6)-IPs and myo-
(1,2,4,5,6)-1Ps). Moreover, there is supporting evidence that up to 35 unidentified
sharp signals in the phosphomonoester region are also due to lower-order IP,

based on experiments involving hypobromite oxidation of soil extracts.

e The IP pool in soil can be further divided into IP closely associated with the SOM
and forming apparent large molecular size compounds, or IP closely associated

with the soil mineral phase.

e The pool of unresolved Poqg in the phosphomonoester region, which can be
accounted for as a broad underlying signal in solution 3'P NMR soil spectra, is
chemically and structurally different compared to the sharp signals within this region

(e.g. myo-IPe).
e The pool of unresolved Poyg is comprised of a continuum of apparent large

molecular size compounds rather than a single macropolymeric structure at distinct

molecular size.
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e The unresolved Pog compounds are closely associated with the SOM structure,

mainly through ester linkages.

The findings of this PhD project on the chemical nature of soil Pog with increasing
molecular weight, their advancement of our understanding of soil Porg as well as their

implications in a broader context are discussed in more detail in the following sections.
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Inositol phosphates

The proportion of Porg in soil comprised of IP is considered to vary considerable, ranging
from 0 % to 90 % (Cosgrove and Irving, 1980; Harrison, 1987; McDowell and Stewart,
2006; Smernik and Dougherty, 2007). Studies reporting concentrations of IP often focused
on the myo isomer of IPs or its salts (i.e. phytate) (McDowell and Stewart, 2006; Negassa
et al., 2010; Colocho Hurtarte et al., 2020) due to the assumed highest abundance of this
isomer in soils (Halstead and Anderson, 1970; Turner, 2007) and/or analytical limitations,
e.g. the spectral resolution and sensitivity of some solution 3'P NMR spectrometers.
Furthermore, Smernik and Dougherty (2007) suggested that myo-IPs concentrations were
overestimated in past studies using solution 3P NMR due to possible misassignment of
peaks and exclusion of the unresolved Pog pool in the spectral processing and

guantification procedure.

In this thesis, concentrations of myo-IPs across the six soils ranged from ~1 (Vertisol) to
90 mg P/kgsoi (Gleysol), comprising 1 % to 23 % of total Porg as measured by solution 3P
NMR on NaOH-EDTA extracts (chapter 1, single-step extraction). Furthermore, we
detected all four stereoisomers of IPs as well as the two different conformations of neo-
and chiro-IPs (chapters 2-4). We proved the existence of lower-order IP in soil for the first
time using direct spectroscopic techniques (NMR analysis) on NaOH-EDTA extracts
following hypobromite oxidation (chapter 2). One third of detected IP was in the form of IPs

and IP4 across four soil samples.

Sequential chemical fractionation of the Gleysol using the Humeomics method of Nebbioso
and Piccolo (2011) revealed that the extent of the IP pool in soil increased to
535 mg P/Kgsoeii, compared to 312 mg P/kgsoil in the initial NaOH-EDTA soil extract (chapter
4). However, these extracts also contained a plethora of unidentified sharp signals, which
are most likely due to IP based on findings from chapter 2. Consequently, the single-step
NaOH-EDTA extraction of soil may significantly underestimate the pool of IP in soil. The
findings of this thesis provide evidence that the abundance and variety of the IP pool in
soil can be underestimated using a single-step extraction with NaOH-EDTA. This is in line
with findings of Celi et al. (2020), who reported that the NaOH-EDTA extraction of IPs
performed differently depending on the type of Fe oxides involved in the adsorption
process of IPs. The authors suggested an increase of the NaOH concentration in the
extractant or the use of sequential extractants, e.g. NaOH and oxalic acid, for a more

efficient IPg extraction from soil.
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Inositol hexakisphosphates

The accurate quantification of myo-IPs in alkaline soil extracts using solution 3P NMR
spectroscopy requires the inclusion of an underlying broad signal in the SDF process of
the phosphomonoester region (chapter 1). Otherwise, concentrations of myo-IPs will be
overestimated in the soil extract. Prior to this PhD project, the influence of the underlying
broad signal on the quantification process of myo-IPs was only tested on one sample, a
calcareous soil originating from a wheat field (Doolette et al., 2010; Doolette et al., 2011a).
In contrast, the six soil samples examined in our study covered a wide diversity of Porg
concentrations and composition of the phosphomonoester region. Furthermore, the
improved resolution and sensitivity of our NMR spectra compared to the previously cited
studies allowed for detection of considerably more sharp signals in the phosphomonoester
region. Consequently, we were able to calculate the spike recoveries of the four individual
peaks of myo-IPe. The resulting difference of spike recoveries between individual peaks
provided more evidence of an imperfect Gaussian/Lorentzian distribution of the underlying
broad signal, caused by its composition of more than one component. This partitioning of
the underlying broad signal was already suggested by Doolette and Smernik (2015) and
further supported by McLaren et al. (2019) and in the course of this PhD project (chapters
2, 3 and 4). The four peaks of myo-IPs are distributed along the phosphomonoester region
from the assumed beginning almost to the end of the underlying broad signals. Therefore,
it can be assumed that also the net peak area and hence the concentration of all sharp
peaks arising from other phosphomonoesters located between the C2 and C5 peak of
myo-1Ps (e.g. chiro- and neo-IPs, lower-order IP, a- and B-glycerophosphates and RNA
mononucleotides) are overestimated when fitting the sharp peaks directly to the baseline

without an underlying broad signal (chapter 1).

The SDF approach without an underlying broad signal was introduced by Turner et al.
(2003c) and applied in various studies, e.g. Hill and Cade-Menun (2009) and Deiss et al.
(2016). Turner et al. (2003c) tested the accuracy of the applied SDF approach by analysing
solutions that contained a mixture of P compound standards along with a myo-IPs
standard. The calculated mean recovery of the myo-IPs standard in the model P compound
mixture was approx. 100 %, leading to the assumption that the SDF approach resulted in
an accurate quantification of myo-IPs. Nevertheless, the authors did not test the
guantification accuracy in a real soil mixture but in a model mixture, limiting the significance
of this method. The reason for this limitation is that model mixtures and model soils as well

as extracts of plants anyway lack the Porg compounds which cause the underlying broad
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signal in the phosphomonoester region (Binemann et al., 2008b; Noack et al., 2012;
Doolette and Smernik, 2016). Another approach for assessing the quantification accuracy
of myo-IPs by the applied SDF procedure was to compare the peak ratio of the four myo-
IPs peaks (Vincent et al., 2012), which should be close to the theoretical ratio of 1:2:2:1
(Costello et al., 1976). However, as reported in chapter 1, this ratio was similar between
the two SDF procedures with and without an underlying broad signal, questioning the

usefulness of this method to assess the accuracy of the quantification.

The majority of IP detected in the six soil samples of this PhD project were present in the
highest phosphorylation state of the inositol ring (IPs). The abundance of the four
stereoisomers of IPs was in the order of myo (61 %) > scyllo (29 %) > chiro (6 %) > neo
(4 %) (chapter 2). These findings are in agreement with previous studies on the abundance
of the four IPs stereoisomers detected in soil (McKercher and Anderson, 1968a; Cosgrove
and Irving, 1980; Turner, 2007).

In addition to previous literature (Turner et al., 2012), we were able to detect for the first
time the two different conformations of neo-IPs and chiro-1Ps (4-equatorial-2-axial and 2-
equatorial-4-axial) in alkaline soil extracts. In contrast to myo-1Ps, which undergoes a
conformational change at pH 9.4 caused by ring inversion (Isbrandt and Oertel, 1980)
resulting in the detection of only one conformer in NaOH-EDTA soil extracts, both
conformers of neo- and chiro-1Ps can be measured in alkaline extracts (Turner et al., 2012).
Usually, analysis of chiro- and neo-IPs in soil extracts relies on the detection of the 4-
equatorial-2-axial (C1,3,4,6) peak of neo-IPs and the 2-equatorial-4-axial (C1,6) peak of
chiro-1Ps downfield of the orthophosphate peak, because the other peaks of these two
compounds overlap with other peaks in the phosphomonoester region. However, by using
different fractionation and purification techniques, i.e. hypobromite oxidation, size
exclusion chromatography and the Humeomics method, we were able to resolve these
peaks in the phosphomonoester region of solution 3P NMR soil extracts. The origin of IP
isomers other than myo in soll is still not fully explained due to the fact that plant residues
only contain the myo- and, to a lesser extent, the chiro-isomer (Turner et al., 2002;
L'Annunziata, 2007). The process of microbial epimerisation of the myo- to the chiro-
isomer was reported by L'Annunziata et al. (1977), but it is not known yet if this process in

the soil system also yields the scyllo- and neo-isomers (L'Annunziata, 2007).

The relatively high abundance of IP in soil is due to their strong complexation with soil
constituents, with factors such as soil texture, pH, SOM content, climate and soil

management/land use influencing their stability (Turner et al., 2002). Furthermore, the
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spatial arrangement of the phosphate groups on the inositol ring can have major
implications on the accumulation and turnover of IP. Cosgrove (1970a) reported that initial
attack of phytase on the IPs molecule was apparently facilitated by the presence of an axial
group. The author provided evidence that the reaction rate of the 1Ps hydrolysis by phytase
was highest for the myo isomer, followed by neo and chiro, and was lowest for scyllo.
Therefore, it is assumed that myo-IPs is less resistant to phytase hydrolysis compared to
the other three isomers. Moreover, not only resistance to enzymatic attack but also
sorption affinity on soil constituents could depend on the spatial arrangement of the
phosphate groups (Anderson and Arlidge, 1962; Ognalaga et al., 1994; Celi and Barberis,
2007). Further research on the diversity, abundance and sorption behaviour of IP isomers
and their conformers in soil is needed in order to understand their transformation and

turnover in the plant-soil systems.

Lower order inositol phosphates

For the first time, we identified lower-order IP in soil extracts using solution 3P NMR
spectroscopy (chapter 2). We were able to detect myo-(1,2,4,5,6)-1Ps, myo-(1,3,4,5,6)-1Ps,
scyllo-1Ps, neo-IPs, chiro-IPs and scyllo-(1,2,3,4)-1P4 by prior removal of peaks arising from
compounds other than IP using hypobromite oxidation (chapter 2). The presence of lower-
order IP in soil was already reported in the chromatographic era (McLaren et al., 2020) by
various studies (Smith and Clark, 1951; Anderson, 1955; Cosgrove, 1963; McKercher and
Anderson, 1968a, b; Halstead and Anderson, 1970; Anderson and Malcolm, 1974, Irving
and Cosgrove, 1982) and more recently by Almeida et al. (2018) using chromatography.

Both isomers of myo-IPs (myo-(1,2,4,5,6)-IPs and myo-(1,3,4,5,6)-IPs) result from
enzymatic attack on IPe at positions other than C2 or C5 (Johnson and Tate, 1970;
Cosgrove and Irving, 1980). The authors reported based on studies of Johnson and Tate
(1970), Cosgrove (1970a, 1970b) and Irving and Cosgrove (1972) that D-myo-(1,2,4,5,6)-
IPs was the major initial product of the IPs hydrolysis by microbial phytases. In contrast,
myo-(1,3,4,5,6)-1Ps was a minor hydrolysis product of IPs by wheat bran phytase (Lim and
Tate, 1973). Further possible biotic and abiotic pathways in the generation of these two
IPs compounds, which lead to a possible addition to the soil, are discussed in chapter 2.
The other isomers of IPs detected in the course of this PhD project were reported to arise
from acidic hydrolysis of the initial IPs compound as well as from enzymatic
dephosphorylation of the initial IPe compound (Cosgrove, 1970a; Cosgrove and Irving,

1980). We propose that the latter process occurred in the soils sampled and led to the
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detection of IPs compounds in our samples because we carried out an alkaline extraction.
Furthermore, IPs and IPs are assumed to be resistant to hypobromite oxidation (Irving and
Cosgrove, 1982).

Prior to this PhD project, lower-order IP had not yet been detected in solution 3P NMR
spectra on soil extracts. It was only hypothesised that unidentified sharp peaks in the
phosphomonoester region could arise from lower-order IP (Turner et al., 2012). In contrast,
Vestergren et al. (2012) and Vincent et al. (2013) concluded that the unidentified sharp
signals in the phosphomonoester region were mostly due to degradation products of RNA

and phospholipids, as well as other small cellular metabolites.

As discussed previously, we found that lower-order IP can comprise one third of the total
IP pool measured by NMR and a plethora of unidentified sharp peaks (up to 35) in the
phosphomonoester region presumably arise from other lower-order IP isomers and
conformers, based on the assumption that other Pog compounds were oxidised using
hypobromite oxidation (chapter 2). Turner et al. (2003a) carried out NaOH-EDTA
extraction of 29 permanent pasture soils from England and Wales with subsequent Porg
characterisation using solution 3P NMR spectroscopy. The authors detected 16 peaks in
the phosphomonoester region of the NMR soil spectra (ranging from & 6.78 to 3.27 ppm).
Similarly, Vestergren et al. (2012) reported 18 peaks in the phosphomonoester region of
reference compounds added boreal forest humus soil extracts. In the same year, Turner
et al. (2012) detected 15 sharp peaks arising from IP in hypobromite oxidised soil solutions.
Later, Cade-Menun (2015) created a library containing solution 3P NMR chemical shifts
of standard compounds that could theoretically be present in soils. In this library, the
authors reported the presence of 34 sharp peaks in the phosphomonoester region. In
contrast to these studies, we were able to detect up to 70 sharp peaks in hypobromite
oxidised soil extracts. In addition, several of the unidentified IP peaks occur in chemical
shift regions of the peaks arising from RNA mononucleotides as well as a- and [3-
glycerophosphates, what may lead to a misassignment of these peaks in untreated soil

extracts (chapter 2).

The information on the abundance and diversity of the IP pool acquired during this PhD
project provides new insights into the IPs to lower-order IP ratio, which could serve in the
future as an indicator for IP turnover and stabilisation in soil (chapter 2). It has been shown
by Anderson and Arlidge (1962) that the degree of sorption decreases with decreasing
number of phosphate groups bound to the IP ring. Furthermore, improved knowledge on

the diversity of IP in soil will help to gain further insights into enzymatic processes. These
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processes may influence the transformation of the IP pool either by dephosphorylation, by
epimerisation or by phosphorylation (L'Annunziata and Gonzalez, 1977; L'Annunziata et
al., 1977).

Our findings emphasise the importance of including lower-order IP into 3'P NMR soil
research. We recommend that peak identification libraries such as the one of Cade-Menun
(2015) should be updated by including lower-order IP. Spiking experiments using a
diversity of lower-order IP standards should be carried out on untreated and, if possible,
on hypobromite oxidised soil extracts to identify more of the plethora of sharp peaks in the
phosphomonoester region. Furthermore, the effect of the hypobromite oxidation on these
compounds has to be investigated in order to exclude a possible degradation of higher
order IP to lower-order IP during the isolation and purification processes. The reason for
this is that the steric hindrance and charge density of the phosphate groups bound to the
inositol ring decrease with decreasing phosphorylation state. Therefore, the resistance to
hypobromite oxidation of IP with a lower-order than IPs (Irving and Cosgrove, 1982) may

decrease as well.

Cosgrove and Irving (1980) reported that the small amount of commercially available IP
standards made it difficult to carry out accurate measurements of enzymatic degradation
processes. This is similarly the case for characterisation of Pog using solution 3P NMR
spectroscopy. Therefore, the synthesis and availability of lower-order IP standards would
greatly help advance the identification of IP and understand the mechanisms governing

their flux in soil.

Inositol phosphates in different molecular size fractions

More than half (56 %) of total IP was detected in molecular size fractions above 5 kDa
across four investigated soil samples (chapter 3). Pools of IP were most abundant in the
5-10 kDa fraction (33 % of total IP), followed by the above 70 kDa fraction (13 % of total

IP). The other large molecular size fractions each contained less than 5 % of total IP.

Veinot and Thomas (1972), Hong and Yamane (1981) and other studies reported the
presence of IP in large molecular size material of soil extracts using chromatography. In
addition to these studies, we proved the existence of IPs as well as lower-order IP in
various large molecular size fractions using a different analytical technique for speciation.
High concentrations of IP in large molecular size fractions were most prominent in the two

soil samples with high amounts of SOM and high concentrations of iron along the
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molecular size distribution. These findings provide more evidence that IP in large
molecular size material are in close association with SOM compounds (Moyer and
Thomas, 1970; Omotoso and Wild, 1970; Borie et al., 1989). These associations could be
held together via Fe bridges (Veinot and Thomas, 1972; Vincent et al., 2012), given the
high abundance of the metal in the respective fractions (chapter 3). Another possible
association mechanism of IP with the SOM could be via ester-linkages of the oxygen of
the phosphate group with the carbon of an organic moiety, as it is the case for inositol-
phospholipids (Hawthorne, 1982). This would also explain the large decrease in IP
concentrations when ester bonds of the SOM structure are destroyed, as described in
chapter 4. Another possibility of the occurrence of IP in large molecular size material could
be IP complexed with nanoparticles of soil minerals that were not completely removed in
the filtration and centrifugation process. As discussed in chapter 3, a spherical molecule
with a molecular size of 70 kDa would exhibit a minimum diameter of approx. 5.5 nm, being
in range of small Fe oxyhydroxides (Lead and Wilkinson, 2006).

We suggest three possible mechanisms responsible for the occurrence of IPes and lower-
order IP in large molecular size material based on our findings and the work of Celi and
Barberis (2007) and Jgrgensen et al. (2015): 1) the association with SOM through Fe
bridges or weak ester bonds; 2) the association with Fe minerals and/or amorphous Fe at

nanoscale and 3) the association with clay minerals.

Pools of inositol phosphates in soil

In summary, two main pools of IP in soils can be distinguished: the first one being closely
associated with the SOM structure and the second being closely associated with the soll
mineral phase, possibly through Fe bridges and other adsorption mechanisms (chapters
3 and 4). These findings are in line with the study of Borie et al. (1989) and Jgrgensen et
al. (2015), who identified the association with the organic matrix, amorphous metal oxides
or clay minerals as the main bindings sites for IP¢ in soils. Jgrgensen et al. (2015) reported
that more than 50 % of the myo- and scyllo-1Ps were associated with organic matter in a
tropical Oxisol, showing that association of IP with SOM is important even in soils with
abundant amorphous Al and Fe oxides. In this PhD project, we provide additional evidence
that a major pool of IP is incorporated in the SOM. Moreover, our results from chapter 3
and chapter 4 suggest that the second major pool of IP is associated via Fe bridges to the
mineral phase and the SOM fraction resisting the Humeomics SCF extractions (Celi and
Barberis, 2007; Jgrgensen et al., 2015; Celi et al., 2020).
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The bioavailability of P originating from IP relies on the mineralisation with phytases
(George et al., 2007). However, the accessibility of IP for enzymatic attack is hindered by
sorption and precipitation mechanisms. These mechanisms not only generally decrease
the solubility of IP but also affect the charge density of the surface area of the IP-mineral
complex and could change the conformation of the IP (Ognalaga et al., 1994; Celi et al.,
1999; Giles et al., 2012). One goal of IP research is overcoming this reduced accessibility
of the soil IP pool in order to increase its enzymatic hydrolysis. The resulting phosphate
ions are potentially available for crops, what would decrease the need of additional mineral
fertilisers. Furthermore, the engineered secretion of enzymes targeting highly abundant IP
forms by transgenic plants could enhance the otherwise poor utilisation of the soil IP pool
for plant nutrition (Richardson et al., 2001; Zimmermann et al., 2003). In the past, studies
mostly focused on IP-mineral associations and precipitates rather than associations with
SOM (Turner et al., 2002). In contrast, the findings of this PhD project provide evidence
for including the IP pool associated with the SOM into Porg research, especially on highly
organic soils, in order to better understand stabilising and incorporation mechanisms. Only
when these mechanisms are better understood, strategies for more sustainable fertiliser
practices can be developed that involve the enhanced accessibility of IP for biological

hydrolysis.

Moreover, IP may play an important role in stabilising the SOM fraction closely associated
with the soil mineral phase (chapter 4) (Tipping et al., 2016). However, this stabilisation
function of the IP pool may be reduced by enhancing its accessibility for enzymatic
hydrolysis and increase its mineralisation for P fertilisation purposes. Therefore, the role
of IP in the soil C cycle and the stabilisation mechanisms involved have to be investigated

in order to not adversely affect C sequestration efforts by increased IP mineralisation.

The unresolved organic P pool

The unresolved Pog pool represented by underlying broad signals in the
phosphomonoester region of NMR soil spectra comprised 53 % to 79 % (on average 64 %)
of total phosphomonoesters across all six soil samples (chapter 1). Similar or even higher
proportions were reported in various studies: 56 % in a calcareous soil from Australia by
Doolette et al. (2010), 61 % to 73 % across five diverse soil samples by McLaren et al.
(2015b), 51 % to 77 % across 8 soil samples by Jarosch et al. (2015) and 65 % by McLaren
et al. (2017). The chemical nature of soil Porg that remained unidentified was on average

45 % across a global compilation of NMR datasets by McLaren et al. (2020). Studies which
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focus on the identification of small, identifiable molecules by fitting their peaks to the
baseline of NMR soil spectra do not account for this unresolved Pqorg pool of apparent large
molecular size (Turner et al., 2003c; Hill and Cade-Menun, 2009; Deiss et al., 2016).

This project confirms the findings of previous studies that the majority of Porq is represented
by underlying broad signals in the phosphomonoester region of 1P NMR spectra across
soils of diverse origins, soil type and agricultural management practices. The advances in
our knowledge on the chemical nature of this abundant Porg pool will be discussed in the

following sections.

Structural composition of the underlying broad signals

The underlying broad signals in the phosphomonoester region are of homogeneous
broadening and therefore not comprised of a range of sharp signals arising from small,
identifiable molecules (chapter 2). These findings of McLaren et al. (2019) on NaOH-EDTA
soil extracts and of Reusser et al. (2020b) on hypobromite oxidised soil extracts using T2
NMR experiments provide further evidence that the unresolved Porg pool is chemically
distinct from IP, which was already suggested by Smernik and Dougherty (2007) and
Dougherty et al. (2007). Furthermore, the resistance of approx. half of the unresolved Porg
to hypobromite oxidation showed that the underlying broad feature in solution 1P NMR
spectra is also not comprised of IP complexed with organic matter as proposed by Smernik
and Dougherty (2007). This is due to the fact that hypobromite oxidation would destroy
such complexes (Cosgrove, 1963; Irving and Cosgrove, 1981). Indeed, these complexes
of IP with SOM appear to be an important pool of Pog (Chapter 4), but this PhD project
provides evidence that they are not represented by the underlying broad signals in the

phosphomonoester region of NMR spectra.

The T, experiments further revealed that the underlying broad signal itself was comprised
of more than one broad peak. These findings are based on theoretical calculations of the
peak’s line widths at half-height, which were considerably lower than the measured ones
using SDF (McLaren et al., 2019). In chapter 2, only one underlying broad signal was fitted,
resulting in a line width at half-height of on average 256.1 Hz. The calculated line width
based on the T, times was 50-times narrower (5.2 Hz). In chapter 3, the fitting of on
average three to four underlying broad signals in the SDF procedure resulted in an average
line width at half-height of 88 Hz. Therefore, fitting several underlying broad signals better
approximates the calculated line widths reported by McLaren et al. (2019) (11 Hz) and

Reusser et al. (2020b). Further research is needed in order to fully understand the
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structural composition of the broad signals by combining T> experiments with simulations
of different amounts of underlying broad signals with varying peak distributions (Lorentzian

vs. Gaussian).

The T2 experiments did not only provide insights into the composition of the underlying
broad signals but also into the molecular size of the compounds causing these signals.
The T2 times are inversely related to a molecule’s tumbling (Claridge, 2016b). It is assumed
that more rigid molecules tumble less compared to less rigid ones. Furthermore, the rigidity
of a molecule can be related to its molecular size, meaning that a large molecule is
considered to exhibit a higher rigidity compared to a molecule of small molecular size
(Claridge, 2016b; McLaren et al., 2019). Therefore, it is considered that the shorter the T»
time is, the larger is the molecular size of a compound. The significant shorter T times of
the underlying broad signals compared to IP confirm the results of McLaren et al. (2015b)
and Jarosch et al. (2015), who reported the large molecular size and complex structural
nature of the underlying broad signal by using a different analytical approach. The large
molecular size nature of the compounds causing these signals was then further
investigated in chapter 3 of this thesis using size-exclusion chromatography and discussed

in the next section.

The molecular size distribution of the unresolved organic P pool

The unresolved Porg pool represented by underlying broad signals is comprised of a range
of molecules in a continuum of molecular sizes rather than a macropolymer at distinct
molecular size (chapter 3). The theory of the macropolymeric nature of the unresolved Poq
pool was based on the macropolymeric model of humic substances (Kononova et al.,
1961) and findings of Swift and Posner (1972) as well as Moyer and Thomas (1970) that
the P containing organic macromolecules were derived from humification processes
(McLaren et al., 2020). The macropolymeric nature of the unresolved Pog pool was further
proposed by Doolette et al. (2010), McLaren et al. (2014) and McLaren et al. (2015b). The
results of this thesis advance these findings by revealing that the unresolved Porg is
comprised of an association of smaller molecules with SOM (chapter 4) and that these
associations dominate the Porg Size fractions of 10-20 and 20-50 kDa. These associations
are also present in smaller (<10 kDa) and higher (>50 kDa) fractions but along with other,
identifiable Porg compounds, e.g. IP, other phosphomonoesters and phosphodiesters.

Furthermore, large molecular size material of soil extracts does not only consist of the
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unresolved Porg pool but also large biopolymers containing P, e.g. DNA and associations
of IP with SOM and the soil mineral phase (chapter 3 and 4).

Nevertheless, the unresolved Pqorg pool represented by broad signals comprised from 44 %
(<5 kDa) up to 77 % (20-50 kDa) of total phosphomonoesters and on average 54 % of total
P over all size fractions. Therefore, these unresolved P associations exhibit a major pool
of Porg across all molecular size fractions and need to be further investigated in order to
evaluate their importance in the soil P cycle. Chapter 4 provides evidence that the
associations are strongly coupled with the SOM, as already proposed by various studies
(Smernik and Dougherty, 2007; Binemann et al., 2008b; Doolette et al., 2011a; McLaren
et al., 2015b; McLaren et al., 2020).

Associations of the unresolved organic P pool with SOM

More than two thirds of the unresolved Pog pool was associated with the SOM structure
(chapter 4). The close association of the unresolved Pog pool with the SOM has been
suggested in various studies using 3P NMR spectroscopy based on its apparent large
molecular size and complex structure in humic extracts (He et al., 2006; Smernik and
Dougherty, 2007; Jarosch et al., 2015; McLaren et al., 2015b). McLaren et al. (2015b)
hypothesised that the association occurs via ester linkages because of the appearance of
the underlying broad signal in the phosphomonoester region of 3P NMR soil spectra. In
this thesis, we provide evidence that most (40 %) of the unresolved Porg pool is associated
with the SOM through weak ester bonds. Another proportion (22 %) appears to be
unbound and the remaining proportion in the residue (30 %) appears to be closely
associated with the mineral phase, possibly through Fe bridges or sorption processes
(chapter 3). The association with the SOM superstructure through weak ester bonds
explains the appearance of this Pog pool in large molecular size material and its

representation by underlying broad signals in the phosphomonoester region.

In this PhD project, the associations of the unresolved Pog pool with the SOM were
investigated by combining the Humeomics chemical fractionation procedure with P
analyses (chapter 4). Itis the first time that P concentrations were measured in the different
fractions and residues of the Humeomics procedure. However, the study is based on only
one soil sample with high organic matter and P contents due to the time-consuming
procedure. Future studies involving Humeomics on soil samples of diverse SOM and P
contents and compositions are necessary to confirm our results on the association of the

unresolved Pqrg pool with the SOM. Furthermore, the effects of each fractionation step on

193



General discussion

pure Porg compounds and their recovery should be studied, especially whether the innate
ester bond between the phosphates and the inositol ring are stable to the BFs extraction
or not. In our study, we used microwave digestion to assess the total P contents in the
fractions. The organic solvent fractions could not be completely dried and therefore
complicated the sample preparation for the analyses. Hence, better suited analytical
techniques for total P measurements in organic extracts should be tested, e.g. solution 3P
NMR spectroscopy on organic solvent extracts. We carried out solution 3P NMR
spectroscopy on the organic fractions of the Humeomics procedure (chapter 4) dissolved
in deuterated chloroform and spiked with triphenylphosphate. First results are promising,
but the NMR experiment and sample preparation have to be optimised. Furthermore,
known chemical shift ranges of specific Porg coOmpounds analysed in NaOH-EDTA cannot
be directly transferred to the organic solvent extract due to the differing matrix. Hence, new
chemical shift libraries of Porg Standards soluble in organic solvents need to be elaborated
and the NMR observability of these Porg standards tested.

The findings on the association of the unresolved Porg pool with the SOM and the mineral
phase will help to improve our understanding on possible processes involved in the
formation of this abundant P pool. McLaren et al. (2020) hypothesised that the
polymerisation of an array of Porg degradation products could result in the formation of the
unresolved Pqrg pool. Our findings on the molecular size distribution and the associations
of Porg compounds with the SOM indicate that this process, if at all, only plays a minor role
in the formation of the unresolved P pool. Another proposed formation mechanism of
phosphomonoester-like compounds is the phosphorylation of organic moieties by abiotic
processes (Auten, 1923; Brannon and Sommers, 1985; Kamerlin et al., 2013; McLaren et
al., 2020). Indeed, findings of chapters 3 and 4 on the observed association of the
unresolved Porg pool with the SOM structure via ester linkages could indicate that these
abiotic phosphorylation processes of SOM compounds could result in the formation of the
unresolved Pqrg pool. This would also be supported by the close coupling of this Porg pool
with the soil C fractions (chapter 4). Another explanation on the formation of the unresolved
Porg pool could be that P containing compounds of known chemical nature and originating
from plant residues and/or microbial turnover products are incorporated in the SOM mainly

via ester bonds.

Being part of the complex SOM structure and the association with the mineral phase can
limit the accessibility for biological and chemical degradation, similarly to the IP pool. This

could explain the observed resistance of the unresolved Pog pool to enzymatic attack
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(Jarosch et al., 2015), its chemical stability (chapter 3) and stabilisation resp. accumulation
in soil (Annaheim et al., 2015; McLaren et al., 2017).

The improved knowledge on formation, association and stabilisation processes of the
unresolved Porg pool acquired during this PhD project helps to better target future research
projects on this highly abundant Pog pool under field conditions in order to better
understand its turnover in terrestrial as well as possibly aquatic ecosystems. In addition,
when these processes on the formation and stabilisation are known, the reversal
processes which lead to destabilisation and potential release of P can be evaluated. This
reversal processes could possibly be enhanced by specific soil management practices,
the amendment of enzymes or other compounds, or the engineering of transgenic plants
releasing compounds targeting this Pog pool. Therefore, understanding the formation,
association and stabilisation processes provides the base to evaluate the contribution of

this Porg pool towards more sustainable fertilisation practices.

Other organic P compounds

In general, the abundance of other Pory coOmpounds was low compared to the unresolved
Porg @and IP pool. Other identified phosphomonoesters, such as a- and B-glycero-
phosphates as well as glucose-6-phosphate, comprised 5 % of total Pog (excluding
pyrophosphates) in the Gleysol (chapter 4). Similarly, phosphodiesters and phosphonates
combined contributed on average 6 % to the total Porg pool across all six soil samples
(chapter 1). Despite their low abundance, these compounds should not be neglected in
speciation studies of soil Pog. Phosphomonoesters, -diesters and phosphonates are
considered to be biologically relevant and are more labile in soil compared to the IP and
unresolved Porg pool (McLaren et al., 2017; George et al., 2018; McLaren et al., 2020).

Phosphonates

Phosphonates can either be present as free molecules or bound to lipids or other
macromolecular structures in living systems of animals, plants, bacteria and fungi
(Hilderbrand, 1983), as component of herbicides i.e. glyphosate or result as a recalcitrant
by-product of the sarin manufacture (Baldwin et al., 2005). In soils, phosphonates are
assumed to originate from microbes and accumulate in cold, moist and acidic soils with
limited microbial activity (Tate and Newman, 1982). In a global compilation of 204 samples,

McLaren et al. (2020) reported that phosphonates comprised on average 2 % of total Porg
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in soil, hence being the third most abundant form of Porg in soil after phosphomonoesters
(80 %) and -diesters (18 %). Phosphonates were generally not only detected in solution
31P NMR spectra of whole soil extracts (Newman and Tate, 1980; Cade-Menun et al.,
2002; Turner et al., 2003b) but also in the soil humic acid fractions (Ogner, 1983; Bedrock
et al., 1994; He et al., 2006). Besides that, little is known about this soil Po,g compound.

In this PhD project, phosphonates were present in all soils and partially associated with
the SOM (chapters 1 and 4). However, only one peak in the phosphonate region could be
assigned to a naturally occurring compound of known chemical composition: 2-
aminoethylphosphonic acid (chapter 1). Relative concentrations of phosphonates to total
measured P (chapter 1) were highest in the Cambisol under forest (1.5 %), followed by the
Ferralsol and Vertisol (1 % each). This distribution is dissimilar to other Porg cOmpounds,
such as phosphomonoesters, whose relative concentrations are lowest in the Ferralsol
and Vertisol. These findings suggest that other factors and mechanisms influence the
cycling and turnover of phosphonates in the soil-plant system compared to other Porg

compounds.

Other phosphomonoester

Other phosphomonoesters include glucose-6-phosphate, a- and B-glycerophosphate as
well as RNA mononucleotides, although these compounds originate from the alkaline
hydrolysis of phosphodiesters (Tate and Newman, 1982; Doolette et al., 2009; Vestergren
et al., 2012). a- and B-glycerophosphate originate from phospholipids, whose thicknesses
can exceed 2 nm resp. 45 A of the bilayer in the cell membrane (Lis et al., 1982). The large
size of the phospholipids could explain why the two hydrolysis products were detected in
large molecular size material in chapter 3. However, another explanation could be the
close association of phospholipids with the SOM described in chapter 4. The hydrophobic
tails of the phospholipids could contribute to the stabilisation of the large sized SOM
associations by separating them from the aqueous solution (Piccolo et al., 2019).
Nevertheless, the Humeomics fractionation procedure does not distinguish between SOM
and microbial biomass, but the investigated soil in chapter 4 does contain a significant
amount of P in form of microbial P (213 mg P/kgsoi). Hence, the removal of DNA,
phospholipids and glucose-6-phosphate with the Humeomics fractionation procedure
could possibly also result from the co-occurring destruction and extraction of microbial
biomass. More studies investigating the effect of Humeomics on the soil microbial biomass

are necessary.
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The partially hydrophobic nature of phospholipids raised the questions whether these
compounds could be fully extracted from soil by the aqueous NaOH-EDTA extraction
procedure for solution 3P NMR spectroscopy or not. Within the frame of this PhD project,
Steck (2018) carried out Soxhlet extractions of a soil sample based on the method of
Makarov et al. (2002) in order to assess the abundance of phospholipids in soil and
compare the extraction efficacy of this method with the traditional NaOH-EDTA extraction.
The author used a mixture of methanol and chloroform for the Soxhlet extraction with
subsequent NaOH-EDTA extraction and solution 3P NMR spectroscopy of the untreated
and residual soil samples after extraction as well as the redissolved extract of the Soxhlet
extraction. The author reported that the Soxhlet extract redissolved in NaOH-EDTA
contained a- and B-glycerophosphate. However, there was no evident decrease of these
two compounds between the NaOH-EDTA extracts of the untreated soil sample and the
soil residue after Soxhlet extraction, suggesting that a different pool of phospholipids was
extracted with the organic solvents compared to the NaOH-EDTA extraction. Therefore,
we assume that phospholipids in soils are not fully recovered in NaOH-EDTA extracts.
One disadvantage of the study was that the dried Soxhlet extracts were redissolved in
agueous NaOH-EDTA in order to compare the NMR spectra with the NaOH-EDTA soill
extracts. This procedure resulted in hydrolysis of phospholipids and possibly incomplete
dissolution of the hydrophobic components. Further research is needed using organic
solvent extractions of soils with subsequent solution 31P NMR spectroscopy directly on the
organic solvent extracts in order to test if the extent and diversity of the phospholipid pool
in sail is underestimated using 3P NMR spectroscopy of NaOH-EDTA soil extracts.

Phosphodiesters

DNA, intermediate hydrolysis products of RNA and phospholipids (Makarov et al., 2002)
with chemical shift ranges & 2.5 to -2.4 ppm were summarised and reported as
phosphodiesters in this PhD project. The NaOH-EDTA extracts of the Vertisol and the
calcareous Cambisol did not contain any phosphodiesters (chapter 1). In the other four
soils, concentrations of phosphodiesters ranged from 3 mg P/kgsei (Ferralsol) to

28 mg P/Kgseil (Cambisol under forest), comprising on average less than 4 % of total Porg.

As reported in chapter 3, phosphodiesters were most abundant in molecular size fractions
above 10 kDa. This is not surprising, for example the genome of E. coli can reach a length
of 1.58 mm when unfolded (Madigan et al., 2012). The HPLC chromatogram of a DNA

standard revealed that P was present along the whole molecular size range of the column,
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indicating the presence of a diversity of DNA fragments of varying molecular sizes (chapter
3). The removal of most phosphodiesters by the Humeomics sequential extraction further
suggest a strong association of DNA and other phosphodiesters with the SOM (chapter
4). Moreover, the association with the less ‘persistent SOM pool and the chemical
instability to hypobromite oxidation underline the more labile nature and hence higher
potential bioavailability of phosphodiesters compared to IP and the unresolved Porg pool in
soil (Darch et al., 2014).

Phosphotriesters

In phosphotriesters, three oxygen atoms of the phosphate group are attached to an organic
moiety. Examples for phosphotriesters are triisopropylphosphate, which is used as a
warfare agent and pesticide (lhdene et al., 2011), and tris-p-nitrophenyl phosphate, a
substrate used for detection of phosphatase activity in soil (Eivazi and Tabatabai, 1977).
By studying the hydrolysis of the latter compound in soil, Eivazi and Tabatabai (1977)
determined the activity of phosphotriesterase in incubated soil. The activity of these
enzymes were lower compared to phosphomono- and phosphodiesterase but measurable,
suggesting that phosphotriesters could be present in soil. In contrast to the other enzymes,
the phosphotriesterase activity increased by the addition of toluene, because the
dissolution of the substrate tris-p-nitrophenyl phosphate was increased, which is insoluble
in water. This insolubility in water could also be the reason why phosphotriesters have not
yet been detected in NaOH-EDTA soil extracts using 3P NMR spectroscopy (Vestergren
et al., 2012; Cade-Menun, 2015; McLaren et al., 2020). In a pilot study, we carried out
extraction of phospholipids from the Gleysol sample using a mixture of methanol,
chloroform and a citrate buffer according to the methods of Bligh and Dyer (1959) and
Frostegard et al. (1991). The dried lipid fraction was then redissolved in deuterated
chloroform and analysed by 3P NMR spectroscopy (Appendix 3). The spectrum revealed
two dominant peaks at chemical shift regions & -12 to -14 ppm, which could arise from a
phosphotriester (Pretsch et al., 2010). However, this has to be confirmed using spiking
experiments and HSQC NMR experiments in order to elucidate the chemical structure of
these compounds. Furthermore, their origin from the soil sample needs to be tested, since

phosphotriesters are also used as additives for lubricants in laboratory equipment.
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Perspectives

This PhD project provides new insights into the abundance, chemical nature and

associations of the two major Porg pools and other Porg compounds found in soil. However,

further research is needed linking the chemical nature of Pog with biogeochemical

processes in order to assess the transformation, cycling and turnover of these compounds

in soil systems as well as their transfer to aquatic ecosystems. In addition, the findings of

this PhD project reveal gaps in the following research topics, which should be addressed

in future projects:

The soil IP pool is much more diverse and abundant in soils as previously thought.
There is likely an underestimated pool of IP, which appears to be mostly associated
with the mineral phase. The findings of this PhD project about the detection of
various isomers of IP and lower-order IP in soil should be verified in future studies,
involving spiking of a wide range of different IP standards. Furthermore, differences
in the sorption and association behaviour of different I[P compounds in soil should
be assessed in order to gain a more differentiated picture of the accumulation and

stabilisation of IP in soil.

Detection of the unresolved Porg pool in soil relies on wet chemistry methods with
previous extraction of the Pog pool. However, as reported by George et al. (2018),
it is critical to develop non-destructive methods without the need of prior extraction,
such as solid state NMR, visible near-infrared reflectance spectroscopy (VNIRS) or
X-ray absorption near edge structure spectroscopy (XANES). These non-
destructive methods should include the detection of the unresolved Pog pool as well
as the diversity of the IP pool and not only phytate (Negassa et al., 2010; Colocho
Hurtarte et al., 2020). The combination of solution 3INMR spectroscopy of soil
extracts with these non-destructive methods would allow for a more comprehensive

evaluation of the structural composition and abundance of Porg in soil.

A majority of Porg is associated with the SOM. However, we only investigated one
soil sample using one fractionation method of the SOM. Future research on the
association of Porg with SOM should be carried out on soils of varying organic matter
and P composition. Furthermore, different fractionation techniques of the SOM

should be compared (e.g. Humeomics and the biomarker method of Simpson and
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Simpson (2012)) with regard to assessing P contents, speciation and recoveries of
P standard compounds in the different SOM fractions.

The utilisation of the highly abundant and diverse IP pool as well as the unresolved
Porg pool in soil for plant nutrition needs further attention. Studies on soll
amendments and different soil management practices that could influence the
accessibility and subsequent chemical and/or biological degradation of these Porg
pools are recommended, as well as research on transgenic plants releasing
compounds that target these pools. However, at the same time, the role of
especially IP in stabilising the SOM needs to be investigated. An enhanced
degradation of the IP pool for plant nutrition could lead to a destabilisation of the
SOM, which in turn negatively affects soil quality and efforts for atmospheric C
sequestration. In contrast, IP addition could help to improve soil quality and slow
down degradation by stabilising the SOM.

Phospholipids may not be completely recovered using NaOH-EDTA extraction prior
to solution 3!NMR spectroscopy. A promising method appears to be the
combination of organic solvent extraction, e.g. Soxhlet extraction with a methanol-
chloroform mixture described by Makarov et al. (2002), with subsequent analysis
of the organic solvent extract dissolved in CDCI; using solution 3P NMR
spectroscopy. Due to the absence of peaks arising from water-soluble Porg
compounds, better resolution and possible application of 2D- and 3D-NMR

spectroscopy for speciation of the phospholipids could be applicable.

The longitudinal (or spin-lattice) relaxation times T1 do not only vary markedly
between different samples but also depend on the matrix of a sample and the
chemical environment of each P nuclei within a molecule. Hence, the T time differs
for each P compound and is usually significantly longer for orthophosphate
compared to IP (Appendix 4). If the T, time of an NMR experiment is not chosen
long enough for complete relaxation of each P compound, the net peak area will
not be completely ‘evolved’, resulting in an inaccurate quantification of this
compound (Cade-Menun et al., 2002). In this thesis, we carried out inversion
recovery experiments for each sample prior to the main NMR experiment in order
to assess the compound with the longest T, time (McDowell et al., 2006; McLaren

et al., 2019). Another approach was introduced by McDowell et al. (2006), who
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reported that the ratio of total P to the total Mn and Fe concentrations in an extract
can be used for quick estimation of the T; time of an extract. However, this
relationship between T1 and the element concentrations is mostly based on the
regression relationship of phosphomonoesters (r°=0.7), whose slope is significantly
less compared to the generated orthophosphate relationship (McDowell et al.,
2006). Hence, further research on the relationship of the T time with P, Mn and Fe
concentrations in a sample is needed to assess whether this simplified method
results in accurate quantification of all P compounds in a sample or not. The studies
should further compare these relationships with actual T: measurements of each P

compound in a sample using inversion recovery experiments.

The substitution of one or more oxygen atoms with the 180 isotope in the phosphate
molecule leads to an isotopic effect in NMR spectroscopy, resulting in a chemical
shift change, which can be observed (Sorensen-Stowell and Hengge, 2005). This
isotopic effect not only allows for investigating hydrolysis effects on Pog cOmpounds
induced by NaOH-EDTA extraction (Wang et al.,, 2021), but also for tracing
experiments based on the incorporation of 20O into specific Porg coOmpounds, e.g.
into the cell membrane represented by phospholipids. Cohn and Hu (1978) used
this isotopic effect on labelled phosphate groups in order to study enzyme-
catalysed phosphate-phosphate exchange reactions. The authors suggested that
this labelling method combined with 3P NMR spectroscopy could be used to
investigate the phosphorylation rate of e.g. carboxylic acid or to label the phosphate
groups of ATP. However, a high concentration of the 80 containing P compound
as well as sufficient peak resolution are prerequisites for the observation of the
isotopic effect in solution 3P NMR spectra. For example, the many overlapping
peaks in the phosphomonoester region of alkaline soil extracts could hinder the
detection of a small peak arising from a phosphomonoester compound labelled with
180. In order to overcome this problem, selective extraction of labelled Porg
compounds from soil with subsequent solution 31P NMR spectroscopy would be
promising. One of these selective extractions could be the phospholipid extraction
previously discussed and described in Appendix 3.

The physicochemical properties of a compound are defined by its chemical nature.
Hence, changes in soil properties, land management practices, climatic conditions
etc. will affect Porg compounds differently depending on their chemical nature.
However, there are still many uncertainties about the chemical composition of the

‘unresolved’ Porg pool, which represents a major fraction of total soil Porg. Further

201



General discussion

research is needed to unravel the chemical composition of soil Porg in order to better
understand the transformation and cycling behaviour of individual Porg compounds

in terrestrial and aquatic ecosystems.
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Conclusions

The molecular size of Porg present in soils ranges from small identifiable biomolecules, e.g.
scyllo-1P4, up to large associations with the SOM and mineral phase. The majority of soll
Porg can be divided into two pools: the pool of IP and the ‘unresolved’ Porg pool. Our findings
on the first pool provide evidence that it is much more diverse and abundant than
previously thought. For the first time, we were able to identify six different lower-order IP
in solution 3P NMR spectra on soil extract. Additionally, up to 35 unidentified sharp signals
in the phosphomonoester region of hypobromite oxidised soil extracts are presumably
arising from other, so far unidentified IP forms. Furthermore, investigations on the Porg
molecular size distribution and SOM fractionation revealed that a significant proportion of
IP is associated with the SOM through ester linkages and present in large molecular size
material. However, this large molecular size material was mostly dominated by the
unresolved Pog pool, which comprised on average 77 % resp. 74 % of the total
phosphomonoester concentration in the 10-20 and 20-50 kDa fractions. Our findings
further indicate that the unresolved Porg pool does not consist of a single macropolymeric
structure at distinct molecular size but rather a range of molecules of different molecular
sizes and closely associated with the SOM through ester and ether linkages. These Porg-
SOM associations generated on average three to four underlying broad signals in the
phosphomonoester region of solution 3P NMR soil spectra and comprised 53 % to 79 %

of total phosphomonoesters.

The findings of this PhD project not only improved our understanding on the structural
composition and association of the IP and unresolved Porg pool but also provide information
on possible formation and stabilisation processes. Furthermore, the project reveals that
the chemical nature of Porg in soil, especially the IP and unresolved Pqg pool, is much more
complex and diversified than previously thought. The key challenge of future research is
to capture and acknowledge the complexity and diversity of Porg in soil, and to link these
compounds with physical-, chemical-, and biogeochemical processes in the plant-soil

system.
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Table Al-1. Additional information on sampling sites of the 29 soil samples. The six soil samples investigated in depth in this thesis are marked in bold: The
Ferralsol (17S5), the Vertisol (17S6), the Cambisol (P) (17S12), the Cambisol (F) (17S22), the Gleysol (17526) and the Cambisol (A) (17S29).

ID Site Country Coordinates Elevation (ASL) Soil type Sampling depth (cm) Vegetation

17S1 Ivory Madagaskar 19°33'S, 46°24'E 900 m  Ferralsol 0-10 arable

17S2 Florencia Colombia 1°37'N, 75°37'W 280 m Ferralsol 0-10 arable

17S3 Carimagua Colombia 4°30'N, 71°19'W 150 m  Ferralsol 0-20  rice

1754 Carimagua Colombia 4°30'N, 71°19'W 150 m  Ferralsol 0-20  native grassland
17S5 Carimagua Colombia 4°30'N, 71°19'W 150 m  Ferralsol 0-20  grass legume pasture
17S6 Queensland Australia 27°52'S, 151°37'E 402 m  Vertisol 0-15 arable

17S7 Ersigen Switzerland 47°06'N, 7°35'E 493 m  Cambisol 0-20  pasture

17S8 Ersigen Switzerland 47°06'N, 7°35'E 496 m  gleyic Cambisol 0-15  pasture

1759 Witzwil Switzerland 46°59'N, 7°05'E 431 m  Fluvisol 0-20  pasture (freshly sown)
17S10 Witzwil Switzerland 46°59'N, 7°05'E 430 m  Gleysol 0-20  pasture (freshly sown)
17s11 Enggistein Switzerland 46°55'N, 7°36'E 790m  Cambisol 0-20  pasture

17s12 Enggistein Switzerland 46°56'N, 7°36'E 748 m  Cambisol 0-20  pasture

17513 Walkringen Switzerland 46°57'N, 7°37'E 724 m Regosol 0-20  pasture

17S14 Walkringen Switzerland 46°57'N, 7°37'E 687 m  Gleysol 0-20  pasture

17S15 Galmiz Switzerland 46°58'N, 7°08'E 431 m  Gleysol 0-20  pasture

17516 Waltenschwil Switzerland 47°20'N, 8°18'E 426 m Gleysol 0-20 bare soil

17817 Aristau Switzerland 47°17'N, 8°23'E 381lm  Gleysol 0-20  pasture

17518 Vessertal Germany 50°36'N, 10°46'E 810 m Cambisol 0-21 beech forest

17S19 Liss Germany 52°50'N, 10°16'E 100 m  Cambisol (A) 0-7  beech forest

17S20 Liss Germany 52°50'N, 10°16'E 100 m  Cambisol (Of) above 0  beech forest

17821 Liss Germany 52°50'N, 10°16'E 100 m  Cambisol (Oh) above 0  beech forest

17S22 Bad Briuckenau Germany 50°21°N, 9°56'E 800 m  Cambisol (Ahl) 0-7  beech forest

17523 Bad Briickenau Germany 50°21'N, 9°56'E 800 m  Cambisol (Of) above 0  beech forest

17524 Bad Briickenau Germany 50°21'N, 9°56'E 800 m  Cambisol (Oh) above 0  beech forest

17S25 Saria Burkina Faso 12°17'N, 2°9'W 300 m Ferric Acrisol 0-10 arabe

17526 Ruswil Switzerland 47°05'N, 8°06'E 612 m Gleysol 0-10 grassland

17827 Ruswil Switzerland 47°05'N, 8°06'E 614 m  Regosol 0-20  grassland

17528 Damma Gletscher Switzerland 46°38'N, 8°28'E 1980 m  Cambisol 0-10  grassland

17S29 Rumlang Switzerland 47°26'N, 8°31'E 443 m calcaric Cambisol 0-20 arable




Appendix 1

Table A1-2. Additional information on the soil properties and element concentrations of the 29 soil samples. The six soil samples investigated in depth in this thesis
are marked in bold. Microbial P was measured using the liquid hexanol fumigation method after Kouno et al. (1995). Microbial C and N were measured according
to the fumigation-extraction method described in Vance et al. (1987). Microbial parameters on soil samples that were received dried were not measured. The other

parameters were measured as described in chapters 1 and 2. Values in italic were taken from the literature (Oberson et al., 2001; Meyer et al., 2017).

. . . . . . . NaOH-EDTA extraction ignition-H,SO, extraction XRF Combustion
ID microbial P microbial € microbial N ratio . total P MRP MUP total P P total P total N total C total S ratio pH
(ng P/g) (ng Clg) (Mg N/g) microbial C:N org p
(MgPlg) (ugP/g) (ugPlg) (ug Plg) (ug P/g) (Mg Plg) (mgN/g) (mgClg) (mgS/g) C:N
17S1 - - - - 73 27 46 115 95 660 0.9 12 0.1 13 41
17S2 - - - - 99 36 63 194 172 962 1.6 18 0.2 11 3.7
17S3 3 72 18 4.1 208 163 45 235 126 471 1.5 22 0.1 15 338
17S4 5 145 26 5.5 75 43 32 111 93 228 1.6 25 0.1 16 3.6
17S5 7 172 35 4.9 111 66 46 153 109 320 1.7 27 0.1 15 3.6
17S6 - - - - 447 357 90 1158 47 1726 1.9 24 0.2 13 6.1
17S7 3 14 6 2.1 362 207 155 632 316 1476 1.2 11 0.1 9 54
17S8 23 80 27 3.0 438 131 307 553 358 1298 1.7 16 0.2 9 438
1759 23 110 20 5.6 397 237 159 759 315 1256 5.1 73 0.7 14 6.8
17S10 43 373 58 6.4 523 508 14 1502 789 1776 16.2 246 34 15 6.6
17S11 20 68 11 6.3 771 542 230 1220 559 2753 2.4 23 0.4 10 5.7
17812 31 134 34 3.9 827 367 460 1112 729 2553 2.3 21 0.3 9 51
17S13 12 92 29 3.1 642 218 424 927 492 1886 2.1 18 0.2 9 49
17514 0 335 85 4.0 1870 957 913 2420 1137 3358 15.4 185 1.9 12 56
17S15 69 150 36 4.2 354 205 149 833 462 1201 7.8 102 1.7 13 71
17516 26 93 21 4.4 653 406 248 1268 622 1616 8.4 115 2.2 14 70
17817 53 217 44 5.0 769 362 406 1273 660 1521 8.0 91 16 11 7.2
17518 9 101 24 4.2 576 241 335 737 482 2061 2.7 40 0.4 15 3.7
17519 4 47 11 4.3 46 22 23 65 58 559 1.0 23 02 23 37
17520 32 777 212 3.7 268 147 121 465 349 977 14.0 322 19 23 36
17521 69 340 93 3.7 295 147 148 417 317 1191 8.6 175 1.3 20 3.7
17S22 23 219 47 4.6 1579 537 1042 2375 1377 3841 6.6 90 0.9 14 3.6
17523 78 222 14 16.1 1937 728 1209 2391 1276 3387 15.0 240 1.9 16 35
17524 45 194 43 4.5 1904 726 1177 2866 1689 4063 11.3 174 1.7 15 35
175825 - - - - 22 9 13 79 73 592 0.3 5 00 15 6.0
17526 213 419 103 4.1 1578 690 888 2079 939 2913 10.9 148 1.7 14 50
17827 35 136 36 3.8 1240 683 556 1614 819 2761 6.7 99 13 15 64
17528 - - - - 1554 184 1371 1928 1783 3416 9.5 124 1.3 13 3.7

17S29 - 209 - - 510 128 382 927 430 1724 2.5 27.6 - 1 7.7




Appendix 2

X-ray diffraction results



Appendix 2

The soil mineralogy of the six soil samples investigated in this PhD project was determined
by Prof Dr Ruben Kretzschmar using X-ray diffraction at the Institute of Biogeochemistry
and Pollutant Dynamics (ETH Zurich). In brief, soil samples were ground to powder using
a McCrone Micronising Mill (McCrone Scientific Ltd, London, UK) and subsequently
packed on a sample holder. The samples were measured on a Bruker D8 Advance
diffractometer using Cu Kai,» radiations and a high-resolution energy-dispersive 1D
detector (Bruker AXS GmbH, Karlsruhe, Germany). The acquired diffractograms were
analysed using Rietveld quantitative phase analysis.

The following results were provided by Prof Dr Ruben Kretzschmar.

Table A2-1. Soil mineralogy (%) determined by XRD measurements with subsequent Rietveld

guantitative phase analysis of the six soils investigated in this thesis.

Mineral Ferralsol Vertisol Cambisol (P) Cambisol (F) Gleysol Cambisol (A)
Quartz (%) 66.6 6.7 68.4 51.3 58.7 63.3
Albites (%) - - 12.5 6.7 11.2 9.7
Microclines (%) - - 6.3 13.3 6.3 4.2
Clinochlores (%) 0.7 - 5.0 5.7 7.6 7.04
Muscovites (%) 3.7 12.8 7.9 22.9 16.2 15.7
Labradorites (%) 3.0 16.2 -

Montmorillonites (%) 12.4 50.1 -

Kaolinites (%) 13.7 14.2 -
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XRD diffractograms: Identification of possible mineral phases
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Cambisol (P)
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Cambisol (A)
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TOPAS: Quantitative Phase Analysis (Rietveld method)
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Cambisol (P)
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Appendix 3

Pilot study PLFA extraction with subsequent 3P NMR
spectroscopic analysis of CDCI3 extracts
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Phospholipids were extracted from the Gleysol sample using a mixture of methanol,
chloroform and a citrate buffer according to the methods of Bligh and Dyer (1959) and
Frostegard et al. (1991). The solution 3P NMR spectrum on the redissolved sample in
deuterated chloroform (Figure A3-1) revealed a dominant peak at -17.8 ppm, which
represents the triphenylphosphate standard (TPP), and two dominant peaks at chemical
shift regions © -12 to -14 ppm, which could arise from a phosphotriester (Pretsch et al.,
2010). Furthermore, signals in the phosphodiester region (6 2.5 to -3.0 ppm) and a peak

at 6 10.8 ppm located in the phosphonate region are visible.

triester?

TPP
N /

10 5 0 -5 -10 -15 ppm
chemical shift

Figure A3-1. Solution 3P NMR spectra (500 MHz) of the in CDCIz redissolved PLFA extracts.

The added triphenylphosphate standard (TPP) is marked.
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Longitudinal relaxation times (T1) of selected P species
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Table A4-1. Longitudinal relaxation times (T1) of the MDP-standard, the orthophosphate peak and the
four myo-IPs peaks as measured by NMR inversion recovery experiments on 0.25 M NaOH +
0.05 M EDTA soil extracts of chapter 1. The carbon nuclei C1-C6 of the inositol ring on which the
phosphate group is attached has been indicated.

T1 (ms)
Peak
Ferralsol Vertisol Cambisol (P) Cambisol (F) Gleysol Cambisol (A)
MDP 1489 1867 1226 783 625 1717
Orthophosphate 3374 6052 2174 1399 1053 4953
C1,C3-myo-IPs - - 87 890 906 -

C4,C6-myo-IPs - - 122 861 954 -




Appendix 5

Pilot study on a phytate standard dissolved in NaOH-EDTA
with increasing EDTA concentrations and Fe
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According to Figure A5-1, the addition of the paramagnetic ion iron (Fe) to an alkaline
solution containing a myo-IPe standard did not cause a considerable line broadening of the
myo-1Ps in the NMR spectra. The Fe concentration in the solution was increased by factor
50, which resulted in an increase of the average line width at half-height over all four peaks
of myo-IPg of a factor 1.5. Hence, the complexation capacity of the added 0.05 M EDTA
appears to be high enough to complex even large amounts of Fe. Furthermore, there is no
evidence for the development of an additional broad feature in the phosphomonoester

region with increasing Fe concentration.

—0.05M EDTA, 14 g Fel/L — —
——0.05M EDTA, 0.28g Fe/L

WA,

55 5 45 4 35
Chemical shift (ppm)

Figure A5-1. Solution 3P NMR spectrum (500 MHz) of a 100 mg P/L myo-IPe standard (Sigma Aldrich,
product no. P5681) dissolved in 0.25 M NaOH + 0.05 M EDTA. The Fe concentration in the NMR solution
was adjusted to 14 g Fe/L (red) resp. 0.28 g Fe/L (black) before centrifugation using a 1 kg Fe/L standard
solution (in nitric acid). The peak intensities were normalised to the peak intensity of the added MDP

standard (times 0.5).

The line width at half-height over all four peaks of myo-IPs was on average 1.115 Hz for the 14 g Fe/L
(red) extract resp. 0.766 Hz for the 0.28 g Fe/L (black) extract.
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The EDTA concentrations in an alkaline solution containing a myo-IPs standard and a
known amount of iron was increased in order to assess possible influences on the line
width at half-height of the myo-I1Ps peaks (Figure A5-1).

The acquired NMR spectra indicate a small shift of the peak position with increasing
concentration of EDTA in the solution. This could be explained by changes of the solution’s
pH due to the increased complexation of ions. Furthermore, the signal-to-noise ratio
slightly improves using more than 0.05 M EDTA. However, the effects of different EDTA

concentrations on the spectral quality are minor.

——0.05M EDTA, 0.28 g Fe /L

——0.1 M EDTA, 0.28g Fe /L

—0.15M EDTA, 0.28g Fe /L

55 5 45 4 35
Chemical shift (ppm)
Figure A5-2. Solution 3P NMR spectrum (500 MHz) of a 100 mg P/L myo-IPe standard (Sigma Aldrich,
product no. P5681) dissolved in 0.25 M NaOH + 0.05 M EDTA (red), 0.25 M NaOH + 0.1 M EDTA (blue),
0.25 M NaOH + 0.15 M EDTA (green). The Fe concentration in the NMR solutions was adjusted to
0.28 g Fe/L before centrifugation using a 1 kg Fe/L standard solution (in nitric acid). The peak intensities
were normalised to the peak intensity of the added MDP standard (times 0.5).
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Quantitative measures of myo-IPg¢ in soil using
solution *'P NMR spectroscopy and spectral
deconvolution fitting including a broad signalf

Jolanda E. Reusser, ©*2 René Verel, @ ° Emmanuel Frossard®
and Timothy I. McLaren®?

Inositol phosphates, particularly myo-inositol hexakisphosphate (myo-1P¢), are an important pool of soil
organic phosphorus (P) in terrestrial ecosystems. To measure concentrations of myo-IPg in alkaline soil
extracts, solution 3'P nuclear magnetic resonance (NMR) spectroscopy is commonly used. However,
overlap of the NMR peaks of myo-IPg with several other peaks in the phosphomonoester region requires
spectral deconvolution fitting (SDF) to partition the signals and quantify myo-IPg. At present, two main
SDF approaches are in use; the first fits a Lorentzian/Gaussian lineshape to the myo-IPg peaks directly to
the baseline without an underlying broad signal, and the second fits a Lorentzian/Gaussian lineshape to
the myo-IPg peaks simultaneously with an underlying broad peak. The aim of this study was to compare
the recovery of added myo-IPg to soil extracts using both SDF procedures for six soil samples of diverse
origin and differing concentrations of organic P (112 to 1505 mg P per kgs.i). The average recovery of
total added myo-IPg was 95% (SD 5) and 122% (SD 32) using SDF with and without an underlying broad
signal, respectively. The recovery of individual peaks of myo-IPg differed, most notably, the C5
phosphate peak of myo-IPg was overestimated by up to 213% when a broad peak was not included in
SDF. Based on the SDF procedure that includes a broad peak, concentrations of myo-IPg ranged from
0.6 to 90.4 mg P per kgsoi. Which comprised 1-23% of total phosphomonoesters. Our results
demonstrate that the SDF procedure with an underlying broad signal is essential for the accurate
quantification of myo-IPg in soil extracts.

In terrestrial ecosystems, myo-inositol hexakisphosphate (myo-IPs) is considered to be a major pool of organic phosphorus (P) in soil. However, there is

disagreement in the literature on how to accurately measure myo-IP, in soil using solution *'P nuclear magnetic resonance (NMR) spectroscopy. We provide new
insights on the use of solution *'P NMR spectroscopy followed by spectral deconvolution fitting for the quantitative measurement of myo-IP in soil extracts.
Accurate quantification of myo-IPg is essential for understanding its transformation in soil and hence availability for living organisms as well as its potential
contribution to P movement into aquatic ecosystems.

1. Introduction

(myo-1P¢) is the most abundant.>* Studies have reported that
pools of myo-TP; comprise on average one third of the total Pyg

Phosphorus (P) is an essential macronutrient for all living
organisms, which is primarily sourced from the soil environ-
ment. It is estimated that between 20 and 80% of the total P
(Ptor) in soil exists in an organic form."* A major pool of iden-
tifiable organic P (Pog) in soil is that of inositol phosphates (IP),
of which the myo stereoisomer of inositol hexakisphosphate

“Department of Environmental Systems Science, Group of Plant Nutrition, ETH Zurich,
Eschikon 33, CH-8315 Lindau, Switzerland. E-mail: jolanda.reusser@usys.ethz.ch
*Department of Chemistry and Applied Biosciences, Laboratory of Inorganic Chemistry,
ETH Zurich, Viadimir-Prelog-Weg 1-5/10, CH-8093 Zurich, Switzerland
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in soil.> The mechanism for its accumulation in soil is thought
to be due to its high binding affinity to aluminum and iron
(hydro-)oxides.®

Solution *'P nuclear magnetic resonance (NMR) spectros-
copy has been used since 1980 to identify the chemical nature of
Py in soil extracts.”® The majority of P (~80%) in NaOH soil
extracts is detected in the phosphomonoester region (organic
moiety-O-PO;) of the NMR spectrum.” However, due to many
overlapping signals in this region, spectral deconvolution
fitting (SDF) procedures are required to partition the NMR
signal.® The two main SDF approaches applied to soil extracts
are that of Turner et al., (2003)" or modifications thereof,'* and
Biinemann et al., (2008)** or modifications thereof."

This journal is © The Royal Society of Chemistry 2020
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Turner et al., (2003)'° were the first to propose a SDF proce-
dure that could partition the NMR signal within the phospho-
monoester region and quantify myo-IPs in soil extracts. The SDF
procedure was carried out using the Bruker WinNMR program,
and involved fitting a series of sharp signals from the peak
maxima of myo-IPs to the baseline of the spectra. The procedure
was applied to 29 soils under grassland in the United Kingdom
and the authors tested the efficacy of the procedure by calcu-
lating the recovery of added myo-IPs in a 1 M NaOH solution
containing a mixture of P,,; compounds. The authors reported
that the recovery of added myo-IP, was on average 102%.
However, a limitation of this study was that recoveries of added
myo-1Ps were determined in non-soil extracts.

In contrast, Biinemann et al., (2008)** later proposed a SDF
for the quantification of P, compounds (e.g. myo-IPs) that
involved fitting a broad feature in the phosphomonoester
region, which was then subtracted from the original NMR
spectrum and then the overlaying sharp signals were fitted. The
authors hypothesized that the broad signal was caused by
phosphomonoesters in large and complex molecules, which
was later confirmed by McLaren et al, (2015)** and McLaren
et al., (2019).” Biinemann et al., (2008)** did not describe the
SDF procedure in detail or test its efficacy at the time. However,
Doolette et al., (2010)** compared the two SDF procedures (with
and without a broad signal) to quantitatively recover myo-IPs,
which was added to a soil extract. The authors reported that the
concentration of myo-IPs was overestimated by 54% when
a broad signal was not included. Doolette et al., (2011)" later
explained the SDF procedure in more detail. A limitation of this
study was that the recovery of added myo-IP was only tested on
one soil extract. In addition, both SDF methods were not able to
identify the recovery of the four individual peaks of myo-IPs due
to poor spectral resolution.

A plethora of studies have been carried out since 2003 to
identify the chemical nature of soil P,,, using solution *'P NMR
spectroscopy and SDF procedures.® Despite this, there has been
no detailed assessment on the efficacy of the two main SDF
procedures, which has major consequences for how we under-
stand the composition of soil P, The implicit assumption of
the SDF procedure without a broad signal is that the phos-
phomonoester region is comprised of an array of sharp peaks
(e.g. myo-1Ps) with very similar linewidths, which are presum-
ably from small organic molecules."”'® In contrast, the impli-
cation of the SDF procedure with a broad signal is that it
interprets the phosphomonoester region as comprised of
a broad signal, which is considered to be P, in the form of
large molecular structures and associated with the soil organic
matter (SOM),”** and in addition an array of sharp peaks from
small organic molecules containing P. It is also important to
reconcile these views with previous studies using non-NMR
techniques, which often reported large concentrations of Py,
in large molecular weight fractions.***

The aim of this study was to assess the efficacy of the two SDF
procedures to quantitatively determine myo-IP¢ in soil extracts.
myo-Inositol hexakisphosphate was chosen because it can be
easily detected in *'P NMR spectra on soil extracts as four
distinct peaks in a 1:2: 2 : 1 ratio. This ratio is caused by the

This journal is © The Royal Society of Chemistry 2020
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chemical structure of myo-IPg (see Fig. SI-1 in the ESIT), with the
two phosphate groups bound to the C1 and C3 carbon nuclei of
the inositol ring being chemically equivalent, and therefore
exhibiting the same chemical shift. This is similarly the case for
the phosphate groups bound to the C4 and C6 carbon nuclei.
The phosphate groups bound to C5 and C2 have distinct
chemical environments caused by the conformation of the
molecule. The combined four peaks associated with the phos-
phate groups of myo-IPs can be used to probe a relatively wide
chemical shift range in the phosphomonoester region of the *'P
NMR spectrum using a single compound.

2. Materials and methods

2.1. Soil collection and preparation

Six soil samples were collected from the upper horizon of soil
profiles including different soil types and land use systems
across four countries. We included soils that covered a wide
diversity of organic P contents and soil properties: two Cambi-
sols (S3 and S6) and a Gleysol (S5) from Switzerland, a Ferralsol
(S1) from Colombia, a Cambisol (S4) from Germany, and a Ver-
tisol (S2) from Australia.> Soil S1 was collected in 1997 from the
0-20 cm soil layer of the improved grassland treatment of the
long-term Culticore field experiment at the Carimagua Research
Station in Colombia.>* Soil S2 was collected in 2017 from the 0-
15 cm soil layer of a field under cropping from southern
Queensland, Australia. The site has been under cultivation for
the past 25 years and prior to this was shrubland containing
sparse Eucalyptus camaldulensis L. and native grasses. Soil S3
was collected in 2017 from the 0-20 cm soil layer of a cultivated
field, but was under grassland for more than 6 years prior. Soil
S4 was collected in 2014 from the 0-7 cm topsoil layer of a beech
forest in Bad Briickenau, Germany, as described in Biinemann
et al., (2016).>> Soil S5 was collected in 2017 from the 0-10 cm
soil layer of a drained marshland, which has been under
grassland for more than 20 years, near Lucerne, Switzerland.
Sample S6 was collected in 2013 from the 0-20 cm soil layer
from an unfertilized border strip of a cultivated field in
Riimlang, Switzerland.*

Background information on the studied sites, and some
chemical and physical properties of the soils, are reported in
Table 1. Soils S3, S4 and S5 were passed through a 5 mm sieve
and dried at 60 °C for 5 days. Soils S1 and S6 were received dried
and sieved at <2 mm, whereas S2 was received dried (at 40 °C for
2 days) and ground at <2 mm. In order to include soils with
a diversity of organic P contents and soil properties, soils were
sourced from the field in Switzerland and from previous
studies.”** Consequently, there were small differences in soil
preparation among soils used in this study, which may slightly
affect soil P extraction. Nevertheless, these differences will not
affect the application of SDF procedures to the resultant NMR
spectra for the quantification of added myo-IPs in soil extracts.
Concentrations of total carbon (Cy,) and nitrogen (Ni) in soil
were measured using combustion of 50 mg ground soil weighed
into tin foil capsules (vario PYRO cube®, Elementar Analy-
sesysteme GmbH). Concentrations of 0.5 M H,SO, extractable
P and Py in soil were measured using the ignition-H,SO,

Environ. Sci.. Processes Impacts, 2020, 22, 1084-1094 | 1085
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method of Saunders and Williams (1955)* as described in Kuo
(1996).> Total concentrations of soil P were determined by X-ray
fluorescence  spectroscopy (SPECTRO XEPOS ED-XRF,
AMETEK®) using 4.0 g of ground soil sample mixed with 0.9 g
of wax (CEREOX Licowax, FLUXANA®). The XRF instrument was
calibrated using commercially available reference soils. Soil pH
was measured in H,O at a soil to solution ratio of 1 : 2.5 (w/w)
with a glass electrode.

2.2. Extraction of soil organic P

Concentrations of P, were determined based on the method of
Cade-Menun et al., (2002).>® Briefly, 3.0 g of soil was extracted
with 30 mL of 0.25 M NaOH + 0.05 M Na,EDTA. Soil extracts
were shaken for 16 h on a horizontal shaker at 150 rpm at 24 °C,
centrifuged for 10 min at 4643g, and then the supernatant
passed through a Whatman no. 42 filter paper. A 20 mL aliquot
of the filtrate was frozen at —80 °C and then lyophilized prior to
NMR analysis. This resulted in 420 to 782 mg of lyophilized
material across all soils. Concentrations of Py, in the remaining
filtrates were measured using inductively coupled plasma-
optical emission spectrometry (ICP-OES). Concentrations of
molybdate reactive P (MRP) were measured using the malachite
green method of Ohno and Zibilske (1991).>” The difference
between P, and MRP in NaOH-EDTA filtrates is molybdate
unreactive P (MUP), which is largely considered to be P,,,** but
may also include a small proportion of condensed phosphates
(e.g. pyrophosphate).?

2.3. Preparation of lyophilized material for solution *'P
NMR spectroscopy

Preparation of lyophilized material for solution *'P NMR spec-
troscopy was based on a modification of the methods as re-
ported in Vincent et al, (2013)*° and Spain et al, (2018).*
Briefly, 120 mg of lyophilized material was weighed into 1.5 mL
microcentrifuge tubes and then a 600 pL aliquot of 0.25 M
NaOH + 0.05 M Na,EDTA solution was added. The solution was
briefly vortexed and then allowed to rest overnight in order for
complete hydrolysis of RNA and phospholipids.**?* This is
because the hydrolysis products of RNA (RNA mono-
nucleotides®) and phospholipids (a- and B-glycerophosphate®)
generate peaks in the phosphomonoester region.**** The
microcentrifuge tubes were then centrifuged at 10 621g for
15 min, and a 500 pL aliquot of the supernatant was transferred
to another 1.5 mL microcentrifuge tube, which then received
a 25 pL aliquot of a 0.03 M methylenediphosphonic acid (MDP)
standard in D,O (Sigma-Aldrich, product no. M9508) and a 25
uL aliquot of sodium deuteroxide (NaOD) at 40% (w/w) in D,O
(Sigma-Aldrich, product no. 372072). The solution was briefly
vortexed and then transferred to 5 mm NMR tubes for analysis.

Subsequent NMR analyses of samples S4 and S5 revealed
considerable line-broadening of all peaks in the NMR spectra,
which might have been caused by high sample viscosity.
Therefore, the preparation of lyophilized material was repeated
for these samples but at a wider ratio, as recommended by
Cade-Menun and Liu (2014).® For these samples, 80 mg of
lyophilized material was dissolved in 600 pL of 0.25 M NaOH +

This journal is © The Royal Society of Chemistry 2020
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0.05 M Na,EDTA solution, and then prepared as previously
described. This overcame the issue and resulted in high reso-
lution NMR spectra.

2.4. Solution *'P NMR spectroscopy

All NMR analyses were carried out with a Bruker Avance IITHD
500 MHz NMR spectrometer equipped with a 5 mm liquid-state
Prodigy™ CryoProbe (Bruker Corporation; Billerica, MA) at the
NMR facility of the Laboratory of Inorganic Chemistry
(Honggerberg, ETH Ziirich). Solution *'P NMR spectra were
acquired using a *'P frequency of 202.5 MHz, with gated
broadband proton decoupling and 90° pulses (duration of 12
us) for excitation. Careful shimming of the samples resulted in
a spectral resolution of <0.1 Hz. The recycle delay of each
sample was set based on an inversion recovery experiment.*®
Briefly, the spin-lattice relaxation times (7;) were calculated
from 10 separate experiments with increasing t values, the time
period between the applied pulses in the inversion recovery
sequence. Each spectrum was obtained with the collection of 24
scans and a recycle delay of 5 s. Total duration of the inversion
recovery experiment for each sample was 56 min. The recycle
delay for each sample was calculated by multiplying the longest
T; value from the inversion recovery experiment by five. This
resulted in recycle delays ranging from 6.7 to 31.0 s across all
soils. The number of scans was set to 1024 or 4096, depending
on the signal to noise ratio of the obtained spectrum.

2.5. Processing of NMR spectra

Spectral processing involved Fourier transformation, phase
correction and baseline adjustment using the TopSpin® soft-
ware of Bruker (Version 3.5 pl 7, Bruker Corporation; Billerica,
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MA). All NMR spectra were processed with an exponential line-
broadening of 0.6 Hz. Since the concentration of added MDP is
known, its integral (net peak area) is directly proportional to
that of all other NMR signals.'® Therefore, quantification of P
species in NMR spectra was carried out based on spectral
integration.’” In general, integral regions included: (1) phos-
phonates, in particular the added MDP (¢ 16.9 to 16.3 ppm),
which includes its two carbon satellite peaks (at 6 16.96 and
16.36 ppm), 2-aminoethylphosphonic acid (6 19.8 to 19.6 ppm),
unknown phosphonate 1 (6 19.3 to 19.2 ppm), unknown phos-
phonate 2 (6 18.3 to 18.1 ppm) and unknown phosphonate 3 (6
16.5 to 16.4 ppm); (2) the combined orthophosphate and
phosphomonoester region (6 6.0 to 3.0 ppm); (3) phospho-
diesters, in particular unknown phosphodiester 1 (6 2.5 to 2.2
ppm), unknown phosphodiester 2 (6 0.6 to 0.5 ppm), DNA (6
—0.7 to —1.4 ppm) and unknown phosphodiester 3 (6 —2.3 to
—2.4 ppm); and (4) pyrophosphate (6 —4.8 to —5.4 ppm). These
integral regions are highlighted in Fig. SI-3 in the ESI.f Due to
overlapping signals in the orthophosphate and phosphomo-
noester region, SDF was needed to partition the NMR signals
within this region.

2.6. Deconvolution fitting procedures

Two spectral deconvolution fitting approaches were applied
to the orthophosphate and phosphomonoester region. The
first approach involved fitting all identifiable sharp peaks (i.e.
distinguishable from the noise of the spectrum) to the base-
line of the spectra, which is based on the method of Turner
et al., (2003).*® The second approach involved fitting all
identifiable sharp signals and simultaneously an underlying
broad signal in the phosphomonoester region, which has

A) B)
i C1,3 C46 —— S— C13 C46 ——
ortho ortho
C5 c5
1
c2 | c2
'M 2 'w " " f
| [l Iy
™ ; Z : L 5
s, g L L L L L L L L L L L
6 55 5 45 4 35 5.5 5 45 4 35 3

Chemical shift (ppm)

Chemical shift (ppm)

Fig. 1 Solution 3P NMR spectrum of 0.25 M NaOH + 0.05 M EDTA soil extract S6 (black). Graphical representation of the two spectral
deconvolution fitting approaches without (A) and with an underlying broad signal (B). All fitted peaks are illustrated; the broad peak (yellow) and
the four myo-IP¢ peaks (red) have been highlighted. In addition, the phosphate groups bound to carbons C1-6 of myo-1Pg and also that of the

orthophosphate (ortho) peak, have been identified.
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been described in McLaren et al., (2019),** and is based on the
method of Biinemann et al., (2008)."” We used MATLAB®
R2017a (The MathWorks, Inc.) scripts containing a non-linear
optimization algorithm for the SDF of the NMR spectra. Fig. 1
shows a graphical representation of the two deconvolution
fitting procedures used in this study (peak assignment
according to'®). For both SDF procedures, a Lorentzian or
Gaussian lineshape model was selected for each peak based
on a visual assessment of the most optimized fit and calcu-
lated residuals. In general, a Lorentzian lineshape was used to
fit the broad signal, signals of myo-IP¢s and orthophosphate,
whereas a Gaussian lineshape was used to fit the remaining
sharp signals, which were generally of lower signal intensity.
Each of the identifiable sharp peaks were fitted between an
upper and lower bound on both their linewidths at half height
and their peak positions at highest intensity. The same was
true for the peak position of the underlying broad signal and
its linewidth at half height. The upper and lower bound for
both parameters of the broad signal being set to ¢ 3.8 ppm
and 6 4.5 ppm, and from 19 Hz to 293 Hz, respectively. Within
these visually assessed boundaries, all signals (including the
underlying broad signal) were fitted by the non-linear opti-
mization algorithm. The residues of all fitted spectra are
plotted in Fig. SI-4 and SI-5 in the ESI.f The goodness of fit
parameters of the SDF including the Root-mean-square fitting
error and R” (coefficient of determination) are listed in Table
SI-1 (ESIT). Table SI-1} also includes the results of a reduced
Chi®-test in MATLAB® with the fitted peaks and the according
residuals (chemical shift range ¢ 5.2 to 3.0 ppm). We carried
out the Chi*-test in order to determine if an overfitting of the
spectra occurred (Chi® < 1). Briefly, the results (Chi® > 1) show
that there was no overfitting of the spectra using both SDF
approaches, and that the Chi® values of the SDF approach
with a broad signal were closer to 1 than without a broad
signal, which suggests the former approach is a better fit of
the spectra. Furthermore, we carried out the Bootstrap
sampling function of MATLAB® (n = 100) for all peaks within
the given boundaries of the peak positions, the area and
linewidths at half height. The resulting means of the peak
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position and linewidths at half height including the standard
deviations for the broad signal are listed in Table SI-2 in the
ESI.T The calculated standard deviations were very low for all
three parameters, indicating a good fit of the broad peak
within the given boundaries.

2.7. Spiking experiment

The two deconvolution fitting procedures were assessed by
determining the recovery of a known amount of added myo-1P¢
to soil extracts. After NMR analysis of the unspiked soil extract,
a 10 pL aliquot of a 5.5 mM myo-IP, standard in D,O was added
to all soil extracts except for soil S5 (Sigma-Aldrich, product no.
P5681). For sample S5, a 10 pL aliquot of a 11 mM myo-1P
standard in D,O was added. The aim was to add myo-IPs at
a concentration that would result in an increase of peak
intensity of approximately 3-times the peak intensity in
unspiked extracts.”” The NMR tube was then sealed with par-
afilm, inverted several times, and then allowed to rest prior to
NMR analysis. The NMR analysis parameters on the spiked soil
extract were the same as that carried out on unspiked extracts.
Similarly, spectral processing and quantification were carried
out as previously described. The recovery of added myo-IPs was
calculated using eqn (1).

Recovery of added myo-1P¢(%0)

_ A(mg P per 1) — B(mg P per 1)
N C(mg P per 1) x 100 (1)

where A refers to the concentration of myo-IP¢ in the spiked soil
extract, B to the concentration of myo-IPe in the unspiked extract
and C to the concentration of the added myo-IP;. Solution *'P
NMR recovery of the phytate standard revealed impurities,
therefore C represents the actual concentration of myo-IPg in the
standard (see Fig. SI-2 in the ESIT).

2.8. Statistical analyses and graphics

All graphics were created using MATLAB® R2017a (The Math-
Works, Inc.). All statistical analyses were carried out using
Microsoft® Excel 2016. This included calculating the mean
values and standard deviations (SD) of the added myo-IP¢

Table 2 Total soil phosphorus (Py) as measured by X-ray fluorescence (XRF) spectroscopy, and pools of extractable P using the ignition-H,SO,4
extraction technique of Saunders and Williams (1955)** and the NaOH-EDTA extraction technique of Cade-Menun et al, (2002)2¢ The
percentage of extractable P to that of Py in soil as measured by XRF is shown in parentheses

XRF Ignition-H,SO, extraction NaOH-EDTA extraction
Pton Porg1 Pt0t7
Soil mg P per kg mg P per kg (%) mg P per kg, (%) MRP“, mg P per kg (%) MUP?, mg P per kg (%)
s1 320 109 (34) 160 (50) 67 (21) 93 (29)
S2 1726 143 (8) 484 (28) 351 (20) 133 (8)
S3 2553 729 (29) 863 (34) 323 (13) 540 (21)
s4 3841 1377 (36) 1850 (48) 525 (14) 1326 (35)
S5 2913 939 (32) 1490 (51) 610 (21) 880 (30)
S6 1724 430 (25) 510 (30) 128 (7) 382 (22)

“ Molybdate reactive P (MRP) based on the malachite green method of Ohno and Zibilske (1991).”” ? The difference between Py, and MRP is

molybdate unreactive P (MUP), which is considered to be Poyg.
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Table 3 Relative concentrations of P classes determined by solution *'P NMR spectroscopy as percentage (%) of total P in NaOH-EDTA soil
extracts. Chemical shift regions were attributed to P species according to peak positions in spectra

Phosphonates” Orthophosphate P-monoester P-diesters Pyrophosphates
Soil (6 19.8 to 16.5 ppm) (6 5.5 to 5.0 ppm) (6 6.0 to 3.0 ppm) (6 2.5 to —2.4 ppm) (6 —4.8 to —5.3 ppm)
S1 1.0 55.0 37.0 5.1 1.9
S2 1.0 85.0 13.3 0.0 0.7
S3 0.2 50.4 47.8 0.4 1.2
S4 1.5 46.7 47.7 2.9 1.3
S5 0.0 48.5 45.3 3.3 2.9
S6 0.2 51.1 46.9 0.0 1.8

% The added methylenediphosphonic acid (MDP) standard is not included.

recovery across the six soil samples. The NMR observability was
calculated by comparing the concentration of P, as detected by
NMR with that measured by ICP-OES,"*** which ranged from 52
to 89% (on average of 68%) across all soils.

3. Results

3.1. Pools of soil P

Concentrations of Py, in soil using XRF ranged from 320 to
3841 mg P per kg, (Table 2). Concentrations of P, in NaOH-
EDTA extracts comprised 28 to 51% of the P, in soil as
measured by XRF. Concentrations of P, using the ignition-
H,SO, extraction technique ranged from 143 to 1377 mg P per
kggoi1. The concentration of P, in NaOH-EDTA extracts ranged
from 93 to 1326 mg P per kg, which comprised 8 to 35% (an
average value of 24%) of the total soil P using XRF.

3.2. Solution *'P NMR spectra of soil extracts

The majority of NMR signals occurred in the orthophosphate
and phosphomonoester region (6 6.0 to 3.0 ppm), which
comprised on average 96% of total NMR signal (Table 3). In
general, the peak of greatest intensity across all soils was that of
orthophosphate (apart from the added MDP). The largest pool
of Py, as determined by the integral over the various regions of
peaks was that of phosphomonoesters, which accounts on
average for 94% of the total NMR signal arising from organic
forms. Concentrations of phosphomonoesters range from 36.3
to 501.1 mg P per kgy.i. The remaining NMR signal is distrib-
uted between phosphodiesters, pyrophosphates and
phosphonates.

The phosphomonoester region comprised of two main
spectral features based on a visual assessment; the presence of
(i) 18 to 47 sharp signals, and (ii) an underlying broad signal.
The four peaks of myo-IPs were observed in the NMR spectra of
all soils except in soil S2, in which only the C1,3 and C4,6 peaks
could be clearly identified due to the low initial concentration of
myo-1Pe. In all soils, the C2 peak of myo-IP¢ at ¢ 5.04 ppm in the
NMR spectra exhibited little overlap with the broad signal
compared to the other peaks of myo-IPs. Some slight overlap
between the C2 peak of myo-IPs and the base of the ortho-
phosphate peak was observed in soils S4 and S5.

This journal is © The Royal Society of Chemistry 2020

3.3. Spike recoveries of total myo-IPg

Spiking the soil extracts with myo-IPs resulted in a clear increase
in its peak intensities at 6 5.04 ppm, 4.10 ppm, 3.72 ppm and
3.61 ppm across all soils (Fig. 2). On average, the increase in
peak intensity of myo-IPs was 3-fold relative to the unspiked
samples in terms of absolute intensity from the peak maximum
to the baseline of the spectrum. The exception was sample S2,
where the increase of the C1,3 and the C4,6 peak was 7-fold
relative to the unspiked sample. The increase in peak intensity
due to spiking varied for the four individual peaks of myo-IPs.
The C2 peak showed the greatest increase of intensity (3.2-fold)
whereas the C5 peak showed the least (2.6-fold). The addition of
the phytate standard to the soil extract also resulted in an
increase in the intensity of other peaks to that of myo-IPg,
particularly peaks at ¢ 3.98, 4.14, 4.17 and 4.57 ppm.

The recovery of total myo-IP in the six soil extracts using the
SDF procedure with a broad signal was on average 95%, whereas
this was on average 122% using the SDF procedure without
a broad signal (Table 4). In addition, the variation in recovery of
myo-IPs across the six samples was least using the former
approach (SD of 5) compared to the latter approach (SD of 32).

3.4. Spike recoveries of individual peaks of myo-IPs

Spike recoveries for each of the four peaks of myo-IPs differed
between the SDF approaches across all soils (Table 4). Over-
estimation of spike recoveries using the SDF procedure without
a broad peak was greatest (up to 213%) for the C5 peak of myo-IP
compared to all other peaks. Furthermore, spike recoveries of the
C1,3 and C4,6 peaks of myo-IPs were overestimated on average 8%
more than that of the C2 peak. The peak ratios of myo-IP¢ in the
unspiked soils were on average 1.0:2.2:1.8: 0.9 with a broad
signal and 1.0 : 2.1 : 1.9 : 0.7 without a broad signal, when the C2
peak was set to 1 (soil S2 was not included due to unreliable
measures of the C2 and C5 peaks of myo-IPy).

3.5. Quantification of myo-IP¢ (and the broad signal) in soil
extracts

Concentrations of total myo-IPs in soil extracts obtained with
SDF with a broad peak ranged from 0.6 to 90.4 mg P per kg,
which comprised between 1% and 23% of total phosphomo-
noesters (Table 5). On average, the broad signal accounted for
64% of total phosphomonoesters across all soils (Table 5).
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Table 4 Calculated recoveries of the added myo-IPg (Sigma-Aldrich, product no. P5681) in 0.25 M NaOH + 0.05 M EDTA soil extracts across 6
soil samples, and their standard deviation (SD). Concentrations of the added myo-1Pg were obtained from solution *!P NMR spectra using two
spectral deconvolution fitting (SDF) procedures; one (i) with a broad underlying signal based on the method of Biinemann et al., (2008),*? and (ii)
one without an underlying broad signal based on the method of Turner et al., (2003).*° The carbon nuclei C1-C6 of the inositol ring on which the

phosphate group is attached has been indicated

SDF procedure myo-IPg S1 (%) S2 (%) S3 (%) S4 (%) S5 (%) S6 (%) Average (%) SD
With broad signal Total myo-1Pg 96 90 99 92 91 105 95 5
C2-myo-IPg 103 101 73 106 95 104 97 12
C1,C3-myo-1Pg 97 91 108 74 81 106 93 14
C4,C6-myo-IPg 103 91 103 96 97 116 101 9
C5-myo-1Pg 73 77 96 106 95 81 88 13
Without broad signal Total myo-1P 146 120 73 151 94 147 122 32
C2-myo-IPg 146 113 76 111 101 119 111 23
C1,C3-myo-IPg 148 109 77 130 83 175 120 38
C4,C6-myo-1Pg 150 127 67 158 91 124 120 35
C5-myo-IPg 135 133 76 213 117 167 140 46

When concentrations of myo-IPs as determined by SDF with
a broad peak were subtracted from the myo-IP4 values obtained
by SDF without a broad peak, the amount of P, that would
have been previously attributed to myo-IP¢ ranged from 1.3 to
56.1 mg P per kg

4. Discussion

4.1. Extractability of soil organic P and solution *'P NMR
spectra

Concentrations of Py, in NaOH-EDTA extracts were similar to
reported values in previous studies.'”?” The difference between
total soil P as measured by XRF and NaOH-EDTA extractable P is
likely due to Pinorg held within mineral silicates and other
insoluble mineral phases containing P.** Organic P extracted
with the NaOH-EDTA technique is strongly correlated to pools
of soil P,,."" The extraction method allows for detailed char-
acterization of P, forms using *'P NMR spectroscopy.® Solu-
tion *'P NMR spectra were highly resolved and exhibited a high
signal-to-noise ratio across all samples. The broad classes of P
detected by NMR across all soils were phosphonates, ortho-
phosphate, phosphomonoesters, phosphodiesters and pyro-
phosphate, except for the absence of phosphonates in S5 and
phosphodiesters in S2. Their distribution within the total NMR
signal is consistent with previous studies, which typically show
the majority of NMR signal occurs in the orthophosphate and
phosphomonoester region.'****! The peaks of myo-IPs were also
clearly observed within this region, and therefore allowed for
their quantification using SDF.°

4.2. Recovery of myo-IPg in soil extracts

Concentrations of added myo-IP, were overestimated when the
SDF procedure did not include a broad signal. The reason for
this is likely twofold: (1) the intensities of the myo-IP¢ peaks are
higher when a broad signal is not included; and (2) the line-
widths of these peaks when fitted to the baseline are greater if
a broad signal is not included in the SDF compared to that when
a broad signal is included. Therefore, the peak area belonging
to compounds other than myo-1P¢ is being attributed to myo-1Pg,
which may result in an overestimation of its concentration in
soil. This supports the finding of Doolette et al., (2010)** who
reported an overestimation of a phytate spike by 54% when
a broad signal was not fitted. Whilst the finding of Doolette
et al., (2010)" was higher than that found in the current study, it
is likely due to a greater overlap among sharp peaks in the
phosphomonoester region. The authors observed and fitted up
to six sharp peaks in the orthophosphate and phosphomo-
noester region, but the C2 peak of myo-IPs was not visible
because it overlapped with orthophosphate. This was not the
case in the current study where all four peaks of myo-IPs were
visible and the C2 peak of myo-IP¢; was clearly separated from
orthophosphate.

Whilst the recovery of added myo-IPs was generally over-
estimated using SDF without a broad signal across all soils, this
was not the case for soil S3. The reason for this is unclear but
might be due to the high proportion of myo-IP to total phos-
phomonoesters in this soil. It might also be due to an underes-
timation of the side regions at the base of the peak, as the fitting

Table 5 Concentrations of organic P compounds obtained from solution *!P NMR spectra of 0.25 M NaOH + 0.05 M EDTA soil extracts. The
spectral deconvolution fitting of the phosphomonoester region has been carried out with the inclusion of an underlying broad signal

Parameter Unit S1 S2 S3 S4 S5 S6
myo-1Pg mg P per kgsoi 4.4 0.6 80.7 46.2 90.4 6.3
Proportion of myo-IPg to total % 12.0 1.0 23.0 9.0 23.0 4.0
phosphomonoesters

Broad peak mg P per kggon 21.6 30.9 186.0 305.8 216.7 110.3
Proportion of broad peak to total % 59.0 79.0 53.0 61.0 54.0 78.0
phosphomonoesters

This journal is © The Royal Society of Chemistry 2020
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of neighbouring sharp peaks can influence the partitioning of
signals within a particular region. In comparison to SDF with
a broad signal of this soil, the fitting of side peak areas of myo-1P
appeared to improve based on a visual assessment, i.e. the peak
height was reduced but the linewidth at half height increased.
This highlights the sensitivity of peak fitting to small changes in
peak shape for the quantification of P species in some soils.

The variability between the two SDF approaches differed in
their recovery of added myo-IP, across all soils, which was least
for the SDF approach with a broad signal than that without. The
reason for this appears to be the relative proportion of the
underlying broad signal to the myo-IPs; peaks among different
soils. This is consistent with other compounds that are present
within this region, which overlay the broad signal. Doolette et al.,
(2010)* reported that concentrations of glycerophosphate were
doubled when SDF was carried out without an underlying broad
signal. Of course, since myo-IPs exhibits 4 peaks in a NMR
spectrum, this would vary between the individual peaks of myo-
1P, based on differing proportions of an underlying broad signal.

Individual recoveries of the four peaks of myo-1Pg differed.
The greatest difference in the recovery of peaks from myo-IPg
occurred when SDF was carried out without a broad signal,
which supports that the baseline of the spectra varies within
these chemical shifts.” The C1,3 and C4,6 peaks of myo-IPs have
chemical shifts within the phosphomonoester region where the
intensity of the broad peak is high relative to that for the C2 and
C5 peaks. However, the recovery of the C5 peak of myo-IPy at
0 3.61 ppm was generally overestimated more than that of the
other myo-IP¢ peaks. The C5 peak of myo-1Ps is present on the
shoulder of the broad signal, which has a maximum intensity at
about 6 4.06 ppm. Doolette and Smernik (2015)° hypothesized
that fitting peaks from the peak maxima to the baseline would
result in substantially more signal from an underlying broad
peak to the C5 peak of myo-IPs; compared to the C2 peak of myo-
IPs. Moreover, the C5 peak appears to be most sensitive to
changes in the fitting procedures, as it shows the highest varia-
tion for both deconvolution approaches. Another source of
variation in the quantification of the C5 peak is that it overlaps
with the base of the upfield C4,6 peak of myo-IPs, and possibly
peaks from uridine-2’-monophosphate, adenosine-2’-diphos-
phate, and some unidentified compounds.*® There is also
evidence that the broad peak itself is comprised of more than
one component,”** which may result in an imperfect Lorentzian/
Gaussian distribution within the phosphomonoester region.
Nevertheless, our study shows that the quantification of myo-1P¢
using SDF with a broad signal generally results in measures of
myo-IPg that are more accurate and consistent across a diversity
of soils compared to that of SDF without a broad signal.

The comparison of the peak ratios to the theoretical value of
1:2:2:1was used in previous studies to evaluate the accuracy
of the applied SDF procedure.** In our study, the peak ratios of
myo-1P; were similar between the two SDF approaches and close
to the theoretical ratio of 1:2: 2 : 1.** Therefore, the ratio of
peaks from myo-IP¢ cannot be used to assess the efficacy of the
SDF for accurate quantification of organic P compounds. Since
the peak ratios of myo-IPs; were not a useful assessment of the
SDF approaches, it is likely that other organic P compounds
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exhibiting sharp signals may provide some insight on the val-
idity of the SDF approach. In particular, an overestimation
would be likely for the C2,5 peak of neo-IPs in the 4-eq/2-ax
conformation,® since its chemical shift is present in the
region of the broad peak. Whereas the C1,3,4,6 peak of neo-IP
is located upfield of the orthophosphate peak and therefore
does not overlap with the broad signal. We identified both of
these peaks (6 5.92 and 3.78 ppm) through spiking in soils S3,
S4, S5 and S6 (data not shown), calculated their ratios, and
compared to the theoretical ratio of 4 :2.* Calculated ratios
were on average 4.0 : 6.2 when carrying out SDF without a broad
signal and 4.0:1.5 with an underlying broad signal. These
results provide supporting evidence that a broad signal should
be included when carrying out SDF.

In the current study, there was a large number of sharp peaks
detected in the phosphomonoester region, which was likely due
to optimized extraction techniques and high resolution NMR.?
Interestingly, the intensity of several unidentified sharp peaks
increased when the myo-IP¢ standard was added (Fig. 2). The
myo-IPs standard contained many phosphomonoester impuri-
ties (see Fig. SI-2 in the ESIt), which are likely those of lower
order myo-IPs.** Doolette and Smernik (2018)* investigated the
chemical composition of a variety of purchased or synthesized
phytate standards using solution *'P NMR spectroscopy. The
authors found that the majority of phytate standards were
impure and contained a mixture of lower- (and higher-) order
IP, and orthophosphate. The authors suggested that thermal
degradation during storage was the primary mechanisms in the
degradation of higher-order IP to lower-order IP. This suggests
the presence of lower order IP in soil extracts that could be
detected using solution *'P NMR spectroscopy.

4.3. Concentrations of myo-IPs (and the broad signal) in soil

Our results demonstrate that a quantitative determination of
myo-1P, in soil extracts using solution *'P NMR spectroscopy
requires SDF procedures that include an underlying broad
signal. In the current study, concentrations of myo-IP¢ and their
proportion to the total pool of P, in soil were generally in
range or lower than that more broadly reported in the literature.
This most likely reflects the majority of published studies that
primarily carry out SDF without a broad signal. Clearly, pools of
myo-1Pg in soil are an important portion of the soil P, which
are found in the majority of soils across the world.**> However,
they do not account for the majority of P, in soil and some-
times found at negligible concentrations in some soils.****

The largest pool of soil P, was that of the broad signal
across all soils. This is consistent with previous studies, where it
generally comprises 40-70% of the total P, in soil."***** The
exact chemical nature of this pool remains unclear but can be
described as phosphomonoesters in the form of large molecular
structures,'* which contain pools of P, resistant to enzymatic
hydrolysis," associated with humic fractions,* and are struc-
turally complex.” The presence of a broad peak is consistent
with previous studies using non-NMR techniques that report
a large proportion of the P, in soil is unresolved and can occur
in large molecular weight fractions.>?®*%3°
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5. Conclusion

myo-Inositol hexakisphosphate is an important pool of soil
organic P. However, its accurate quantification using solution
*Ip NMR spectroscopy followed by SDF is uncertain. Our aim
was to compare the recovery of added myo-IPs using two SDF
procedures in NMR spectra on soil extracts. The average
recovery of total added myo-IP¢ by SDF with a broad signal was
close to 100% and exhibited less variation than that by SDF
without a broad signal. The recovery of individual peaks of myo-
1P, differed between its four peaks, which was overestimated for
the C5 phosphate peak by up to 140% when a broad peak was
not fitted. We recommend that the accurate quantification of
myo-IP¢ using solution *'P NMR spectroscopy on soil extracts
includes a broad signal when carrying out SDF. This is also
relevant for other sharp signals in the phosphomonoester
region, which overlay the broad signal. Furthermore, our results
show that previous studies reporting concentrations of myo-1P
using SDF without an underlying broad signal may be unreli-
able. It is essential that pools of myo-IP¢ (and the broad signal)
are accurately determined for an improved understanding of
the abundance and cycling of organic P in soil.
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Abstract. Inositol phosphates (IPs) are a major pool of iden-
tifiable organic phosphorus (P) in soil. However, insight into
their distribution and cycling in soil remains limited, partic-
ularly of lower-order IP (IPs and IP4). This is because the
quantification of lower-order IP typically requires a series
of chemical extractions, including hypobromite oxidation to
isolate IP, followed by chromatographic separation. Here, for
the first time, we identify the chemical nature of organic P
in four soil extracts following hypobromite oxidation using
solution 3'P NMR spectroscopy and transverse relaxation
(T») experiments. Soil samples analysed include A horizons
from a Ferralsol (Colombia), a Cambisol and a Gleysol from
Switzerland, and a Cambisol from Germany. Solution 3lp
nuclear magnetic resonance (NMR) spectra of the phospho-
monoester region in soil extracts following hypobromite ox-
idation revealed an increase in the number of sharp signals
(up to 70) and an on average 2-fold decrease in the concen-
tration of the broad signal compared to the untreated soil
extracts. We identified the presence of four stereoisomers
of IPg, four stereoisomers of IP5, and scyllo-IP4. We also
identified for the first time two isomers of myo-IP5 in soil
extracts: myo-(1,2,4,5,6)-1P5 and myo-(1,3,4,5,6)-1P5. Con-
centrations of total IP ranged from 1.4 to 159.3 mgP per kg
soil across all soils, of which between 9 % and 50 % were
comprised of lower-order IP. Furthermore, we found that the
T, times, which are considered to be inversely related to the
tumbling of a molecule in solution and hence its molecular
size, were significantly shorter for the underlying broad sig-
nal compared to for the sharp signals (IP¢) in soil extracts
following hypobromite oxidation. In summary, we demon-

strate the presence of a plethora of organic P compounds in
soil extracts, largely attributed to IPs of various orders, and
provide new insight into the chemical stability of complex
forms of organic P associated with soil organic matter.

1 Introduction

Inositol phosphates (IPs) are found widely in nature and are
important for cellular functions in living organisms. They
are found in eukaryotic cells where they operate in ion-
regulation processes, as signalling or P storage compounds
(Irvine and Schell, 2001). The basic structure of IP consists
of a carbon ring (cyclohexanehexol) with one to six phospho-
rylated centres (IP]_g) and up to nine stereoisomers (Angyal,
1963; Cosgrove and Irving, 1980). An important IP found in
nature is myo-IPg, which is used as a P storage compound in
plant seeds. Another important species of IP is that of myo-
(1,3,4,5,6)-IP5, which is present in most eukaryotic cells at
concentrations ranging from 15 to 50 uM (Riley et al., 2006).
Species of IP1_3 are present in phospholipids such as phos-
phatidylinositol diphosphates and are an essential structural
component of the cell membrane system (Strickland, 1973;
Cosgrove and Irving, 1980).

Inositol phosphates have been reported to comprise more
than 50 % of total organic phosphorus (Pyr) in some soils
(Cosgrove and Irving, 1980; McDowell and Stewart, 2006;
Turner, 2007). Four stereoisomers of IP have been detected
in soils, with the myo stereoisomer being the most abundant
(56 %), followed by scyllo (33 %), neo and D-chiro (11 %;

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Cosgrove and Irving, 1980; Turner et al., 2012). The largest
input of myo-IPg to the soil occurs via the addition of plant
seeds (Turner et al., 2002). However, the addition of myo-1Pg
to soil can also occur via manure input because monogastric
animals are mostly incapable of digesting myo-IPg without
the addition of phytases to their diets (Leytem et al., 2004;
Leytem and Maguire, 2007; Turner et al., 2007b). An ex-
ception to this is pigs, which were found to at least partially
digest phytate (Leytem et al., 2004), and transgenic pigs ex-
pressing salivary phytase (Golovan et al., 2001; Zhang et al.,
2018). The accumulation of myo-IPg in soil occurs due to
the negative charge of the deprotonated phosphate groups,
which can coordinate on the charged surfaces of Fe- and
Al-(hydro)-oxides (Anderson et al., 1974; Ognalaga et al.,
1994), clay minerals (Goring and Bartholomew, 1951), and
soil organic matter (SOM; McKercher and Anderson, 1989)
or form insoluble precipitates with cations (Celi and Bar-
beris, 2007). These processes lead to the stabilisation of IP in
soil resulting in its accumulation and reduced bioavailability
(Turner et al., 2002). In contrast, the sources and mechanisms
controlling the flux of scyllo-, neo- and D-chiro-1P¢ in soil
remain unknown but are thought to involve epimerisation of
the myo stereoisomer (L’ Annunziata, 1975).

Chromatographic separation of alkaline soil extracts re-
vealed the presence of four stereoisomers of [P and lower-
order IP;_s (Halstead and Anderson, 1970; Anderson and
Malcolm, 1974; Cosgrove and Irving, 1980; Irving and Cos-
grove, 1982). Irving and Cosgrove (1981) used hypobromite
oxidation prior to chromatography to isolate the IP fraction
in alkaline soils. The basis of this approach is that IPs are
considered to be highly resistant to hypobromite oxidation,
whereas other organic compounds (e.g. phospholipids and
nucleic acids) will undergo oxidation (Dyer and Wrenshall,
1941; Turner and Richardson, 2004). The resistance of IP
to hypobromite oxidation is thought to be due to the high
charge density and steric hindrance, which is caused by the
chair conformation of the molecule and the bound phosphate
groups, with the P in its highest oxidation state. Hypobromite
oxidation of inositol (without phosphate groups) mainly re-
sults in the formation of inososes, which have an intact car-
bon ring (Fatiadi, 1968). Fatiadi (1968) considered that the
oxidation of bromine with inositol is stereospecific and com-
parable to catalytic or bacterial oxidants.

A limitation of chromatographic separation of alkaline ex-
tracts is that there is a mixture of unknown organic com-
pounds that can co-elute with IP and result in an overes-
timation of IP concentrations (Irving and Cosgrove, 1981).
However, this can also occur for IP, and historically, studies
often reported the combined concentration of IPg and IP5 due
to a lack of differentiation in their elution times (McKercher
and Anderson, 1968b). More recently, Almeida et al. (2018)
investigated how cover crops might mobilise soil IP us-
ing hypobromite oxidation on sodium hydroxide—disodium
ethylenediaminetetraacetic acid (NaOH-EDTA) extracts fol-
lowed by chromatographic separation. The authors found
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that pools of myo-IPg and “unidentified IP” accounted for
30 % of the total extractable pool of P and hypothesised that
the unidentified-IP pool consists solely of lower-order myo-
IP. Pools of lower-order IP1_5 comprise on average 17 %
of the total pool of IP in soil and account for an important
pool of soil organic P in terrestrial ecosystems (Anderson
and Malcolm, 1974; Cosgrove and Irving, 1980; Turner et
al., 2002; Turner, 2007).

Since the 1980s, solution 3'P nuclear magnetic resonance
(NMR) spectroscopy has been the most commonly used tech-
nique to characterise the chemical nature of organic P in
soil extracts (Newman and Tate, 1980; Cade-Menun and Liu,
2014). An advantage of this technique is the simultaneous
detection of all forms of organic P that come into solution,
which is brought about by a single-step extraction with al-
kali and a chelating agent (Cade-Menun and Preston, 1996).
However, a limitation of the technique has been the loss of
information on the diversity and amount of soil IP compared
to that typically obtained prior to 1980 (Smith and Clark,
1951; Anderson, 1955; Cosgrove, 1963). To date, solution
3IP NMR spectroscopy on soil extracts has only reported
concentrations of myo-, scyllo-, chiro- and neo-1Pg. The fact
that lower-order IPs were not reported in studies using NMR
spectroscopy might be due to overlap of peaks in the phos-
phomonoester region, which makes peak assignment of spe-
cific compounds difficult (Doolette et al., 2009).

Turner et al. (2012) carried out hypobromite oxidation
prior to solution 3'P NMR analysis of alkaline soil extracts
to isolate the IP fraction. This had the advantage of reducing
the number of NMR signals in the phosphomonoester region
and consequently the overlap of peaks. The authors demon-
strated the presence of neo- and chiro-IPg in NMR spectra
via spiking of hypobromite oxidised extracts. Interestingly,
the authors also reported the presence of NMR signals in
the phosphomonoester region that could not be assigned to
IPg and were resistant to hypobromite oxidation. They were
not able to attribute the NMR signals to any specific P com-
pounds but hypothesised based on their resistance to hypo-
bromite oxidation that they were due to lower-order IP.

The aim of this study was to identify and quantify IP in soil
extracts following hypobromite oxidation using solution 3'P
NMR spectroscopy. In addition, the structural composition of
phosphomonoesters in soil extracts following hypobromite
oxidation was probed using solution 3'P NMR spectroscopy
and transverse relaxation experiments. We hypothesise that a
large portion of sharp peaks in the phosphomonoester region
of untreated soil extracts are resistant to hypobromite oxi-
dation, which would indicate the presence of a wide variety
of IP. This would have major consequences on our under-
standing of P cycling in terrestrial (and aquatic) ecosystems,
as many more organic P compounds and mechanisms would
be involved than previously thought. Furthermore, a better
understanding of these organic P compounds in soil would
also help improve strategies to increase their biological util-
isation, which may reduce the amount of fertiliser needed in
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agricultural systems and thus influence the transfer of P to
aquatic and marine ecosystems.

2 Experimental section
2.1 Soil collection and preparation

Soil samples were collected from the upper horizon of the
profile at four diverse sites. These comprise a Ferralsol from
Colombia, a Vertisol from Australia, a Cambisol from Ger-
many, and a Gleysol from Switzerland (FAO and Group,
2014). The four soil samples were chosen from a larger col-
lection based on their diverse concentration of Poz and com-
position of the phosphomonoester region in NMR spectra
(Reusser et al., 2020). Background information and some
chemical properties of the soils are reported in Table 1.
Briefly, the Ferralsol was collected from an improved grass-
land in 1997 at the Carimagua Research Station’s long-term
Culticore field experiment in Columbia (Biihler et al., 2003).
The Vertisol was collected from an arable field in 2018 lo-
cated in southern Queensland. The site had been under native
shrubland prior to 1992. The Cambisol was collected from a
beech forest in 2014 and is part of the SPP 1685 — Ecosystem
Nutrition project (Biinemann et al., 2016; Lang et al., 2017).
The Gleysol was collected from the peaty top soil layer of a
drained marshland in 2017, which has been under grassland
for at least 20 years.

Soil samples were passed through a 5 mm sieve and dried
at 60 °C for 5 d, except for the Ferralsol (sieved < 2 mm) and
the Vertisol (ground <2 mm), which were received dried.
Total concentrations of C and N in soils were obtained us-
ing combustion of 50 mg of ground soil (to powder) weighed
into tinfoil capsules (vario PYRO cube®, Elementar Anal-
ysensysteme GmbH). Soil pH was measured in H,O with a
soil-to-solution ratio of 1 : 2.5 (w/w) using a glass electrode.

2.2 Soil phosphorus analyses

Total concentrations of soil P were obtained by X-ray fluo-
rescence (XRF) spectroscopy (SPECTRO XEPOS ED-XREF,
AMETEK®) using 4.0 g of soil sample ground to powder
mixed with 0.9 g of wax (CEREOX Licowax, FLUXANA®).
The XRF instrument was calibrated using commercially
available reference soils. Concentrations of organic P for
NMR analysis were obtained using the NaOH-EDTA ex-
traction technique of Cade-Menun et al. (2002) at a soil-to-
solution ratio of 1 : 10, i.e. extracting 4 g of soil with 40 mL
of extractant.

2.3 Hypobromite oxidation

Hypobromite oxidation of NaOH-EDTA soil filtrates was
carried out based on a modified version of the method de-
scribed in Suzumura and Kamatani (1993) and Turner et
al. (2012). The hypobromite oxidation procedure is similar to
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that reported in Turner (2020). Briefly, 10 mL of the NaOH-
EDTA filtrate (Sect. 2.2) was placed in a three-necked round-
bottom flask equipped with a septum, condenser, magnetic
stir bar and thermometer (through a Claisen adapter with N»
adapter). After the addition of 1 mL of 10 M aqueous NaOH
and vigorous stirring, an aliquot of 0.6 mL Br, (which was
cooled prior to use) was added, resulting in an exothermic
reaction where some of the soil extracts nearly boiled. The
optimal volume of Brp for oxidation was assessed in a pre-
vious pilot study using 0.2, 0.4, 0.6 and 0.8 mL Bry volumes
and then observing differences in their NMR spectral fea-
tures (Fig. S9). The reaction was heated to 100 °C within
10 min and kept at reflux for an additional 5 min. After cool-
ing to room temperature, the solution was acidified with 2 mL
of 6 M aqueous HCI solution in order to obtain a pH < 3,
which was confirmed with a pH test strip. The acidified so-
lution was reheated to 100 °C for 5 min under a stream of
nitrogen to vaporise any excess bromine. The pH of the so-
lution was gradually increased to 8.5 using 10 M aqueous
NaOH solution. After dilution with 10 mL of H,O, 5 mL of
50 % (w/w) ethanol and 10 mL of 10 % (w/w) barium ac-
etate solution was added to the solution in order to precipi-
tate any IP (Turner et al., 2012). The solution was then heated
and boiled for 10 min and allowed to cool down overnight.
The solution was subsequently transferred to a SOmL cen-
trifuge tube, and a 10 mL aliquot of 50 % (w/w) ethanol
was added, manually shaken and centrifuged at 1500 g for
15 min. The supernatant was removed, and a 15 mL aliquot
of 50 % (w/w) ethanol was added to the precipitate, shaken
and then centrifuged again as before. The supernatant was
removed and the process repeated once more to further pu-
rify the pool of IP. Afterwards, the precipitate was transferred
with 20 mL of H,O into a 100 mL beaker that contained a
20 mL volume (equating to a mass of 15g) of Amberlite®
IR-120 cation exchange resin beads in the H" form (Sigma-
Aldrich, product no. 06428). The suspension was stirred for
15 min and then passed through a Whatman no. 42 filter pa-
per. A 9mL aliquot of the filtrate was frozen at —80 °C and
then lyophilised prior to NMR analysis. This resulted in 18—
26 mg of lyophilised material across all soils. Concentrations
of total P in solutions were obtained using inductively cou-
pled plasma optical emission spectrometry (ICP-OES). Con-
centrations of molybdate reactive P (MRP) were obtained us-
ing the malachite green method of Ohno and Zibilske (1991).
The difference in concentrations of total P and MRP in so-
lution is molybdate unreactive P (MUP), which is predom-
inantly organic P for these samples. To assess the effect of
hypobromite oxidation on the stability of an IPg, duplicate
samples of the Cambisol and the Gleysol were spiked with
0.1 mL of an 11 mM myo-IPg standard. The recovery of the
added myo-IP¢ following hypobromite oxidation was calcu-
lated using Eq. (1):

Cspiked (T5) — Cunspiked ()

Spike recovery (%) =
Cstandard added (%)

Y
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Table 1. General characteristics of soil samples used in this study.

J. E. Reusser et al.: Identification of lower-order inositol phosphates

Soil type Unit Ferralsol Vertisol Cambisol Gleysol
Country - Colombia Australia Germany Switzerland
Coordinates sampling site  — 4°30'N, 71°19'W  27°52'S,151°37"E  50°21'N, 9°55'E  47°05'N, 8°06' E
Elevation ma.s.l. 150 402 800 612
Sampling depth cm 0-20 0-15 0-7 0-10
Year of sampling year 1997 2017 2014 2017
Land use - Pasture Arable field Forest Pasture
Crot g C per kg soil 26.7 23.9 90.3 148.3
Nitot g N per kg soil 1.7 1.9 6.6 10.9
pHin H,O - 3.6 6.1 3.6 5.0

where Cgpiked and Cunspiked are the concentrations of myo-IPg
in NaOH-EDTA extracts following hypobromite oxidation of
the spiked and unspiked samples, respectively. Cgtandard added
is the concentration of the added myo-1P¢ within the stan-
dard. As 3'P NMR spectroscopy of the standard revealed im-
purities, the concentration of myo-IPg in the standard was
calculated based on the 3'P NMR spectrum.

2.4 Sample preparation for solution 3'P NMR
spectroscopy

The lyophilised material of the untreated soil extracts was
prepared for solution 3'P NMR spectroscopy based on a
modification of the methods of Vincent et al. (2013) and
Spain et al. (2018). Briefly, 120 mg of lyophilised material
was taken and dissolved in 600 uL of 0.25 M NaOH-0.05 M
Nap EDTA solution (ratio of 1:5). However, for the Cam-
bisol sample, this ratio resulted in an NMR spectrum that
exhibited significant line broadening. Therefore, this was re-
peated on a duplicate sample but at a smaller lyophilised-
material-to-solution ratio (ratio of 1:7.5), as suggested in
Cade-Menun and Liu (2014), which resolved the issue of
poor spectral quality. The suspension was stored overnight
to allow for complete hydrolysis of phospholipids and RNA
(Doolette et al., 2009; Vestergren et al., 2012) and was then
centrifuged at 10621 g for 15 min. A 500 uL aliquot of the
supernatant was taken, which was subsequently spiked with
a 25uL aliquot of a 0.03M methylenediphosphonic acid
(MDP) standard made in D,O (Sigma-Aldrich, product no.
M9508) and a 25 puL aliquot of sodium deuteroxide at 40 %
(w/w) in D>0 (Sigma-Aldrich, product no. 372072). The so-
lution was then mixed and transferred to a 5 mm diameter
NMR tube.

A similar procedure was used for the soil extracts that had
undergone hypobromite oxidation, except the total mass of
lyophilised material (18-26 mg) was dissolved with 600 uL
of a0.25 M NaOH-0.05 M Naj; EDTA solution. However, for
the Cambisol sample, the NMR spectrum exhibited consid-
erable line broadening, and an additional 400 uL aliquot of
NaOH-EDTA solution was added to the NMR tube, mixed
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and then returned to the NMR spectrometer. This resolved
the issue of poor spectral quality.

2.5 Solution 3'P NMR spectroscopy

Solution 3'P NMR analyses were carried out on all untreated
and hypobromite oxidised soil extracts at the NMR facility of
the Laboratory of Inorganic Chemistry (Honggerberg, ETH
Zurich). All spectra were obtained with a Bruker AVANCE
IIT HD 500 MHz NMR spectrometer equipped with a cryo-
genic probe (CryoProbe™ Prodigy, Bruker Corporation, Bil-
lerica, MA). The 3'P frequency for this NMR spectrome-
ter was 202.5 MHz, and gated broadband proton decoupling
with a 90° pulse of 12 us was applied. The spectral resolu-
tion under these conditions for 3'P was < 1 Hz. Longitudinal
relaxation (T) times were determined for each sample with
an inversion recovery experiment (Vold et al., 1968). This
resulted in recycle delays ranging from 8.7 to 30.0's for the
untreated extracts and 7.8 to 38.0's for the hypobromite ox-
idised soil extracts. The number of scans for the untreated
extracts was set to 1024 or 4096, depending on the signal-
to-noise ratio of the obtained spectrum. All hypobromite ox-
idised spectra were acquired with 3700 to 4096 scans.

2.6 Processing of NMR spectra

All NMR spectra were processed with Fourier transforma-
tion, phase correction and baseline adjustment within the
TopSpin®software environment (version 3.5 pl 7, Bruker
Corporation, Billerica, MA). Line broadening was set to
0.6 Hz. Quantification of NMR signals involved obtaining
the integrals of the following regions: (1) up to four phos-
phonates (6 19.8 to 16.4 ppm), (2) the added MDP (§ 17.0
to 15.8 ppm) including its two carbon satellite peaks, (3) the
combined orthophosphate and phosphomonoester region (8
6.0 to 3.0ppm), (4) up to four phosphodiesters (6 2.5 to
—3.0ppm), and (5) pyrophosphate (6 —4.8 to —5.4 ppm).
Due to overlapping peaks in the orthophosphate and phos-
phomonoester region, spectral-deconvolution fitting (SDF)
was applied as described in Reusser et al. (2020). In brief, the
SDF procedure involved the fitting of an underlying broad
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signal, based on the approach of Biinemann et al. (2008)
and McLaren et al. (2019). We carried out the SDF with
a non-linear optimisation algorithm in MATLAB® R2017a
(The MathWorks, Inc.) and fitted visually identifiable peaks
by constraining their linewidths at half height as well as
the lower and upper boundary of the peak positions along
with an underlying broad signal in the phosphomonoester
region. The sharp signals of high intensity (e.g. orthophos-
phate) and the broad peak were fitted using Lorentzian line
shapes, whereas sharp signals of low intensity were fitted us-
ing Gaussian line shapes. The NMR observability of total P
(Por) in NaOH-EDTA extracts was calculated using Eq. (2)
(Dougherty et al., 2005; Doolette et al., 2011b):

Piot NMR

NMR observability (%) = ————
Pyt ICP-OES

x 100 %, 2)

where P, NMR refers to the total P content in milligrams
of P per kilogram of soil detected in the soil extracts using
solution 3'P NMR spectroscopy and Py, ICP-OES refers to
the total P concentration in milligrams of P per kilogram of
soil measured in the soil extracts prior to freeze-drying using
ICP-OES.

2.7 Spiking experiments

To identify the presence of IPs in hypobromite oxidised ex-
tracts, samples were spiked with a range of standards and
then analysed again using NMR spectroscopy. This involved
the addition of 5 to 20 uL aliquots of an IP standard solu-
tion directly into the NMR tube, which was then sealed with
parafilm, manually shaken and then allowed to settle prior
to NMR analysis. Each sample extract was consecutively
spiked with no more than four IP standards. The NMR spec-
tra of soil extracts after spiking were overlaid with the NMR
spectra of unspiked soil extracts to identify the presence of
IP across all soil samples. This comparison of NMR spectra
was possible due to negligible changes in the chemical shifts
of peaks among soil samples. The IP standards used in this
study are listed in Table 2.

2.8 Transverse relaxation (7,) experiments

Due to the presence of sharp and broad signals in the phos-
phomonoester region of NMR spectra on hypobromite ox-
idised soil extracts, transverse relaxation (73) experiments
were carried out to probe their structural composition. The
transverse relaxation (originally spin—spin relaxation) de-
scribes the loss of magnetisation in the x—y plane. This loss
occurs due to magnetic-field differences in the sample, aris-
ing either by instrumentally caused magnetic-field inhomo-
geneities or by local magnetic fields in the sample caused
by intramolecular and intermolecular interactions (Claridge,
2016). Generally, small, rapidly tumbling molecules exhibit
longer 7> relaxation times compared to large, slowly tum-
bling molecules (McLaren et al., 2019).
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Briefly, solution 3'P NMR spectroscopy with a Carr—
Purcell-Meiboom—Gill (CPMG) pulse sequence (Meiboom
and Gill, 1958) was carried out on all hypobromite oxidised
soil extracts, as described in McLaren et al. (2019). This in-
volved a constant spin-echo delay (7) of 5ms, which was
repeated for a total of eight iterations (spin-echo periods of
5, 50, 100, 150, 200, 250, 300 and 400 ms). A total of 4096
scans and a recycle delay of 4.75s were used for all iter-
ations. Transverse relaxation times for the aforementioned
integral ranges were calculated using Eq. (3) within the
TopSpin® software environment. Due to overlapping peaks
in the orthophosphate and phosphomonoester region, spec-
tral deconvolution was carried out to partition the NMR sig-
nal, as described in McLaren et al. (2019). The 7, times of
the partitioned NMR signals were calculated using Eq. (3)
within RStudio© (version 1.1.442):

M (1) = My x e(””fl), 3)

where M refers to the net magnetisation derived from the av-
erage angular momentum in the x—y plane, t refers to the
spin-echo delay in milliseconds (ms) and 7, refers to the
transverse relaxation time (ms).

2.9 Statistical analyses and graphics

Statistical analyses were carried out using Microsoft® Ex-
cel 2016 and MATLAB R2017a (© The MathWorks, Inc.).
Graphics were created with Microsoft® Excel 2016 and
MATLAB R2017a (© The MathWorks, Inc.). Solution (1D)
3P NMR spectra were normalised to the peak intensity of
MDP (§ 16.46 ppm). Spectra from the 7> experiments were
normalised to the peak intensity of scyllo-IPg (6 3.22 ppm).

A one-way ANOVA was carried out in MATLAB
R2017a (© The MathWorks, Inc.) with a subsequent multi-
comparison of mean values using Tukey’s honestly signifi-
cant difference procedure based on the Studentised range dis-
tribution (Hochberg and Tamhane, 1987; Milliken and John-
son, 2009).

3 Results
3.1 Phosphorus concentrations in soil extracts

Concentrations of total soil P as determined by XRF ranged
from 320 to 3841 mg P per kg soil across all soils (Table 3).
Concentrations of total P as estimated by the NaOH-EDTA
extraction technique ranged from 160 to 1850 mgP per kg
soil, which comprised 28 % to 51 % of the total soil P as de-
termined by XRF. Pools of organic P comprised 28 % to 72 %
of the total P in NaOH-EDTA untreated soil extracts.
Concentrations of total P in NaOH-EDTA soil extracts fol-
lowing hypobromite oxidation ranged from 77 to 578 mg P
per kg soil (Table 3), which accounted for 31 % to 48 % (on
average 38 %) of the total P originally present in the extracts.
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Table 2. Standard solutions used for the spiking experiment of the hypobromite oxidised soil extracts. All standards were dissolved in 0.25 M

NaOH and 0.05M Nay EDTA.

Standard Product number Company or origin Concentration
of standard in

NaOH-EDTA

(mgmL™ 1 )

myo-1Pg P5681 Merck (Sigma-Aldrich) 8.10
L-chiro-1Pg Collection of Max Tate 2.39
D-chiro-1Pg CAY-9002341 Cayman Chemical 2.00
neo-1Pg Collection of Dennis Cosgrove™ 4.62
D-myo-(1,2,4,5,6)-IP5  CAY-10008452-1 Cayman Chemical 2.00
myo-(1,2,3,4,6)-1P5 93987 Merck (Sigma-Aldrich) 2.00
D-myo-(1,3,4,5,6)-IP5  CAY-10009851-1 Cayman Chemical 2.00
D-myo-(1,2,3,5,6)-IP5  CAY-10008453-1 Cayman Chemical 2.00
scyllo-1P5 Collection of Dennis Cosgrove 2.64
L-chiro-1Ps Collection of Dennis Cosgrove 224
neo-1Ps Collection of Dennis Cosgrove 245
myo-1Py4 Collection of Dennis Cosgrove 2.76
scyllo-1P4 Collection of Dennis Cosgrove 2.41
neo-1P4 Collection of Dennis Cosgrove 2.33

* Made up in 15 mM HCL.

Similarly, pools of organic P in NaOH-EDTA extracts fol-
lowing hypobromite oxidation were lower, comprising 22 %
to 48 % (on average 36 %) of that originally present in un-
treated NaOH-EDTA extracts across all soils.

3.2 Solution 3'P NMR spectra of hypobromite oxidised
soil extracts

The most prominent signal in the NMR spectra of untreated
NaOH-EDTA soil extracts was that of orthophosphate at §
5.25 (£0.25) ppm, followed by the phosphomonoester region
ranging from § 6.0 to 3.0 ppm (Fig. 1). There were also some
minor signals due to pyrophosphate § —5.06 (£0.19) ppm
(all soils); phosphodiesters ranging from § 2.5 to —2.4 ppm
(not detected in the Vertisol); and phosphonates (not includ-
ing the added MDP) at § 19.8, 19.2 and 18.3 ppm (not de-
tected in the Gleysol). However, these compounds comprised
less than 8 % of the total NMR signal.

Following hypobromite oxidation of NaOH-EDTA ex-
tracts, the most prominent NMR signals were found in the
orthophosphate (65 % of total NMR signal) and phosphomo-
noester (35 % of total NMR signal) region across all soils
(Fig. 1). Phosphodiesters and pyrophosphates were removed
following hypobromite oxidation in the Ferralsol, the Verti-
sol and the Cambisol (Germany). However, some signal re-
mained in the Gleysol at low concentrations (0.4 % of the
total NMR signal). Phosphonates were removed following
hypobromite oxidation in the Ferralsol and the Vertisol, but a
total of five sharp peaks in the phosphonate region were de-
tected (6 19.59, 18.58, 17.27 and 9.25 ppm) in the Cambisol.
These peaks comprised 0.6 % of the total NMR signal.
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The phosphomonoester region of NMR spectra on un-
treated NaOH-EDTA extracts exhibited two main features:
(1) the presence of a broad signal centred at around §
4.1(x0.1) ppm with an average linewidth at half height of
256.12 Hz and (2) the presence of between 19 and 34 sharp
signals. This was similarly the case for hypobromite oxidised
extracts, except there was a decrease in the intensity of the
broad signal and a change in the distribution and intensity
of sharp signals. For the Cambisol and Gleysol, the num-
ber of sharp signals in the phosphomonoester region approxi-
mately doubled (to 40 and 70 sharp signals, respectively) fol-
lowing hypobromite oxidation. In contrast, less than half of
the sharp signals remained in the Ferralsol following hypo-
bromite oxidation (i.e. 14 of the 30 peaks originally present
in the untreated extract), whereas one peak was removed fol-
lowing hypobromite oxidation in the Vertisol. There was lit-
tle change (0.23 ppm) in the chemical shifts of peaks between
the untreated and hypobromite oxidised extracts.

3.3 Identification and quantification of inositol
phosphates (IPg, IP5 and IP,) in soil extracts

Detailed views of the phosphomonoester regions of spiked
samples are shown in Figs. S1 to S5 in the Supplement. The
number of identified sharp peaks in the phosphomonoester
region ranged from 7 (Vertisol) to 33 (Gleysol). myo- and
scyllo-1P¢ were identified in the hypobromite oxidised ex-
tracts of all soils (Table 5). On average, 72 % of myo-IP¢ and
56 % of scyllo-IPg present in the untreated extracts remained
in the hypobromite oxidised extracts (Table S1 in the Sup-
plement). neo-1P¢ was identified in the 2-equatorial-4-axial
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Figure 1. Solution 31p nuclear magnetic resonance (NMR) spectra (500 MHz) of the orthophosphate and phosphomonoester region on
untreated (UT) and hypobromite oxidised (HO) 0.25M NaOH + 0.05M EDTA soil extracts (Ferralsol, Vertisol, Cambisol and Gleysol).
Signal intensities were normalised to the MDP peak intensity. The vertical axes were increased for improved visibility of spectral features,
as indicated by a factor. The orthophosphate peak is marked with an asterisk. The symbol “x”” marks the four individual peaks of myo-IPg

and “4” the peak of scyllo-1Pg.
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Table 3. Concentrations of total P as measured by XRF and 0.25M NaOH + 0.05M EDTA extractable P before and after hypobromite
oxidation of soil extracts. Concentrations of total P in NaOH-EDTA extracts were determined by ICP-OES, whereas the concentration of
molybdate reactive P (MRP) was determined by the malachite green method of Ohno and Zibilske (1991). Concentrations of molybdate
unreactive P (MUP) were calculated as the difference between total P and MRP.

Measure Ferralsol ~ Vertisol ~Cambisol Gleysol
XRF Piot (mg P per kg soil) 320 1726 3841 2913
NaOH-EDTA extractable P Pyt (mg P per kg soil) 160 484 1850 1490
(untreated) MRP (mg P per kg soil) 67 351 525 610

MUP (Porg; mg P per kg soil) 93 133 1326 880
NaOH-EDTA extractable P Pyot (mg P per kg soil) 77 158 580 578
(hypobromite oxidised) MRP (mg P per kg soil) 32 111 283 231

MUP (Porg; mg P per kg soil) 45 47 297 348

Table 4. Concentrations (mgP per kg soil) of P compounds in solution 31p NMR spectra of 0.25M NaOH + 0.05M EDTA soil extracts
(Ferralsol, Vertisol, Cambisol and Gleysol) before and after hypobromite oxidation (HO). Quantification was based on spectral integration
and deconvolution fitting. The proportion of P detected in hypobromite oxidised extracts compared to that in untreated extracts is provided

in brackets.

Phosphorus class Ferralsol Vertisol ~ Cambisol Gleysol
Phosphonates before HO 1.0 2.6 14.5 -
after HO - - 3.0(21) 0.2
Orthophosphate before HO 54.8 221.4 434.3 368.3
after HO 32.0(58) 116.6(53) 329.3(76) 243.4(66)
Phosphomonoester before HO 36.3 39.1 501.1 399.2
after HO 12.7 (35) 242(62) 2103 (42) 292.1(73)
Broad peak in phosphomonoester ~ before HO 21.6 30.9 305.8 216.7
region after HO 8.3 (39) 19.3(63) 99.2(32) 108.4(50)
Phosphodiester before HO 5.1 - 28.2 26.9
after HO - - - 2.0 (8)
Pyrophosphate before HO 1.9 1.8 12.9 239
after HO - - - -

and 4-equatorial-2-axial conformations and chiro-IP¢ in the
2-equatorial-4-axial confirmation of the oxidised extracts in
the Cambisol and Gleysol but was absent in the Ferralsol and
the Vertisol (Figs. S4 and S5 in the Supplement).

The myo, scyllo, chiro and neo stereoisomers of IP5 were
identified in various hypobromite oxidised extracts (Table 5).
Two isomers of myo-IP5 were identified in some extracts,
which included myo-(1,2,4,5,6)-1P5 and myo-(1,3,4,5,6)-1Ps.
In addition, scyllo-IP4 was detected in all soils except that
of the Vertisol. There was insufficient evidence for the pres-
ence of myo-IP4 in these soil samples, as only one of the two
peaks of this compound was present in the NMR spectra of
untreated extracts. This could possibly be due to the partial
dephosphorylation of myo-IP4 during the hypobromite oxi-
dation procedure. The reason for the reduced resistance of
lower-order IPs to hypobromite oxidation compared to IPs ¢
might be due to their reduced steric hindrance and charge
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density, as fewer phosphate groups are bound to the inositol
ring.

Concentrations of total IP ranged from 1.4 to 159.3 mgP
per kg soil across all soils, which comprised between 1 %
(Vertisol) and 18 % (Gleysol) of the organic P in untreated
NaOH-EDTA extracts (Table 3). Pools of IPg were the most
abundant form of IP, which ranged from 0.9 to 144.8 mgP
per kg soil across all soils (Table 5). The proportion of IPg
stereoisomers across all soils was on the order of myo (61 %,
SD = 12), scyllo (29 %, SD = 3), chiro (6 %, SD = 8) and neo
(4 %, SD =5). Similarly, the myo and scyllo stereoisomers
were also the most predominant forms of IPs but comprised
between 83 % (Cambisol) and 100 % (Ferralsol and Vertisol)
of total IPs (Table 5). Trace amounts of scyllo-IP4 were also
detected in three of the four soils. The ratio of total IP¢ to IP5
differed across all soils (Fig. 2).
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Table 5. Concentrations of identified inositol phosphates (IPs) in hypobromite oxidised 0.25 M NaOH 4 0.05 M EDTA soil extracts (Ferral-
sol, Vertisol, Cambisol and Gleysol). Concentrations were calculated from solution 3lp NMR spectra using spectral-deconvolution fitting
including an underlying broad signal. When no concentration is given, the IP compound was not detected in the respective soil extract.
Chemical-shift positions are based on the NMR spectrum of the Cambisol extract (Fig. S8 in the Supplement). Peak positions varied by up
to +0.018 ppm (Gleysol). Conformation equatorial (eq) and axial (ax) according to Turner et al. (2012).

Phosphorus compound

Chemical shift (§ ppm)

Concentrations (mg P per kg soil)

Ferralsol ~ Vertisol ~Cambisol  Gleysol
myo-1Pg 4.97, 4.06, 3.70, 3.57 1.1 0.6 26.3 85.0
scyllo-1Pg 3.20 0.4 0.3 15.6 41.1
neo-IPgd-eq—2-ax 5.86,3.75 - - 14 8.8
neo-IPg 2-eq—4-ax 4.36,4.11 - - 4.0 1.3
D-chiro-1Pg 2-eq—4-ax 5.66, 4.25,3.83 - - 9.4 8.6
myo-(1,2,4,5,6)-1P5 4.42,3.97,3.72,3.36,3.25 - - 7.0 4.1
myo-(1,3,4,5,6)-1P5 4.12,3.60, 3.23 - - 2.8 1.3
scyllo-1P5 3.81,3.31,3.05 0.7 0.5 10.8 6.1
neo-1Ps 4.64,4.27,4.01,3.87,3.13 - - 33 2.1
chiro-IPs 4.61,3.39 - - 0.9 -
scyllo-(1,2,3,4)-1Py 4.12,3.25 0.8 - 4.3 1.0
Total IP 3.0 1.4 85.9 159.3
100% 10 and the three peaks of scyllo-IP5 were also identified. How-
50% ‘ ever, it was not possible to clearly identify other IP5 com-
pounds in untreated extracts due to overlapping signals. In
80% the Gleysol, all three peaks of scyllo-IPs were detected, but
0% 19 23 only two of the possible five peaks could be clearly assigned
to myo-(1,2,4,5,6)-1P5. In the Ferralsol, both peaks of scyllo-
60% 20 IP4 were present in the untreated extract, but only two of
& oo ’ the three possible peaks could be assigned to scyllo-1Ps. In
E the Vertisol, no IP5 was identified. Concentrations of IP in
£ 0% untreated extracts assessed by spectral-deconvolution fitting
;ju . were generally double those measured in hypobromite oxi-
2 dised extracts. Recoveries of added myo-IPg in the Gleysol
S 20% and Cambisol following hypobromite oxidation were 47 %
o and 20 %, respectively.
0% ] ) 3.4 Spin-echo analysis of selected P compounds
Ferralsol Vertisol Cambisol Gleysol

H|P6 mIP5 mIP4

Figure 2. The proportion of total identifiable pools of inositol
hexakisphosphates (IPg), pentakisphosphates (IPs) or tetrakispho-
sphates (IP4) in the total pool of identifiable IP, as determined by
solution 3!P NMR spectroscopy on four soil extracts (Ferralsol,
Vertisol, Cambisol and Gleysol) following hypobromite oxidation.
Values located above the IPg bar are the ratio of total identifiable
IP¢ to total identifiable IP5 in each soil sample.

If sharp peaks arising from IPs were identified in the NMR
spectra on hypobromite oxidised extracts, a comparison was
made with that of their corresponding untreated extracts.
The sharp peaks of all stereoisomers of [Pg were present in
the untreated extracts. The five peaks of myo-(1,2,4,5,6)-1P;5
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Due to the presence of sharp and broad signals in hypo-
bromite oxidised soil extracts, the structural composition of
phosphomonoesters was probed. A comparison of the NMR
spectra at the lowest (1*7) and highest (80*1) pulse delays
revealed a fast-decaying broad signal for all hypobromite
oxidised soil extracts, which was particularly evident in the
Gleysol (Fig. 3). Calculated 7, times of all IP¢ stereoisomers
were longer than those of the broad signal (Table 6). The 7>
times of scyllo-IPg (on average 175.8 ms, SD =49.7) were
generally the longest of all stereoisomers of IP¢. The 7> time
of the orthophosphate peak was the shortest, which was on
average 11.5ms (SD =4.9).

The average (n = 4) T time of the broad peak was signif-
icantly different than that of scyllo- and myo-IP¢ (p < 0.05).
Significant differences in the 7> times of neo- and D-chiro-
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Table 6. Transversal relaxation times (75) of various P species in
the orthophosphate and phosphomonoester regions as determined
by solution 31p nuclear magnetic resonance (NMR) spectroscopy
and a Carr—Purcell-Meiboom-Gill (CPMG) pulse sequence on hy-
pobromite oxidised soil extracts.

Phosphorus T (ms)

compound Ferralsol ~ Vertisol ~Cambisol Gleysol
myo-1Pg 163 140 139 121
scyllo-1Pg 250 155 154 144
neo-1Pg - - 203 102
D-chiro-1Pg - - 108 132
Orthophosphate 14 9 17 6
Broad peak 44 69 89 62

IPg were not tested, as these compounds were not detected in
the Ferralsol and the Vertisol.

4 Discussion

4.1 Pools of phosphorus in untreated and hypobromite
oxidised soil extracts

On average, 44 % of total P (as measured with XRF) was
extracted by NaOH-EDTA, which is consistent with previ-
ous studies (Turner, 2008; Li et al., 2018; McLaren et al.,
2019). The non-extractable pool of P is likely to comprise in-
organic P as part of insoluble mineral phases but could also
contain some organic P (McLaren et al., 2015a). Neverthe-
less, the NaOH-EDTA extraction technique is considered to
be a measure of total organic P in soil, which can be sub-
sequently characterised by solution 3'P NMR spectroscopy
(Cade-Menun and Preston, 1996).

Hypobromite oxidation resulted in a decrease in the con-
centration of inorganic and organic P in NaOH-EDTA ex-
tracts across all soils. The decrease of organic P is consistent
with previous studies (Turner and Richardson, 2004; Turner
et al., 2012; Almeida et al., 2018). However, Almeida et
al. (2018) reported an overall increase in the concentration
of inorganic P following hypobromite oxidation, which the
authors proposed to be caused by the degradation of organic
P forms not resistant to hypobromite oxidation. A decrease
in the concentration of organic P in NaOH-EDTA extracts
following hypobromite oxidation was expected based on the
oxidation of organic molecules containing P. The products
of hypobromite oxidation are most probably carbon dioxide,
simple organic acids from the oxidative cleavage of the phos-
phoesters and orthophosphate (Irving and Cosgrove, 1981;
Sharma, 2013).

Overall, hypobromite oxidation of NaOH-EDTA soil ex-
tracts resulted in a considerable increase in the number of
sharp peaks and a decrease in the broad underlying peak in
the phosphomonoester region compared to untreated soil ex-
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tracts. This was particularly the case for the Cambisol and
the Gleysol, which had high concentrations of extractable or-
ganic P. Since the broad peak is thought to be closely asso-
ciated with the SOM (Dougherty et al., 2007; Biinemann et
al., 2008; McLaren et al., 2015b), its decrease in soil extracts
following hypobromite oxidation is consistent with that ob-
served for other organic compounds (Turner et al., 2012).
Our results indicate that a majority of sharp peaks present
in the phosphomonoester region of untreated soil extracts are
stable to hypobromite oxidation and are therefore likely to be
IPs.

Across all soils, 5 to 15 peaks in the phosphomonoester
region were removed following hypobromite oxidation com-
pared to those in untreated extracts, which are likely due
to the oxidation of «- and B-glycerophosphate (Doolette et
al., 2009; McLaren et al., 2015b), RNA mononucleotides (8
peaks; Vincent et al., 2013), glucose 6-phosphate, phospho-
choline, glucose 1-phosphate, or phosphorylethanolamine
(Cade-Menun, 2015).

4.2 Phosphorus assignments of sharp peaks in
hypobromite oxidised extracts

The detection of myo-, scyllo-, chiro and neo-1Pg in un-
treated and hypobromite oxidised soil extracts is consistent
with previous studies using chromatography (Irving and Cos-
grove, 1982; Almeida et al., 2018) and NMR (Turner and
Richardson, 2004; Doolette et al., 2011a; Vincent et al.,
2013; Jarosch et al., 2015; McLaren et al., 2015b). Turner et
al. (2012) suggested that hypobromite oxidised extracts only
contained neo-IPg in the 4-equatorial-2-axial conformation
due to the absence of signals from the 2-equatorial-4-axial
conformation. In the current study, both conformations could
be identified in two of the four soil extracts, which is likely
due to improved spectral resolution and sensitivity. The rel-
ative abundances of the four identified stereoisomers of IPg
in soil extracts were similar to previous studies (Irving and
Cosgrove, 1982; Turner et al., 2012).

Several studies have shown overlap of peaks relat-
ing to RNA mononucleotides and those of «- and -
glycerophosphate, which are the alkaline hydrolysis products
of RNA and phospholipids, respectively. However, in the cur-
rent study, several sharp peaks were present in hypobromite
oxidised extracts which are in the chemical-shift range
of RNA mononucleotides and «- and B-glycerophosphate.
Whilst a peak at § 4.36ppm would be assigned to o-
glycerophosphate based on spiking experiments in the un-
treated extracts of the Cambisol and the Gleysol, hypo-
bromite oxidation revealed the presence of the 2-equatorial—
4-axial C2,5 peak of neo-IPg at § 4.37 ppm and also an
unidentified peak at § 4.36 ppm in the Cambisol. Therefore,
the assignment and concentration of «-glycerophosphate
may be unreliable in some soils of previous studies.

For the first time, we identified lower-order IP (IP5 and
IP4) in soil extracts using solution 3'P NMR spectroscopy.
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Figure 3. Solution 31p NMR spectra of hypobromite oxidised soil extracts acquired with a CPMG pulse sequence with 1*t (black) and 80*t
(red) spin-echo delays. The orthophosphate (*), scyllo-IPg (4) and myo-IPg peaks (x) are marked accordingly. Spectra were normalised to
the maximum scyllo-1P¢ peak intensity in the 1*t spectrum for each soil. The vertical axes were increased or decreased for better visualisation

by an indicated factor.

Smith and Clark (1951) were the first to suggest the presence
of IPs in soil extracts using anion-exchange chromatogra-
phy, which was later confirmed (Anderson, 1955; Cosgrove,
1963; McKercher and Anderson, 1968b). Halstead and An-
derson (1970) reported the presence of all four stereoisomers
(myo, scyllo, neo and chiro) in the lower ester fractions (IP,—
IP4) as well as in the higher ester fractions (IPs, IP¢) iso-
lated from soil, with the myo stereoisomer being the main
form in all fractions. In the current study, all four stereoiso-
mers of IPs5 could be detected in the hypobromite oxidised
soil extracts, of which the myo and scyllo stereoisomers were
the most abundant. The relative abundances of IP5 stereoiso-
mers are consistent with the findings of Irving and Cosgrove
(1982) using gas-liquid chromatography on the combined
IPg + IPs fraction. The detection of all four stereoisomers of
IPs in NMR spectra provides direct spectroscopic evidence
for their existence in soil extracts.

https://doi.org/10.5194/bg-17-5079-2020

In addition to the four stereoisomers of IP5, we were
able to identify the presence of two isomers of myo-IP5 in
the Cambisol and Gleysol, i.e. myo-(1,2,4,5,6)-IP5 and myo-
(1,3,4,5,6)-IP5. These two isomers have not yet been de-
tected in soil extracts. A distinction of different myo-IPs
isomers was not reported in earlier studies using chromato-
graphic separation. In non-soil extracts, myo-(1,2,4,5,6)-1P5
was detected by Doolette and Smernik (2016) in grapevine
canes and myo-(1,3,4,5,6)-1Ps as the thermal-decomposition
product of a phytate standard (Doolette and Smernik, 2018).
It is possible that an abiotic transformation of myo-IP¢ to
myo-(1,3,4,5,6)-1Ps occurs, which could then be adsorbed by
soil constituents. Stephens and Irvine (1990) reported myo-
(1,3,4,5,6)-IP5 as an intermediate in the synthesis of [Pg from
myo-IP in the cellular slime mould Dictyostelium. Therefore,
myo-(1,3,4,5,6)-1P5 could have been biologically added to
the soil. Furthermore, myo-(1,3,4,5,6)-1Ps was present in dif-
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ferent animal feeds and manures (Sun and Jaisi, 2018). Sun et
al. (2017) reported myo-(1,3,4,5,6)-1Ps and myo-(1,2,4,5,6)-
IPs as intermediates in the minor pathways and major path-
ways, respectively, of Aspergillus niger phytase and acid
phosphatase (potato) phytate degradation. The presence of
myo-(1,2,3,4,6)-IP5 could not be confirmed as NMR analy-
ses on the compound itself exhibited a broad NMR signal
(Fig. S7 in the Supplement). This is because in solutions
with a pH of 9.5 or above, the 1-axial-5-equatorial and 5-
axial-1-equatorial forms of myo-(1,2,3,4,6)-IP5 are in a dy-
namic equilibrium, which can cause broadening (Volkmann
et al., 2002). According to Turner and Richardson (2004)
and Chung et al. (1999), the two identified scyllo-IP4 peaks
(signal pattern 2 : 2) can be attributed to the scyllo-(1,2,3,4)-
1P, isomer. However, the two peaks of scyllo-1P4 overlapped
in the Cambisol and Gleysol with the peak at the furthest
upfield chemical shift of myo-(1,2,4,5,6)-1P5 at 6 3.25 ppm
and with the peak at the furthest downfield chemical shift
of myo-(1,3,4,5,6)-1Ps at § 4.12 ppm. Turner and Richardson
(2004) reported NMR signals for two other scyllo-IP4 iso-
mers, which could not be tested for in this study due to the
lack of available standards.

Whilst on average 48 % of the sharp peaks in the phos-
phomonoester region of soil extracts following hypobromite
oxidation could be attributed to IPg, IP5 and scyllo-1Py4, the
identities of many sharp peaks remain unknown. An uniden-
tified peak at § 4.33 ppm is present in all soil samples except
in the Ferralsol, with concentrations of up to 10 mg P per kg
soil (Cambisol). Other unidentified peaks at § 3.49, 3.86, 4.20
and 3.91 ppm were detected in all soils, with concentrations
ranging from 1 to 2 mg P per kg soil. Interestingly, two peaks
upfield of scyllo-IPg became more prominent (at § 3.08 and
3.05 ppm) following hypobromite oxidation, which was par-
ticularly the case in the Vertisol soil. The diversity of organic
P species in the Vertisol soil appears to be much greater than
previously reported (McLaren et al., 2014). We hypothesise
that many of these unidentified peaks arise from other iso-
mers of myo- and scyllo-IP5, based on the higher abundance
of their IPg counterparts.

The ratio of IPs to lower-order IP varied
across soils, which ranged in decreasing order:
Gleysol > Cambisol > Vertisol > Ferralsol. McKercher

and Anderson (1968a) found a higher ratio of IPg to IPs
in some Scottish soils (ratio 1.8 to 4.6) compared to some
Canadian soils (0.9 to 2.4). The authors attributed this
difference to the greater stabilisation of IP¢ relative to lower
esters in the Scottish soils, possibly due to climatic reasons
or effects of different soil properties. In a subsequent study,
McKercher and Anderson (1968b) observed increased IP
contents with increasing total organic P content. Studies
of organic P speciation along chronosequences found that
myo-1Pg concentrations declined in older soils (McDowell
et al., 2007; Turner et al., 2007a, 2014). Similarly, Baker
(1976) found that the IP¢ + IP5 concentrations in the Franz
Josef chronosequence increased until reaching 1000 years,
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followed by a rapid decline. In our soil samples, the highest
IPg-to-IPs ratio was found in the soil with the highest SOM
content, suggesting a possible stabilisation of IPg due to
association with SOM (Borie et al., 1989; Makarov et al.,
1997). In contrast, the Ferralsol sample containing high
amounts of Fe and Al showed the smallest IPs-to-IP5 ratio,
even though IPg is known to strongly adsorb to sesquioxides
(Anderson and Arlidge, 1962; Anderson et al., 1974).
However, the production, input and mineralisation rates of
IPg and IPs are not known for our soil samples. Further
research is needed to understand the mechanisms controlling
the flux of lower-order IP in soil.

In the Ferralsol and the Cambisol, there was an overall
decrease in the concentration of IPg and IP5 following hypo-
bromite oxidation compared to the untreated extracts. Since
the main cause of resistance of IP to hypobromite oxidation
is that of steric hindrance, which generally decreases with
a decreasing phosphorylation state and conformation of the
phosphate groups (axial vs. equatorial), we assume that low
recoveries of added myo-IPg¢ are due to losses of precipi-
tated Porg compounds during the precipitation and dissolu-
tion steps. This is supported by the decrease in the concen-
tration of orthophosphate following hypobromite oxidation
compared to untreated extracts. Therefore, quantities of IP as
reported in the current study should be considered as conser-
vative.

4.3 Structural composition of phosphomonoesters in
hypobromite oxidised soil extracts

The NMR spectra on hypobromite oxidised soil extracts re-
vealed the presence of sharp and broad signals in the phos-
phomonoester region. Transverse relaxation experiments re-
vealed a rapid decay of the broad signal compared to the
sharp peaks of IPg, which support the hypothesis that the
compounds causing the broad signal arise from P compounds
other than IP. These findings are consistent with those of
McLaren et al. (2019), who probed the structural composi-
tion of phosphomonoesters in untreated soil extracts. Over-
all, measured 7, times in the current study on hypobromite
oxidised extracts were markedly longer compared to those
of untreated extracts reported in McLaren et al. (2019). This
could be due to removal of other organic compounds by hy-
pobromite oxidation in the matrix and therefore a decrease
in the viscosity of the sample. This would result in an overall
faster tumbling of the molecules and hence an increased 75
relaxation time. As reported by McLaren et al. (2019), calcu-
lations of the broad signal’s linewidth based on the 75 times
were considerably lower compared to those of the standard
deconvolution fitting (SDF). When applying the same cal-
culations to our samples, the linewidth of the broad signal
at half height is on average 5.2Hz based on the 75 times.
In contrast, the linewidths acquired from the SDF average
256.1 Hz. McLaren et al. (2019) suggested that the broad sig-
nal is itself comprised of more than one compound. Our re-
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sults are consistent with this view, and therefore it is likely
that the main cause of the broad signal is a diversity of P
molecules of differing chemical environments within this
region, rather than the slow tumbling of just one macro-
molecule. Nebbioso and Piccolo (2011) reported that high-
molecular-weight material of organic matter in soil is an as-
sociation of smaller organic molecules. We suggest that these
associations would still cause a broad signal in the phospho-
monoester region of soil extracts and could be a reason that
some organic molecules containing P are protected from hy-
pobromite oxidation.

Since a portion of the broad signal is resistant to hypo-
bromite oxidation, this suggests the organic P is complex and
in the form of polymeric structures. The chemical resistance
of the broad signal to hypobromite oxidation may also indi-
cate a high stability in soil (Jarosch et al., 2015). Annaheim
et al. (2015) found that concentrations of the broad signal
remained unchanged across three different organic fertiliser
strategies after 62 years of cropping. In contrast, the organic
P compounds annually added with the fertilisers were com-
pletely transformed or lost in the slightly acidic topsoil of the
field trial. The large proportion of the broad signal in the to-
tal organic P pool demonstrates its importance in the soil P
cycle.

Unexpectedly, the transverse relaxation times of or-
thophosphate were shorter than those of the broad signal.
This was similarly the case in an untreated NaOH-EDTA ex-
tract of a forest soil with the same origin as the Cambisol as
reported in McLaren et al. (2019). The authors hypothesised
that this might be due to the sample matrix (i.e. high con-
centration of metals and organic matter). Whilst these fac-
tors are likely to affect 7> times, they do not appear to be
the main cause as the hypobromite oxidised extracts in the
current study contained low concentrations of organic mat-
ter and metals as a consequence of the isolation procedure.
The fast decay of orthophosphate was found across all four
soil extracts with a diverse array of organic P concentrations
and compositions of organic P in the phosphomonoester re-
gion. Therefore, another possible explanation could be a ma-
trix effect or an association with large organic P compounds
causing the broad signal (McLaren et al., 2019). It is known
that dynamic intramolecular processes such as ring inver-
sion and intermolecular processes such as binding of small-
molecule ligands to macromolecules can cause a broaden-
ing or a doubling of resonances (Claridge, 2016). When the
smaller molecule is bound to the larger molecule, it expe-
riences slower tumbling in the solution and hence a shorter
T, time. It is possible that a chemical exchange of the or-
thophosphate with a compound in the matrix or an organic P
molecule could result in the short 7> time of the orthophos-
phate peak. We carried out a 7> experiment on a pure solution
of monopotassium phosphate (described in the Supplement),
in which the matrix effects should be considerably reduced
compared to the soil extracts. We found that the 7, time of
orthophosphate (203 ms) in the pure solution was consider-
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ably longer than that reported in soil extracts following hy-
pobromite oxidation.

5 Conclusions

Inositol phosphates are an important pool of organic P in soil,
but information on the mechanisms controlling their flux in
soil remains limited due in part to an inability to detect them
using solution 3'P NMR spectroscopy. For the first time, we
identified six different lower-order IPs in the solution 3'P
NMR spectra on soil extracts. Solution >'P NMR spectra on
hypobromite oxidised extracts revealed the presence of up to
70 sharp peaks, of which about 50 % could be identified. Our
results indicate that a majority of the sharp peaks in solution
3IP NMR soil spectra were resistant to hypobromite oxida-
tion and therefore suggest the presence of diverse IPs. Our
study highlights the great diversity and abundance of IPs in
soils and therefore their importance in terrestrial P cycles.
Further research on the mechanisms and processes involved
in the cycling of this wide variety of IPs in soil will have
implications for our understanding of organic P turnover as
well as plant availability and possibly help improve fertiliser
strategies in agricultural systems.

Furthermore, we provide new insight into the large pool
of phosphomonoesters represented by the broad signal, of
which a considerable portion was resistant to hypobromite
oxidation. Further research is needed to understand the
chemical composition of the broad signal and the mecha-
nisms controlling its flux in terrestrial ecosystems.
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