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Oxygen isotope ratios of phosphates in the soil-plant
system: Limitations and future developments
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1 | INTRODUCTION the transfer of P from agricultural soils to aquatic ecosys-

tems, resulting in eutrophication and toxic algal blooms
Phosphorus (P) is a limiting nutrient in many ecosystems (Carpenter, 2008; Ceulemans et al., 2014; Schindler
around the world. Excess fertilization to overcome the et al., 2016). Among the analytical tools used to improve
limitation for crops reduces biodiversity and can lead to our understanding of the environmental P cycle, the ratio
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of oxygen isotopes in phosphate (reported here as 6180p
compared to VSMOW in the per mille notation) has pro-
vided many new insights during the past two decades.

Under ambient conditions and in the absence of bio-
logical activity, '°0,, does not change (O'Neil et al., 2003).
However, intracellular and extracellular enzymes catalyze
the exchange of oxygen between phosphate and water
(Blake et al., 2005; Cohn, 1958; Liang & Blake, 2006a,
2009; von Sperber et al., 2014, 2015; Wu et al., 2015).
The isotopic imprints caused by these enzymatic reactions
have been used in numerous studies for the interpretation
of §'%0, in the environment, initially in aquatic ecosys-
tems (McLaughlin, Cade-Menun, et al., 2006; McLaughlin,
Kendall, et al, 2006; Paytan et al., 2017; Pistocchi
et al., 2017; Tonderski et al., 2017) and later in the soil-
plant system (Angert et al, 2011; Helfenstein
et al., 2018; Pfahler et al., 2013; Tamburini et al., 2012).
Even though spatial and temporal patterns in §'*0, in
environmental  systems have been  observed
(e.g., seasonal variation, Angert et al., 2011), decreasing
8'%0,, values with soil depth, (Bauke et al., 2017; Joshi
et al., 2016); increasing 6180p values along riparian
buffer strips, (Bauke et al., 2022); and chronosequence
studies, (Frkova et al.,, 2022; Roberts et al.,, 2015;
Tamburini et al., 2012), we are of the opinion that the
current interpretation of these patterns is not conclusive
(Helfenstein et al., 2018; Pistocchi et al., 2020). Here, we
discuss issues that complicate the interpretation of
8'%0, in the soil-plant system, which include the analy-
sis of different isotopic endmembers, deviations from
the oxygen isotope equilibrium between phosphate and
water, knowledge gaps on oxygen isotope effects in met-
abolic pathways, and discrepancies between findings
from controlled laboratory conditions and the complex
environment of the soil-plant system. In addition, we
give an outlook on methodological advances that might
help to clarify these issues and promise new insights
into the application of this environmental tracer.

2 | OXYGENISOTOPE RATIOS IN
PHOSPHATE FROM DIFFERENT
ENDMEMBERS IN THE SOIL-PLANT
SYSTEM

In the soil-plant system, P can be broadly categorized into
five different pools: the soil inorganic P, the soil organic P,
the soil microbial P, the plant biomass P, and the bedrock
P. Past studies have analyzed the 8'°0, in these pools
under various environmental settings, providing a range of
values found in the environment (Figure 1). However, the
methodological approach to determine the §'°0,, in the dif-
ferent pools in the soil-plant system bears uncertainties,
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because it relies on extractions, which are subject to contro-
versy (Barrow et al., 2020; Gu et al., 2020; Guppy, 2021). On
the one hand, liquid extractions have contributed to our
understanding of the environmental P cycle by differentiat-
ing soil P pools depending on their solubility in specific
chemical extracts (Cross & Schlesinger, 1995; Helfenstein
et al., 2020; Syers et al., 2008). On the other hand, the
chemical extracts target only operationally defined P pools,
which may introduce large biases in the quantification of
specific P forms (Condron & Newman, 2011; Klotzbiicher
et al., 2019). It is important to account for these uncer-
tainties and biases when interpreting §'°0,, values in the
soil-plant system.

2.1 | Uncertainties concerning the
oxygen isotope ratio of soil inorganic P

Inorganic P in soils can occur in primary and secondary
minerals but also as polyphosphates and orthophosphate
(PO,”) in solution. The largest amount of inorganic P is not
bioavailable but either precipitates with cations (predomi-
nantly Ca) or it can be adsorbed on iron (Fe) and aluminum
(Al) oxy-hydroxides. Liquid extractions cannot target these
specific P forms in soils but rather extract a bulk of all inor-
ganic P forms (Klotzbiicher et al., 2019). Some extraction
reagents can promote the binding or dissolution of P with
elements due to changes in pH and ionic strength. This
might lead to an under- or an overestimation of a specific P
pool in soils. For example, the alkaline extracts of Hedley
sequential fractionation (0.5M NaHCO; and 0.1M NaOH)
can lead to the precipitation of Ca-phosphates through the
presence of both dissolved phosphate and exchangeable Ca,
causing an underestimation of dissolved P. These newly
formed Ca-phosphates present in the alkaline extracts
are then filtered out together with the soil particles and
subsequently dissolved in the acidic extraction
(1M HCI), leading to an overestimation of dissolved P in
this extract. Furthermore, the 1M HCI extract does not
only dissolve Ca-bound P from crystallized apatite of
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FIGURE 1 Schematic representation (from the bottom) of (1) endmembers, (2) processes, (3) number and percentage of O atoms
exchanged, and (4) final 6180p of the inorganic phosphate pools produced. Values for igneous (light blue lines) and sedimentary (dark blue
lines) rocks taken from (Ayliffe et al., 1992; Mizota et al., 1992); values of equilibrium in soils (light green line) and in plants (dark green
line) determined by using global averages of 6180p in atmospheric precipitation and related temperature (Rozanski et al., 2013) and equation
1 (Chang & Blake, 2015). For plants, we considered the range of temperature and 5'®0w values of plant leaves and temperature available
from the literature (Cernusak et al., 2022). Note the wide range of calculated values (lowest +0.65%o, highest +52%o, out of scale); phosphate
from enzymatic hydrolysis of organic P (Po) calculated using 5'®0,, in rain water (reference as above), average 6180p values of organic P in
soils (Tamburini et al., 2018), and average epsilon values for mono-esterases (Liang & Blake, 2006a; von Sperber et al., 2014, 2015) (orange
lines) and di-esterases (Liang & Blake, 2009) (red lines). The red arrow indicates the direction of processes and fluxes, from the sources to

the soil solution.

igneous origin or from secondary hydroxyapatite but
also leads to the desorption/dissolution of P bound to
iron and aluminum oxides (Benzing & Richardson,
2005; Gu et al., 2020). Another uncertainty arises due to
the possible hydrolysis of polyphosphates during the
extraction procedure. Polyphosphates represent a bio-
logically mediated pool of P that is often not accounted
for but can be abundant in fungi-dominated environ-
ments (Biinemann et al, 2008; Ghonsikar &
Miller, 1973; Saia et al., 2021). The acidic reactants used
during the extraction and/or the 6180p purification pro-
cedure can hydrolyse these polyphosphates. This hydro-
lysis leads to the incorporation of oxygen from the
surrounding water molecules into the newly formed
orthophosphates, which results in an isotopic artefact.
To account for such contamination by oxygen from
water, we recommend the use of *O-labeled and unla-
belled acids during the extraction and purification pro-
cedures (Tamburini et al., 2010).

2.2 | Uncertainties concerning the
oxygen isotope ratio of soil organic P and
microbial P

Microbial P can be defined as the fraction contained
within the soil microbial biomass and has been typically
extracted by fumigation (Kouno et al., 2002). Anion resin
membranes are generally used as a sink for inorganic
phosphate extracted after cell lysis by hexanol. However,
this extraction leads, on the one hand, to an incomplete
extraction of the microbial biomass (Ehlers et al., 2008),
and, on the other hand, to a lack of differentiation
between microbial inorganic and organic P (Brookes
et al., 1982; McLaughlin et al., 1986). In addition, with
this method only microbial inorganic P is recovered,
while microbial organic P and other forms of phosphate,
like polyphosphate, which are not adsorbed on the resin
membranes remain in solution. These phosphates are lost
for analysis or transferred into the NaOH extractable

85U80|7 SUOWWIOD 3AFea1D 8|qeo! [dde ay3 Aq pausenob are sejolie YO ‘8sN JO Se|n. 10} Areiqi8UlUO A8]IM UO (SUORIPUCO-PUB-SWLRY/LI0D" A3 | 1M Afelq 1 jBU1 [UO//SANY) SUORIPUOD PUe SIS 1 8y} 88S *[£202/2T/2T] Uo AkeiqiTauliuo AB|IM ‘YounZ H13 AQ #EFET SSB/TTTT OT/I0p/WO00 A8 1M Ae.q 1 puljuo'S feuIno essg/:sdny Wwoly papeojumoq ‘9 ‘€202 ‘68E2S9ET



40f14 Wl LEY - ei’alng_ousﬂgl_%c:

voN SPERBER ET AL.

ience

pool. This means that a method to determine §'°0, of
microbial organic P is still lacking. One possible approach
would be to extract and analyse the microbial P forms
remaining in solution after fumigation before the NaOH
step through (1) acid hydrolysis to target polyphosphate,
(2) UV digestion for organic P forms (Tamburini
et al., 2018) and/or (3) the addition of specific phosphatases
(Annaheim et al. 2013), whose isotopic fractionation is
known. If this separation is not done, the microbial organic
P would be diluted too much in the total organic P pool.
Other more complexed forms of organic P can com-
prise a large part of the total amount of P in soils. Plants
and microorganisms exude extracellular enzymes that
hydrolyse specific organic P compounds in soils releasing
orthophosphate, which can be taken up by organisms or
chemically react and bind to the soil mineral phase. Soil
organic P can therefore be an important isotopic end-
member for the interpretation of §'*0, values of other
soil pools. To date, there is only one published method to
determine the oxygen isotope ratio of soil organic P
(Tamburini et al., 2018). This method integrates an anion
exchange resin extraction in the presence of a biocide
(hexanol) and a 0.25M NaOH-EDTA extraction, to
sequentially obtain the microbial and the bulk organic P
pools (Cade-Menun & Preston, 1996; Turner et al.,
2005). However, most of the organic P extracted by
NaOH-EDTA, which is further separated from ortho-
phosphate by gel chromatography, is not hydrolyzed
by enzymatic activities (Jarosch et al., 2015; McLaren
et al.,, 2020). This either indicates that the extracted
organic P forms are still complexed and/or protected in
mineral associations and thus not directly accessible
to enzymes (Reusser et al., 2023), or that the high-
molecular-weight organic P fraction is recalcitrant and
not a viable substrate for enzymes in the soil. In that
case, extracted organic P forms are not an isotopic end-
member for the interpretation of 6180p values (Jarosch
et al., 2015). We suggest that future studies should aim to
characterize ecologically meaningful organic P pools by
differentiating, as described above, recalcitrant organic P
(e.g., extracted by NaOH) from the labile and newly syn-
thesized organic P (e.g., microbial organic P), which con-
stitutes the organic P substrate most likely hydrolysed by
enzymes and thus more rapidly turned over in soils.

2.3 | Uncertainties concerning the
oxygen isotope ratio of plant biomass P

Similar methodological issues for soil P pools are encoun-
tered for plant P pools. For example, labile organic P
extracted with trichloroacetic acid might be hydrolysed
during the first steps of the extraction process (Pfahler

et al., 2013). As with soil acid extracts, this issue can be
overcome by using 180-labeled and unlabeled acids, but
the problem of extracting functionally meaningful plant
P pools remains. Tracing P from soils to plants using
6180p values is particularly challenging because the
metabolism inside plants and, if present, mycorrhizal
fungi rapidly causes a partial or complete loss of the iso-
topic signature of the P taken up (Bauke et al., 2021;
Pfahler et al., 2013; Qin et al., 2018). However, without
symbiotic association with mycorrhizae, 6180p in roots
can retain the signature of the phosphate from the soil
solution. Studies that used '*O-enriched irrigation water
in the nutrient solution, have been able to trace the 20-
enrichment of P in the xylem sap of Fagus sylvatica
L. (Hauenstein et al., 2020) and in wheat roots, but not in
shoots (Bauke et al., 2021; Qin et al., 2018). These pio-
neering studies show promise that in the future §'°0,
can be used as a tracer for P in plants, however, 6180p in
plants is still understudied and not routinely character-
ized, which could lead to erroneous interpretations. As
shown in Figure 1, the equilibrium §'°0, calculated
using the oxygen isotope ratio of water (§'°0,,) in leaves
and temperature from different environments (Cernusak
et al., 2022) has a wide range, which overlaps with many
other possible endmembers. This observation points to
the need for a correct and careful characterization of the
6180p of this and all other endmembers to draw meaning-
ful conclusions.

3 | DEVIATIONS FROM THE
OXYGEN ISOTOPE EQUILIBRIUM
BETWEEN PHOSPHATE

AND WATER

If a phosphate molecule is taken up by a living cell, the
ubiquitous intracellular enzyme pyrophosphatase cata-
lyzes a complete oxygen exchange between phosphate
and cell water, which leads to a temperature-dependent
isotope fractionation (Blake et al, 2005; Chang &
Blake, 2015; Cohn, 1958). In a carefully designed cell-free
enzyme incubation experiment, Chang and Blake (2015)
determined the oxygen isotope equilibrium fractionation
between phosphate and water in the presence of pyro-
phosphatase under controlled laboratory conditions
which led to the following empirical equation:

100011’1“(]}704,}120) = 1443(i039)
% 1000/T(K) - 26.54(+1.33) (1)

With a being Rpos/Ruzo and R being the ratio of
180:'°0 in the respective molecule and with T(K) being
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the temperature in Kelvin. To date, this study provides
the most accurate determination of oxygen isotope equi-
librium values caused by pyrophosphatase. Similar obser-
vations have been made in the past with experiments on
whole organisms (Kolodny et al., 1983; Longinelli &
Nuti, 1973; Pucéat et al., 2010). We recommend the use
of equation 1 to determine the oxygen isotopic equilib-
rium of phosphate in environmental systems. The oxygen
isotope exchange rate between phosphate and water cata-
lyzed by pyrophosphatase has been determined using
Raman spectroscopy (von Sperber et al., 2017) and iso-
tope ratio mass spectrometry (Chang et al., 2021). It
ranges from 1.51E"°° to 3.13E"% sec™' and depends on
temperature, pyrophosphatase and substrate concentra-
tion, and the type and concentration of the co-factor
(i.e., Mg). Due to the high reaction rate, the complete
oxygen exchange between phosphate and water and the
large isotope fractionation (approx. 23%. at 20°C),
the activity of pyrophosphatase is often assumed to domi-
nate the oxygen isotope composition of phosphate in
environmental systems (Bauke et al., 2022; Helfenstein
et al., 2018; Tamburini et al., 2012). Indeed, multiple
studies have found one or more phosphate pools in the
environment (soils, waters and plants) that carried
the isotope equilibrium value. All these studies concluded
that the isotope equilibrium values in environmental
phosphates can essentially be assigned to the activity of
intracellular pyrophosphatases. However, there are fre-
quently found deviations from oxygen isotope equilib-
rium, particularly in the soils (Bauke et al., 2022;
Helfenstein et al., 2021; Pistocchi et al., 2020; Rodionov
et al., 2020; Wang et al., 2021).

The 6180p values below the isotopic equilibrium could
be attributed to the contribution of other endmembers or
processes in the soil-plant system, for example, the hydroly-
sis of organic phosphate by extracellular phosphatases, geo-
genic sources of phosphates (Smith et al., 2021) or fertilizers
(Granger et al., 2017; Tamburini et al., 2014). Extracellular
phosphatases hydrolyze organic phosphate compounds
which causes an exchange of one or more oxygen atoms
between water and phosphate. This oxygen exchange leads
to an enzyme and substrate-specific isotope fractionation
that has been determined for alkaline phosphatases, nucleo-
tidases (Bai et al., 2020; Liang & Blake, 2006a; von Sperber
et al., 2014), phosphodiesterases (Liang & Blake, 2009), and
acid phosphatases (Bai et al., 2020; Solhtalab et al., 2022;
von Sperber et al., 2014; Wu et al., 2015). These specific iso-
tope fractionations leave a distinct isotopic imprint on the
released phosphate and usually cause a negative isotope
fractionation between oxygen in water and the incorporated
oxygen in the released orthophosphate. However, the
released phosphate also inherits oxygen atoms from the
original organic P compound (e.g., the substrate of the

WILEY_| 5

enzymatic reaction). Therefore, the §'°0,, released by the
activity of extracellular phosphatases depends on the oxygen
isotope composition of the soil water and the oxygen isotope
composition of the organic P compound. This again high-
lights the importance of the isotopic characterization of soil
organic P that is available for enzymatic hydrolysis.

The §'%0, values that are above the equilibrium are
more difficult to explain. To date the only processes that
have been identified to cause a positive isotope
fractionation to increase 6‘3180p values above the isotopic
equilibrium are (a) the hydrolysis of phytate (von Sperber
et al., 2014) and (b) the hydrolysis of RNA (Liang &
Blake, 2009), which are both important constituents of
soil organic P and the biological uptake of inorganic P
(Blake et al., 2005). Future studies should evaluate the
6180p of more organic molecules together with the isoto-
pic fractionation of other relevant environmental
enzymes.

4 | OXYGENISOTOPIC EFFECTS
IN THE METABOLIC PATHWAYS OF
MICROORGANISMS AND PLANTS

Microorganisms are central in controlling the P cycle in the
soil-plant system (Chen et al., 2019; Kouno et al., 2002;
Oberson & Joner, 2005; Spohn & Widdig, 2017). Bacteria
and fungi take up available P in the form of orthophos-
phate from the soil solution. Once taken up, inorganic
phosphate enters the microbial metabolism fueling the
energy ATP-ADP cycle and contributing to cell growth
(DNA synthesis), to genetic information transmission
(RNA synthesis), and to cellular function maintenance
(phosphorylation of proteins and signaling). Phosphate, or
any other phosphate-bearing molecule inside a cell, can be
released back into the soil upon cell death and lysis. Despite
its importance for cellular functioning and general micro-
bial metabolism, we still lack a full understanding of phos-
phate homeostasis and cellular P cycling and more
specifically, of how microbial metabolism influences §'°0,
values (Austin & Mayer, 2020). Most biotic processes lead
to a modification of the 8'*0, by breaking the phosphoan-
hydride bond (P-O) and by promoting a phosphoryl trans-
fer, which is accompanied by an enzyme-specific isotopic
effect (Hengge, 2005).

Although cellular metabolism might influence the
8'%0, in multiple ways, our knowledge is limited and con-
centrates only on the few specific enzymes as discussed
above. The general assumption is that whenever phos-
phate is taken up by a (micro)organism, intracellular pyro-
phosphatases will erase any previous 6180p and promote a
new isotope equilibrium. However, pyrophosphatases are
mostly active during the exponential growth of cells since
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it is an intrinsic step of DNA synthase (Kottur &
Nair, 2018). Once exponential growth has halted pyropho-
sphatase activities are likely slowed down, which might
then also slow down the isotopic equilibration between
phosphate and water. Other enzymes involved in micro-
bial metabolism that have not yet been characterized
for their isotopic imprint might change the isotopic
composition of microbial P away from the equilibrium.
For example, ATPase, which promotes phosphoryl
transfer reactions and is generally involved in several steps
of the major metabolic cycles (e.g., Krebs cycle), has not yet
been studied for its isotopic fractionation. Adenylate kinase
is a phosphotransferase enzyme that promotes the revers-
ible transformation of ATP and AMP to two ADP mole-
cules, an essential process for maintaining the energy
balance in a cell. Even though this enzymatic process might
cause an oxygen isotope equilibrium, it has not been stud-
ied yet. The isotope effect of phosphoryl transfer promoted
by kinases has never been considered either (Cohn, 1953).
Although kinases might not contribute directly to the cyto-
solic phosphate pool and its 6180p, they could influence it
by controlling the §'°0,, of organic substrates.

Biological processes might influence the 6180p not only
by phosphoryl transfer but also by discriminating between
the lighter or heavier isotopologue (a molecule with a dif-
ferent isotope of one of the elements). As demonstrated in
controlled laboratory incubations, cellular uptake of inor-
ganic phosphate can cause such a fractionation (Blake
et al., 2005). This fractionation is most likely caused by the
activity of high-affinity phosphate transporters (Pst), while
low-affinity transporters (Pit) seem not to discriminate
between isotopologues (Lis et al., 2019). In plants, §'°0,, of
TCA-extracted phosphate (considered as a proxy for meta-
bolic P) was at the expected equilibrium value during the
first stages of plant growth (Pfahler et al., 2013). However,
in a subsequent study, it was shown that during senescence
and under P limitation, the §'°Ovalues in old leaves were
lower than equilibrium (Pfahler et al., 2017). By concur-
rently looking at P fluxes as determined by *’P labeling, the
authors concluded that lower 6180p values were most likely
the result of enzymatic hydrolysis of intracellular organic
compounds happening in old leaves with the released phos-
phate translocated to new leaves.

To summarize, our knowledge of cell functioning with
respect to the oxygen isotope ratio in cytosolic phosphate
is limited to the recognition of pyrophosphatase activity
and of a few other enzymes. Considering the complexity
of the microbial metabolism (Aslan et al., 2017), we sug-
gest that the oxygen isotope ratio in cytosolic phosphate
should be determined by the integration and interaction
of the different metabolic processes, as already done for
other elements (Wijker et al., 2019).

5 | OXYGEN ISOTOPE RATIO OF
SOIL WATER, PLANT WATER AND
INTRACELLULAR WATER

Arguably the most important endmember controlling the
8'°0,, in the soil-plant system is water, because of the
various oxygen exchange mechanisms described above.
The oxygen isotope ratio of soil water is highly variable
in space and time, and sampling soil water on a single
day is not representative of the oxygen isotope composi-
tion over longer periods of time, for example, throughout
the entire growing season. This has been shown theoreti-
cally (Barnes & Allison, 1983; Riley et al., 2002), under
controlled laboratory conditions (Rothfuss et al., 2013)
and in field studies (Allison et al.,, 1983; Brinkmann
et al., 2018; Hsieh et al., 1998). Therefore, recalcitrant P
pools (e.g., IM HCI extractable P) likely integrate the iso-
topic signal from the soil water over long periods (years,
decades, centuries depending on the soil and the environ-
ment (Helfenstein et al., 2020)) compared to more labile
pools (e.g., microbial pools), which can turn over in hours
or days. Thus, depending on the P pool, using the average
8'®0,, of rainwater during the growing season to estimate
the soil water oxygen isotope composition may therefore
be a more meaningful determination for this endmember.
More generally, the choice of the §'®0,, range of soil water
should take into account the estimated turnover time of
the targeted P pool. The 8'®0,, of soil water in a location
can be obtained using datasets provided by the Global Net-
work of Isotopes in Precipitation (GNIP). Precipitation
varies with season, with generally lower 8'*0,, of rainwa-
ter throughout the colder months. However, during the
warmer months of the year, evapotranspiration may be a
considerable factor influencing the isotopic composition of
soil water due to fractionation processes (soil evaporation)
(Barnes & Allison, 1983; Gibson et al.,, 2008; Hacker
et al., 2019; Hsieh et al., 1998). In addition, root uptake of
bioavailable water can be isotopically different from non-
bioavailable water (e.g., water that is held within clay min-
erals or deep vs. shallow soil water (Ehleringer &
Dawson, 1992; von Freyberg et al., 2020). The determina-
tion of 8'®0,, in deeper soil layers provides further chal-
lenges. In contrast to the topsoil, evaporation does not
affect the 8'%0,, in the subsoil and the long residence time
of deep soil water as well as the mixing of old and new
waters may demand that winter precipitation 5'*0,, values
are considered too (Gazis & Feng, 2004).

Like soil water, 5'®0 values of plant water can also vary
spatially and temporally (Allison et al, 1985; Cernusak
et al, 2016; Farquhar & Lloyd, 1993; Gonfiantini, 1965;
Pfahler et al.,, 2013; Seeger & Weiler, 2021). In addition to
these variabilities, it is generally assumed that the §'°0 of
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intracellular water is indistinguishable from extracellular
water, because the diffusion of water through the cell
membranes does not fractionate between H,'°0 and H,'®0.
However, empiric evidence has shown that intracellular
water of growing E. coli cultures is partly of metabolic origin.
Studies in the past found that intracellular 5**0,, values can
be substantially different from §'®0,, values of the growth
medium, with up to 70% of intracellular water derived from
metabolic processes (Kreuzer-Martin et al., 2003, 2005, 2006).
Another recent study showed that about 30-40% of oxygen in
phosphate of intracellular biomolecules is derived from meta-
bolic water (Li et al., 2016). This contribution of intracellular
water on the oxygen isotope composition of phosphate may
therefore alter our interpretation of 618Op in the environment,
in particular from studies that use '*0 labeled irrigation water
and/or that took place in in arid environments or at high lati-
tudes with relatively high 8'*0,, values of soil water.

6 | CONTROLLED LABORATORY
CONDITIONS VERSUS COMPLEX
ENVIRONMENTAL SYSTEMS

Considering only specific isotopic fractionations or pro-
cesses that have been determined under controlled labora-
tory conditions for the interpretation of 3'°0, values of
environmental samples may be misleading. A petri dish or
a cell-free enzymatic assay does not provide an accurate
representation of the “dirty reality” of the soil-plant system.
In any biological or environmental system, enzymatic pro-
cesses are seldom isolated and many occur simultaneously
in time and space. Their activities and substrate turnover
vary depending on the environmental conditions
(e.g., temperature, soil water content, soil pH, etc.) and may
change with the seasons and/or the land use. Therefore,
6180p values from environmental samples reflect an inte-
grated signal of many processes, biotic and abiotic (see
below). For instance, 6180pvalue in soil that is within the
range of the isotope equilibrium value could also be derived
by mixing of several endmembers with different 5'°0,
values. Cell-free enzymatic assays are generally conducted
under optimal conditions to maximize the enzymatic turn-
over of various substrates. This includes an optimum pH,
temperature and co-factor concentrations which are all usu-
ally not found under environmental conditions. A similar
issue arises with microbial cell cultures since only a few
studies have used growing conditions that were suboptimal
(Lis et al., 2019). While this approach is very informative to
determine  microorganism-specific oxygen exchange
dynamics (Stout et al., 2014), the conditions of cell cultures
generally ensure maximum microbial growth and zero
stress on the organisms, which is not a realistic representa-
tion of typical soil conditions, where many of the microbes
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might be inactive or under stress. Therefore, microbial
oxygen-exchange dynamics between phosphate and water
are likely much slower under environmental conditions
compared to controlled laboratory conditions.

Furthermore, a petri dish or an enzymatic assay is a
closed system in which one phosphate molecule can
potentially be recycled many times. An environmental sys-
tem, in contrast, is an open system from which phosphate
molecules can be sorbed and desorbed from mineral parti-
cles or lost via leaching or export. In the case of soil, a con-
tinuous exchange of phosphate molecules between the soil
solid phase and the soil solution (abiotic process) can replen-
ish phosphate that has been taken up by microorganisms or
been lost through leaching (Frossard et al., 2011; Rinderer
et al, 2021). This exchange thereby provides a continuous
supply of phosphate that does not have the oxygen isotopic
imprint of intracellular or extracellular phosphatases. Soils
are a particularly complicated environmental matrix because
they consist of solid, liquid and gaseous phases. Depending
on weather, climate and soil physical properties
(e.g., texture, organic carbon content, etc.), the contributions
of the liquid and gaseous phase change over time (some-
times as fast as within a day), which is not the case in a petri
dish. In order to assign specific enzymatic processes to the
measured 6180p, it is necessary to acquire additional infor-
mation. For example, a comparative analysis of similar sys-
tems with varying environmental parameters (such as
gradient studies) and to closely consider such effects over
time. A useful approach to account for temporal changes is
the incubation of soil samples with '*O-labelled water to
assess the oxygen exchange dynamics over time. Such incu-
bation experiments allow us to manipulate specific environ-
mental or biological conditions while maintaining the
complexity of the soil environment and provide unique
information on the rate of biological P cycling. However,
only a few labelled incubation experiments have been con-
ducted so far, which explore a limited set of conditions and
soil types, for example, low and high P availability, drying-
rewetting, and so forth. (Hacker et al, 2019; Helfenstein
et al., 2021; Pistocchi et al., 2020; Siegenthaler et al., 2020).
The mechanistic understanding obtained from such experi-
ments might allow a more conclusive interpretation of in situ
observations in the environment.

7 | FUTURE METHODOLOGICAL
ADVANCES

7.1 | Measurements of oxygen isotope
ratios of phosphate

One of the reasons why the analysis of 6180p is not so
widespread can be attributed to the cumbersome and
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time-consuming analytical procedure prior to the mea-
surement of oxygen isotope ratios by TC/EA-IRMS
(Thermal Conversion Elemental Analyser coupled to an
Isotopic Ratio Mass Spectrometer). As described above,
phosphate has to be extracted and each extract has to be
purified, that is, phosphate is concentrated and all other
oxygen-bearing species (e.g., nitrates, sulfates, organic
compounds) are eliminated. This procedure lasts about
one week and depending on the laboratory infrastruc-
ture, about 10-15 samples per week can be typically pro-
cessed if the research uses '®O-labelled and non-labelled
extracts. The final product, Ag;PO,, is weighed in silver
microcapsules, converted to CO in the TC/EA and the
oxygen isotope ratio is measured using an IRMS.

In addition, to date no internationally accepted set of
standards for oxygen isotope ratios in phosphate is avail-
able. This has led to much confusion regarding the §'*0,
values of the most commonly used reference standards,
NBS 120b and NBS 120c (Lécuyer et al., 1996, 2007;
Vennemann et al., 2002). This highlights the need for the
establishment of a new set of international reference
standards by the IAEA (International Atomic Energy
Agency). An ideal standard should (Hoefs, 2021):

1: be homogeneous.

2: be available in relatively large amounts.

3: be easy to handle for chemical preparation and
measurement.

4: have an isotope ratio close to the natural range of
variation.

We believe silver phosphate would be a good candidate
because it fulfills these requirements. In addition, silver
phosphate is a very stable compound, easy to degas and
not hygroscopic, featuring additional benefits to use this
material as an international reference standard (Fourel
et al., 2011; Lécuyer et al., 2007; Watzinger et al., 2021).

7.2 | Measurement of oxygen isotope
ratios of bioavailable soil water

Since the §'°0,, of the soil water strongly affects '°0,, a
systematic measurement of the §'%0,, of the soil water is
necessary (Hacker et al., 2019). In the past, soil water
was typically sampled and measured for 8'®0,, using
cryogenic distillation of the soil sample and isotopic mea-
surement with Cavity-Ring-Down Spectroscopy (CRDS),
Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS)
or Isotope Ratio Mass Spectrometry (IRMS). However,
recent studies have shown that extraction conditions and
physicochemical soil properties affect extracted soil water
isotope composition (Orlowski et al., 2018). Also, other
approaches to extract liquid soil water like centrifugation or
squeezing may be prone to bias.

The development of ICOS, the direct liquid-vapor
equilibration method was introduced around 10 years
ago. This enabled cheaper, easier isotope analysis with
minimum sample handling and less pre-treatment proce-
dures (Herbstritt et al., 2012; Koehler & Wassenaar, 2011;
Munksgaard et al., 2011). The equilibration method
establishes an isotope equilibrium between the water in
the soil sample and CO, in the headspace within a closed
system. Then, the isotope composition of the equilibrated
headspace vapour is analyzed using CRDS or OA-ICOS.
However, factors that can affect the accuracy of this
method like soil texture, soil saturation, equilibration
time and soil-organic matter interaction (Gralher
et al, 2018, 2021; Herbstritt et al.,, 2012) are still
unknown and required for the development of a stan-
dardized procedure.

Recent developments of in situ membrane-based
probes for direct measurements of soil water isotopes
(Rothfuss et al., 2013; Volkmann & Weiler, 2014) now
allow continuous observations of %0, of soil water.
Such a new in situ measurement provides an unprece-
dented combination of high temporal and high spatial
resolution data, which help to unravel the partitioning
among transpiration, interception and soil evaporation
and transport processes, transit times and water ages in
distinct compartments of the hydrological cycle
(Sprenger et al., 2018).

7.3 | Triple oxygen isotope dynamics and
alternatives to TC/EA-IRMS

As discussed above, the overlapping 6'%0 values caused by
various endmembers and mechanisms that affect the oxygen
isotope composition of phosphate often prevent a clear inter-
pretation in environmental systems. The analysis of triple
oxygen isotope ratios (*°0, 170, '®0), however, may allow the
unequivocal identification of particular enzymatic pathways
as well as a distinction between ambient soil, plant and meta-
bolic water pools. Microbial intracellular water can comprise
significant fractions of atmospheric oxygen, presenting a dis-
tinct mass-independent *’O anomaly, that is passed onto the
respective inorganic and organic phosphorus compounds
(Herwartz, 2021). Similarly, atmospheric O, carries "0
anomalies that have been traced in various geological mate-
rials (Pack, 2021) and more recently in the hydrosphere
(Sambuichi et al., 2023). This *’O anomaly could also persist
in phosphate from ash derived from biomass burning
(e.g., wildfires) because phosphate exchanges with air O, at
elevated temperatures (Bigio & Angert, 2018; Liang &
Blake, 2006b). In addition, process-specific slopes in the triple
oxygen isotope space can be used to identify individual pro-
cesses, including the release of inorganic phosphate by
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enzymes, which opens new opportunities for understanding
the environmental phosphorus cycle.

In the past, most analyses of 6180p have relied on the use
of Thermal Conversion Elemental Analysis Isotope Ratio
Mass Spectrometry (TC/EA-IRMS). However, recent meth-
odological advances provide alternatives. Raman spectros-
copy has been widely used to collect information about the
chemical properties of living and non-living samples. In the
phosphate-water system, Raman scattering depends on the
different vibrational energies of the five phosphate isotopolo-
gues (P'°0,, P'°05'%0,, P'°0,"®0,, P'°0,'®0,;, P'®0,) and
can therefore be used to measure the quantity of these isoto-
pologues in solution. This method has been used to monitor
the evolution of phosphate isotopologues and determine the
kinetics of oxygen isotope exchange between phosphate and
water in the presence of pyrophosphatases (Moller
et al., 2022; von Sperber et al., 2017). The application of
Raman spectroscopy was limited to controlled and purified
laboratory conditions. This is because of the fluorescence
interference caused by organic matter in environmental sam-
ples. Recent methodological advances using Deep Ultraviolet
(DUV) Raman spectroscopy now allow for the analysis of dif-
ferent organic and inorganic phosphate compounds in soils
(Vogel et al., 2017). Such methodological advances mean that
in the future it may be possible to directly monitor oxygen
isotope exchange dynamics at a high spatial resolution in
environmental systems as well. However, some problems like
the photo-hydrolysis of important organic phosphorus com-
pounds upon UV excitation will need to be overcome.

Recently, the use of LC MS/MS (Schryer et al., 2020)
and Orbitrap HRMS (high-resolution mass spectrometer
(Hilkert et al., 2021; Neubauer et al., 2020)) for the analy-
sis of oxyanions have been proposed for the analysis of
SISOP. If successful, these two approaches might expedite
the analytical procedure and time, since the preparation
requirements for the samples could be reduced. They
would also overcome the problem of phosphate quantity
required for purification by an order of magnitude.

The isotopic shift in *'P NMR spectroscopy caused by
the presence of '®0 instead of '°O in phosphate has been
used to study enzyme-catalyzed reactions (Cohn &
Hu, 1978; Pucar et al., 2001). This approach can be pow-
erful in determining the degree of '®O substitution and
even the configurational changes of phosphate molecules
when working in experimental settings at high levels of
'®0 enrichment; however, its application to study 5'°0,
at natural abundances needs further development.

8 | CONCLUSION

In this paper, we discussed common problems encoun-
tered with the interpretation of oxygen isotope ratios of

phosphate and water in the soil-plant system. Some
of these limitations can be overcome by (1) carefully con-
sidering the pitfalls of the available extraction and purifi-
cation protocols, (2) by a systematic analysis of relevant
endmembers (including phosphates and water) and (3) by
identifying and characterizing processes that may contrib-
ute to the §'®0,, in the environment. We think that recent
methodological advances such as triple oxygen isotope sys-
tematics and Orbitrapp high-resolution mass spectrometry
will further eliminate some of these issues and will pro-
vide new insights into using oxygen isotope ratios in phos-
phates to shed new light on the environmental fate of
P. Furthermore, we are convinced that future progress in
this research field requires a concerted effort across disci-
plines. Collaborations among soil scientists, geologists,
hydrologists, microbiologists and chemists will help to
improve our understanding of the processes that deter-
mine the oxygen isotope ratios of phosphates in soil-plant
systems under environmental conditions.
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