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SUMMARY

The objective of the presented work was the development of sensitive and selective methods for
the analysis of organic phosphorus compounds in soil and plant-related samples, which can be
of importance for studies aiming at the investigation of phosphorus mobilization and plant
nutrition.

Chemical characterization as well as accurate quantification of the compounds present in the
rhizosphere is a major pre-requisite for a better understanding of rhizosphere processes. In this
context, there is a high number of organic phosphorus compounds present in the rhizosphere
consisting in highly combined forms that remain still unidentified. This is due to the fact that
representative sampling of phosphorus containing organic compounds from soil, their
identification and accurate quantification as well as the interpretation of the obtained information
in the context of bioavailability is very challenging. Thus, development and application of
advanced sampling and extraction procedures in combination with highly selective and sensitive
analytical techniques for quantification of organic phosphorus compounds in rhizosphere is
foreseen as a necessity in order to ensure accurate quantification of organic phosphorus
compounds of the rhizosphere processes.

An introduction to the role of phosphorus in the life cycle is presented and followed by a brief
overview on organic phosphorus compounds in the environment. Special attention is paid to
myo-inositol hexakisphosphate as the major representative of organic phosphorus compounds
as one of the most important target analytes in this thesis.

Analytical techniques employed within all stages of method development are described in
Chapter 2 followed by a review of selected publications. The major outcome of the presented
work is a novel method based on high performance ion chromatography coupled to inductively
coupled quadrupole plasma mass spectrometry based method employing strong anion
exchange chromatography (HPIC-ICP-DRCMS) with HNOj; gradient elution for simultaneous
analysis of orthophosphate and myo-inositol hexakisphosphate (IPs) in soil solution and plant
extracts. This method is presented in publication Il in Chapter 3. The developed HPIC-ICP-
DRCMS method offers excellent repeatability and limits of detection based on 3o criterion in the
sub-micromole per liter range without the need for special sample pre-treatment.

A comprehensive literature research on application of mass spectrometry techniques in
rhizosphere investigation documented in the form of a review paper within this thesis is
presented as the first publication in Chapter 3. During the last years, targeted and non-targeted

mass spectrometry based methods have emerged and have been successfully applied in



numerous studies related to the root exudates in the rhizosphere. Hence, elemental or
molecular mass spectrometry emphasizing different separation techniques as gas
chromatography, liquid chromatography, size exclusion chromatography or capillary
electrophoresis applied in this research field are critically discussed within this review.

The third work, into which | was involved as a co-author (approximately 30% contribution) aimed
at the development of a fast method for quantification of nucleotides in nucleotide enriched
yeast extracts. The presented reversed-phase separation method combined with
complementary ICP-MS detection for quantification of free nucleotides in yeast products due to
the absolute lack of reference materials could be implemented as a reference method for
nucleotide quantification. To our best knowledge this is the first LC-ICP-MS method applied for
the quantification of free nucleotides in biological samples as a method for measuring
nucleotides orthogonal to LC-ESI-MS.



KURZFASSUNG

In der vorliegenden Dissertation wurde eine empfindliche und selektive Methode zur Analyse
organischer Phosphorverbindungen in Boden- und Pflanzenproben entwickelt, welche flr
Studien zur Erforschung der Phosphormobilisierung und Erndhrung der Pflanze von hoher
Wichtigkeit sind.

Sowohl die chemische Charakterisierung als auch die akkurate Quantifizierung dieser
Verbindungen in Rhizospharen (Wurzelraum der Pflanze) ist eine wichtige Grundvoraussetzung
fur ein besseres Verstandnis der dort ablaufenden Prozesse. Bislang sind noch sehr viele der
organischen Phosphorverbindungen nicht identifiziert, da sowohl eine reprasentative
Probenahme phosphorhaltiger Verbindungen aus Bdden als auch die ldentifizierung und
akkurate Quantifizierung sowie die Dateninterpretation hinsichtlich Bioverfigbarkeit eine groe
Herausforderung darstellen. Die Entwicklung und Etablierung fortgeschrittener Probenahme-
und Extraktionsverfahren in Kombination mit nachweisstarken und &uferst selektiven
analytischen Techniken ist eine Notwendigkeit, um die richtige Identifizierung und
Quantifizierung dieser Verbindungen zu ermdéglichen.

In der vorliegenden Arbeit wird einleitend in Kapitel 1 die Rolle von Phosphor fiir die
Lebensdauer der Pflanze beschrieben sowie ein kurzer Uberblick Uber organische
Phosphorverbindungen in der Umwelt unter besonderer Berlicksichtigung der Verbindung myo-
Inositolhexakisphosphat, welche als bedeutendster Vertreter dieser Substanzklasse gilt und ein
wichtiger Zielanalyt in dieser Arbeit war, erlautert. Sdmtliche Phasen der Methodenentwicklung
und deren Anwendung, unterstitzt durch Bezugnahme auf ausgewahlte wissenschaftliche
Publikationen, werden in Kapitel Il erlautert. Der im Rahmen dieser Dissertation entwickelte
neue methodische Ansatz, basierend auf Hochleistungsionenchromatographie gekoppelt mit
induktiv gekoppelter Quadrupol-Massenspektrometrie, erlaubt durch den Einsatz eines starken
Anionenaustauschers als stationare Phase und Gradientenelution mit Salpetersdure die
gleichzeitige Bestimmung von o-Phosphat und myo-Inositolhexakisphosphat (IPg) in
Bodenlésungen und pflanzlichen Extrakten. Des Weiteren konnte eine exzellente
Wiederholprazision und Nachweisgrenzen — basierend auf dem 3s Kriterium — im niedrigen
Mikromol pro Liter Bereich ohne aufwandiger Probenvorbereitung erreicht werden. Details zu
dieser Methodik sind in Publikation | in Kapitel 11l dargestellt.

Publikation Il aus Kapitel 11l enthalt einen Review-Artikel aus der Zeitschrift Analytika Chimica

Acta. Dieser enthalt eine umfangreiche Literaturrecherche zur  Anwendung



massenspektrometrischer Techniken in der Rhizospharenforschung. In den vergangenen
Jahren haben sich vor allem auf Massenspektrometrie basierende Methoden zur zielgerichteten
und ungezielten Analyse von Wurzelexsudaten in der Rhizosphare durchgesetzt und wurden
erfolgreich in zahlreichen Studien angewendet. In diesem Ubersichtsbeitrag wurden
verschiedenste  Trenntechniken wie  Gaschromatographie, Flissigchromatographie,
Grélenausschlusschromatographie oder Kapillarelektrophorese in Verbindung mit Element-
bzw. Molekllmassenspektrometrischen Systemen kritisch betrachtet.

Die dritte Arbeit, an der ich als Co-Autor beteiligt war (ca. 30% Beitrag), beschaftigt sich mit der
Entwicklung einer schnellen Methode zur Quantifizierung von Nukleotiden in Nukleotid
angereicherten Hefeextrakten. Die vorliegende auf Umkehrphasenchromatographie basierende
Trennmethode kombiniert mit der selektiven und empfindlichen ICP-MS-Detektion ermdglicht
die genaue Quantifizierung von freien Nukleotiden in Hefeprodukten. Aufgrund des Fehlens von
Referenzmaterialien konnte diese Methode als Referenzverfahren fir die Nukleotid-
Quantifizierung implementiert werden. Dies is, nach unserem Wissensstand, die erste Arbeit in
welcher ein LC-ICP-MS-Verfahren als orthogonale Methode zur LC-ESI-MS fir die

Quantifizierung von freien Nukleotiden in biologischen Proben angewandt wurde.



1. Introduction

Phosphorus is a key nutritive soil element essential for all living organisms. Besides the fact that
the amount of phosphorus in the soil is generally quite high (often between 400 and 5000 mg per
kg soil) most of it exists in an insoluble form and is therefore not available to support plant
growth [1].This phosphorus deficiency in agricultural fields most of the time is overcomed by
application of phosphate fertilizers. However, this approach is not ideal since almost 75-90% of
added amounts of these fertilizers is precipitated by metal cation complexes present in the soil
and plants can only absorb less amounts of applied fertilizers and the rest is rapidly converted
into insoluble organic phosphorus complexes in soil [2] with only 10-20 % of supplied
phosphorus being absorbed by plants in the year of application [3].

Insoluble phosphorus is present as either an inorganic mineral such as apatite or as one of
several organic forms including inositol phosphate as a phosphor-monoester, and phosphor di-
and triesters [4,5]. The prevalent form of available phosphorus in the environment is the anionic
phosphate [6]. Its chemistry is determined by the strength of ionic bonds to the surrounding
atoms. Based on the relative strength of these ionic bonds an explanation can be withdrawn
why phosphate behaves so differently to the common mineral forms of other nutrients, e.g.
nitrate and sulphate [7]. The only form of phosphorus that most organisms take up is inorganic
orthophosphate [8] besides the fact that organic compounds of phosphorus often dominate in
soils and aquatic systems [9]. Although the total amount of phosphorus in the soil may be high
as mentioned above, the preferred form for assimilation orthophosphate is not easily accessible
to most plants and microbes, because of its adsorption to soil particles and clay minerals and
surfaces of calcium (Ca) and magnesium (Mg) carbonates and its conversion to organically
bound forms or the formation of insoluble precipitates with common cations like Fe, Al, and Ca
[10,11].

Even though the importance of organic phosphorus in soil is so crucial due to the nutritional
role in plant growth, our understanding of its dynamics and ecological function still remains
unsatisfactory. Progress is limited in part by extraction methodology, because information on
organic phosphorus species provided by modern analytical techniques can often not be linked
to biological availability with the necessary degree of confidence [12].

Development and usage of improved detection methods has been necessary to develop in
order to ensure accurate quantification of organic phosphorus compounds in soil for

investigation of their behaviour [13]. Traditionally, soil organic phosphorus has been crudely



determined by the difference between total and inorganic phosphorus [14]. This method is
commonly used because of the difficulties associated with direct measurement of organic
phosphorus compounds. The main organic phosphorus compounds that have been investigated
mostly are inositol phosphates with the major representative myo-inositol-hexakisphosphate
(IPs) a family of phosphoric esters of hexahydroxy cyclohexane [15] amongst phosphoric
diesters are phospholipids and also nucleic acids [16]. Although separation of IPs in food
samples is well documented in a major number of publications so far, were levels of IPg are in
the mM range [Table 4], separation of IPs in soil solution and plant related samples were
concentration of IPg is in the low uM range requires more sensitive techniques such as liquid
chromatography (LC) coupled to Inductively coupled plasma mass spectrometry (ICP-MS) that
offers a supreme detection in the field of elemental mass spectrometry. The aim of the
presented thesis was to develop a more sensitive and selective method for quantitative analysis
of myo-inositol-hexakisphosphate as an organic phosphorus containing compound in soil and
plant related samples.

In addition to further investigations of organic phosphorus compounds and application of diverse
separation techniques in phosphorus speciation a fast method for quantification of nucleotides
in nucleotide enriched yeast extracts was developed. For this purpose a liquid chromatography
coupled to inductively coupled plasma mass spectrometry (LC-ICP-MS) based method for
separation of nucleotides, as less polar monoester phosphate compounds, was developed
within this PhD project in addition to the pervious described method. To our best knowledge this
is the first LC-ICP-MS method applied for the quantification of free nucleotides in biological
samples as a method for measuring nucleotides orthogonal to LC-ESI-MS.

Moreover, comprehensive literature research about application of mass spectrometry
techniques in rhizosphere research since the beginning of this century has been performed and
documented in the form of a review paper within this thesis.

This critical review covers both elemental and molecular mass spectrometry as well as their
combination with different separation techniques with discussion of the most important works
by, at the same time, covering all methods which are essential for investigating soil/ plant

related processes in the



1.1 Organic phosphorus compounds in the environment

Organic phosphorus compounds play a significant role in plant nutrition and therefore
understanding of their dynamics and ecological functions in the environment is highly important.
Based on the nature of the phosphorus bond, soil organic phosphorus is classified into
phosphate esters, phosphonates and phosphoric acid anhydrides. Phosphate esters are sub-
classified according to the number of ester groups linked to each phosphate. Table 1 presents
the main representatives of the phosphate monoesters as the dominant group of organic
phosphorus compounds in most soils with inositol phosphates being as the major representative
of this group. Nucleotides besides sugar phosphates and phosphoproteins presented in small
amounts in soil, are composed of a phosphate moiety containing one to three phosphate groups
bound to a pentose sugar on the one side and of a nucleobase moiety bound to the pentose
sugar on the other side. They are referred as monomeric units of the polynucleotides such as
RNA and DNA. Nucleotides have an acidic character and are negatively charged above pH=2 in
a wide pH range. Nucleic acids present in less than 3% of the organic phosphorus in soil are
associated with other compounds derived from the degradation of living organisms that allow
rapid mineralization, also re-synthesizing and combination with other soil constituents. They can

also be incorporated into microbial biomass.
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Table 1. Major representatives of soil organic phosphate monoesters

Compound Structure
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Phosphate diesters include nucleic acids (DNA and RNA), phospholipids and teichoic acids and

they are present in less than 10% of the soil organic phosphorus (Table 2).

Table. 2 Major representatives of soil organic phosphate

Compound Structure

(Functional class)

W
R;—C—0—CH,
1
RZ_C—O—$H (I)_ (|:H3
HZC—O—IIT—O—CHZ—CHZ—ITIJ'—CH3
Phosphatidyl choline o CH,
(Phospholipid)
OH
0
HO
. 0 NH o o
HO—P )\ N
\ -0
0 /Y\O \O 0 CH}O /Y
-0 0 OH
Teichoic acid from OH !
(Micrococcus species)
NH,
N N N

o 9 o 1)

HO—P—0—P—0—P—0 NN
OH OH OH O
H H

Adenosine 5'-triphosphate (ATP) OH  OH
(polyphosphate, nucleotide)

12



1.1.1 Myo-inositol hexakisphosphate

Myo-inositol hexakisphosphate (IPs) is the six phosphate monoester of inositol and is also
known as phytic acid representing the free acid form of |Ps. Salts of phytic acid, phytates are
quite stable and accumulate in soils due to their affinity to bind with other minerals present in
soil such as calcium, iron or even aluminum.

To the parent inositol can be linked up to six phosphate groups. Myo-inositol-hexakisphosphate
is the most abundant form of phosphate monoesters in soil. It may represent 80% or more of the
total organic phosphorus and exist in soil in several sterecisomeric forms: myo-, scyllo-, D-chiro
and neo-inositol phosphates (Table 3) [17].

In terrestrial environment, IPg is synthesized in plants seeds and represents the major storage
form of phosphorus in plants and organic soil components [18]. When present in soil, it is not
directly available for uptake by plants until it's hydrolyzed to release phosphate and then
becomes plant-available [19].IPs can be dephosphorylated by the enzyme phytase, thus
producing inorganic phosphate that can be taken up by plants [11]. But still there is not much
known about the mechanisms how plants make use of organic phosphorus and it is suspected
that microorganisms play an important role for the degradation of organic phosphorus
compounds. The uptake of phosphorus and its subsequent release by microorganisms is
suspected to have a strong impact on the availability of phosphorus to plants [20].

Although it has been shown that IPs can be taken up by plant roots, the contribution of IP¢ to
total phosphorus uptake is still unclear. One major reason for the poor understanding of IPg
dynamics in the rhizosphere is the typically very low IPg concentration in soil solution and
consequently the difficulty to obtain reliable information on concentration dynamics. Thus,
methodological improvements in analyzing IPs in soil solution or soil extracts are highly

emerging.
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Table 3 Stereo-isomeric forms of phytic acid (IPe)

Myo-inositol-hexakisphosphate

Molecular formula CsH18024P5
Molar mass 660. 035 Da

IUPAC name (1R,2R,3S,4S,5R,6S)-cyclohexane-1,2,3,4,5,6-hexaylhexakisdihydrogenphosphate

H2P O3 PO,H
~0 o/ 312
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The most outstanding feature of IPg is its
powerful chelating function and this is due to
the ability to strongly chelate with cations such
as Ca, Mg, Zn, Cu, Fe and to form insoluble
complexes and reduce the catalytic activities of
these ions which makes IPg a potential natural
antioxidant [21, 22].

Since IPs works in a broad pH region as a
highly negatively charged ion (Figure 1) [23,24],
when present in diet it has a negative impact on
the bioavailability of divalent and trivalent
mineral ions and therefore has a very high
affinity to react with positive charged mineral
food components of [25,26]. Due to this
property, IPs has been considered as an anti-
nutritional component in cereals, seeds and
beans.

However, consumption of phytate seems not to
have only negative aspects on human health,
since results of epidemiological and animal
studies in the past few years suggest that
there are also beneficial effects, such as
decreasing the risk of heart disease and colon
cancer, but data from human studies are still
lacking [27]. On the other hand,

studies phytic acid has shown a protective

in animal

action in carcinogenesis [27].

Figure 1 Diagram of comparative species distribution
for the M**-InsPg systems: (a) Mg®*, (b) Ca**, (c) Sr**,

(d) Ba*". Permission requested [23].
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Phytic acid may have health benefits for diabetes patients since it lowers blood glucose
response [28]. Just recently |Pg is presented as a novel type of selective inhibitor of osteoclasts

and proved as very useful for the treatment of osteoporosis [29].

2. Analysis of organic phosphorus compounds in soil and plant

related samples

Representative sampling of phosphorus containing organic compounds in soil, their
identification and accurate quantification as well as the interpretation of the obtained information
in the context of bioavailability is highly challenging.

Traditionally, soil organic phosphorus has been determined by the difference between total
phosphorus and inorganic phosphorus and dates from the early 70ies [14] as mentioned in the
introduction. This approach was a method of choice for a long time because of the difficulties
associated with the selective measurement of different organic phosphorus compounds.
Accordingly, identification of organic phosphorus compounds in soils and soil extracts was
accomplished using *'P nuclear magnetic resonance (NMR) spectroscopy. Although NMR
techniques have been developed and used successfully, their use is limited by the need for
sample pre-concentration, which can eventually influence the pattern of phosphorus species,
and long run times, which can be expensive and may cause sample degradation [30].
Quantifying NMR signal for individual species in the crowded and overlapping phosphate
monoester region is a problem [31] and also the peak identification which is complicated by
variations in chemical shift with pH and ionic strength is also contributing to the limitations of this
method.

Analysis of soil solutions or plant extracts by molybdate colorimetry as a conventional method
for phosphorus determination. However it is considered as a potential source of error in all
procedures, because organic phosphorus is overestimated also in this method as in the above
mentioned method in the presence of inorganic polyphosphates or complexes between
inorganic phosphate and humic substances [12]. High performance liquid chromatography
(HPLC) is a commonly used technique for qualitative and quantitative analysis of organic

phosphorus compounds in soil, plants, foods and aqueous samples [32,33].
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Table 4. Selected publications on organic phosphorus compounds analysis in different matrixes

LOD/
Authors $Ub' Journal HPLC Mobile phase D?teCt Matrix C measured !umol L Ref.
ear ion 1
- J. Agric. IC post -
PRIUPPY | 2003 | Food | coumn | 025MHNO, | \/drS | rodtsend 0'169u(nr}2')35'”9 - [34]
’ Chem. deriva.
feedstuffs,
Blaabjerg J. of A:Methanesulfonik ICP- diets, gastric . } i}
etal. 2010 | chromB Ic acid  B: H20 MS and ileal 40-100mg P L1 [35]
digesta
chemi
caly
. suppre
A:NaOH+H20 cereals .
Talmond J. of . ssed . ! 1.25gIP6in
et al. 2000 Chrom A IC B:Isopropanol+H2 condu oilseeds, 100 g dry matter 0.962 [36]
(0] L legume seeds
ctivity
detect
or
photo
Henshall J. of metric physiological
et al. 1992 Chrom A CE detecti samples 0.1 1371
on
CF{ap|d A: 200 mM almond,
. ommu ammonium MS/M hazelnut ar\d human cells:
Liu et al. 2009 g Z;‘:'g IC carbonate B: 5% S ;V;Oéﬁlgzg 0.03 pmol/mg ) [38]
P MeOH in H20
m. cells
J. of UPLC- MS/M rat, dog 63.9-150.1 ng
Tur et al. 2013 Chrom B RP TEAA/ ACN S plasma mi-1 0.00006 [39]
Munoz Anal ICP-
and 2003 Chem IC 50 mmol-1 HCL MS urine 1.5mg L1 0.05 [40]
Valiente
Grases et Anal ICP- 0.75-1.84 mg L-
2004 Chem IC 50 mM HCL urine ) ) 0.01 [41]
al. AES 1
Acta
A: H20+0.1 fomric
Neubauer | 5, ABC RP acid, B: ethanol | 'CP- Feed >1.6 umollg 3-11 [42]
etal. 40% MS supplements fmol
A: H20
Helfrich o ICP- nuts, cereals
and 2004 JAAS IP-RP | B: 10% MeOH +20 M o * | 0.53-14mgg-1 | 0.0025 [43]
Bettmer mmolL" citrate + | SF-MS egumes
0.04 % TBA in
H20
J. Agric. spectr
Chen 2004 Food Ic 2 M HCL ophoto food 3'98'1"(‘ 2? mmol | g 148 | [44]
Chem. metry 9
. IC post
J. Agric.
Skoglund column o uv & §
ot al. 1997 Cl):r?gr: derivatiz 5-98 % 0.5 M HCL ELSD food - 1.5-3.4 [46]
) ation

Speciation of organic phosphorus in soil involves analysing complex matrices, polar and non-
volatile target analytes, which makes the speciation of these compounds not an easy task and

all the associated difficulties are addressed to the molecular properties of organic phosphorus.
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Table 4 summarizes selected publication on the IPs in different matrixes. The combination of
selective liquid chromatographic (LC) separation techniques with elemental detection systems is
therefore a promising method for accurate analysis of phosphorus containing compounds. Mass
spectrometry is a fit for purpose quantitative tool, because of its sensitivity and selectivity.
Additionally, this technique can exhibit a large dynamic range providing element specific
detection by monitoring a single isotope mass of the element of interest, i.e phosphorus.

Therefore, development of analytical techniques for separation and detection of phosphorus in
soil and plant related samples within this project is a contribution to further research related to

the rhizosphere investigation in the context with plant-soil interactions.

2.1 lon exchange chromatography of organic phosphorus

compounds

Chromatography represents a separation technique, were the separation is performed based on
the different distribution of components of analyte according to their affinity towards the
stationary phase, and the mobile phase [45]. The chromatographic separation of ionic species
from aqueous solutions is based on the ion exchange mechanism named also later as ion
chromatography (IC). When flowing through the ion-exchange resin, the stationary phase, the
analyte ions bind to the side groups of the resin, replacing consecutively H* or OH" ions.

High performance ion chromatography (HPIC) is frequently used for the separation of analytes
with a wide range of polarity and a very good example of such compounds are the objective of
this PhD project - phosphorus containing compounds. A great part of these compounds are by
nature organic and they are ionic in aqueous solution due to the presence of PO,* in their
molecule which makes them suitable for separation by ion exchange chromatography [46].

Most of the organic phosphorus compounds are highly charged and strongly retained in the IC
stationary phase resin due to the attraction forces with the positively charged stationary phase
providing the ion exchange mechanism. In such situation, a constant mobile phase composition
during the analysis, i.e. isocratic conditions, may not provide an acceptable and sufficient
separation. Early eluting analytes may be poorly resolved whilst other analytes may have
unacceptably long retention times with poor peak shape and sensitivity. To resolve these
disadvantages during separation, the composition of introduced mobile phase can be altered
during elution (gradient elution), thus enabling better separation of the analysed species within a

single and potentially shorter chromatographic run.
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Organic phosphorus species are separated with ion chromatography columns usually made
from polymer-based stationary phases. Among these columns, the latex-based anion-exchange
columns with a basic eluent have been frequently used. This type of column resin is
characterised by its gradient elution ability, enabling the simultaneous determination of low and
highly retained anions in a single run.

Eelectrostatic interaction techniques are mainly applied for the separation of I1Pg. In IPg, six of
twelve replaceable protons are strongly acidic (pKa <3.5) and the other six are weakly (pKa
=4.6—-10) acidic [47]. Electrostatic interaction and the changing protonation degree are the basis
of the anion exchange separation with HNO; gradient elution. The reported HPLC methods so
far (Table 4) are lacking for a better analytical approach for analysis of IPg in biological samples,
and this is mainly related to poor spectrophotometric properties of the detection system applied.
Therefore, improved analytical figures of merit in both terms, separation and detection for
quantification of orthophosphate and IPg¢ in soil and plants presented within this project could be
mainly attributed to the detection part of the analytical technique applied, since ICP-MS has a
high tolerance versus buffers and acids compared to other ionization sources and provides

ruggedness regarding of long term measurements. .

2.2 ICP-MS for analysis of phosphorous

Inductively coupled plasma mass spectrometry (ICP-MS) is a hard ionization technique that
provides stable isotope specific detection. One of the most important advantages of ICP-MS is
its large dynamic range and linearity over up to nine orders of magnitude making it a quite
flexible analytical method. Moreover, the technique offers a wide linear dynamic range and high
robustness against matrices present in samples and chromatographic buffers [48,49]. Such
hard ionization techniques can be employed to reduce organic phosphorus molecules to
elemental phosphorus for quantitative analysis [50].

Elemental mass spectrometry usually requires low resolution analyzers and at plasma
temperatures of 5 000 - 10 000 °C all elements are ionized at a certain degree (approx. 1.5 %)
[50]. Regarding phosphorus however, the low resolution of elemental MS due to the relatively
high first ionization potential (10.5 eV) limits ionization efficiency leading to a lower sensitivity
and higher matrix suppression effects as compared to other elements. In addition, as mentioned
before, phosphorus has only one stable isotope and does not allow application of isotope

dilution mass spectrometry for absolute quantification and the only stable isotope *'P exhibits
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several spectral interferences of polyatomic ions, such as ’N'0*, N'®0'H*, and "*C'H® '°O".
This results in a higher background and detection limits than those corresponding to other ions.
To resolve this issue the application of high resolution sector field mass spectrometry (ICP-SF-
MS) is also one of the options. Another approach to remove the isobaric interferences is by
using reaction cell device or dynamic reaction cell technology (DRC), [50] that is deemed as a
state-of-the-art and, same as ICP-SFMS, mandatory for obtaining accurate and reliable results
especially in analysis of elements suffering from isobaric interferences.

ELAN DRC Il by Perkin Elmer, used during this work, includes a dynamic reaction cell (DRC)
technique. The cell consists of a low constant rf amplitude quadrupole [51], located between the
ion optics and the actual mass analyzer. The DRC is operated as a mass-filtering device
(bandpass to remove unwanted secondary interferences) and can be used with gases such as
oxygen, ammonia or methane as a reaction gas for elimination of interfering species via
interference dissociation or discharge, or by transferring the interfered analyte to a higher mass
via reaction with oxygen [52].The reaction gas is selected based on its ability to perform a gas
phase chemical reaction with the interfering species and remove the interference itself.
Interference removal can occur through various processes, including: collisional dissociation,
electron transfer, proton transfer and oxidation. These processes are happening because the
charged ions can interact with the dipole moment of a polar molecule or induce a dipole in a
non-polar molecule. lon-dipole interactions are effective at long inter-atomic distances so the
collision rate between ions and neutral molecules is high. The ion dipole interaction is usually
sufficiently strong to exceed the activation energy potential barrier to exothermic reactions thus
thermodynamically allowed ion molecule reactions are usually fast. The ability to use more
reactive gases including the above mentioned as well as CH3;F and CO, provides superior
interference reduction and improved detection limits in a wide variety of sample types [50].
Several groups have applied ICP-AES and ICP-MS as a powerful elemental detection methods
in combination with selective enrichment of IPg by ion chromatography either in off-line ion
exchange or solid phase extraction mode or after fraction collection after high performance ion
chromatography [35]. In this context Munoz and Valiente developed an ICP-MS method for
determination of phytic acid in human urine based on the total phosphorous measurement of
purified extracts of phytic acid by solid phase extraction (SPE) with a limit of detection of 5 ugL"™
(8 nmol L") [40]. Grases et al. have reported a method for quantification of Na-IPg in urine
samples after enrichment via ion exchange offering an LOD of 64 pg L™ (68 nmol L) [41].

In the presented work, oxygen was used as a reaction gas oxidizing phosphorus into the

molecular ion PO* and therefore P was detected at m/z=47 circumventing all isobaric
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interferences at m/z = 31. The LOD calculated based on the threefold SD of the baseline signal
was 0.3 umol L, while the LOQ (tenfold SD of the baseline signal) was 1 umol L™ for both
compounds that corresponds to an on-column LOD of 3 pmol (10 uL injection volume). This is
an improvement by several orders of magnitude in comparison to alternative detection methods,

which have been used in connection with anion exchange chromatography [34].

2.3 IC-ICP-MS for speciation of phosphorous

lon chromatography with conductivity detection coupled to inductively plasma mass
spectrometry (IC-ICP-MS) represents still the most frequent approach for the phosphorus
speciation in the environmental field of research [53]. Numerous ion chromatography (IC)
applications for analysis of phosphorus compounds involve determination of orthophosphate,
either as the specific analyte or as the final product of the sample treatment procedure in
speciation studies. An ion paring method coupled to ICP-SFMS [43] was developed by Helfrich
and Bettmer and they could obtain an LOD of 0.35 pymol L™. Even though phosphorus is not
amenable to soft ionization techniques Liu et al. by using LC-MS/MS to analyze |IPg in biological
matrixes [38] were able to obtain an absolute limit of detection of 0.25 pmol.

However up to date there is no IC method combined with ICP-MS for analyzing IP6 in soll
samples. One of the main advantages of this strategy (IC coupled to ICP-MS) is a high
selectivity for phosphorus containing compounds and a low vulnerability to ion suppression and
above all the easily handling and straightforward interface between IC and ICP-MS. Another
great advantage of this mode of coupling is also the acidic gradient applied in the separation of
high polar organic compounds which goes in favour for the ionisation in the argon plasma. In
this context ICP-MS is quite tolerant and highly compatible with IC acidic mobile phases.
Despite the advantages of coupling IC to ICP-MS for separation and detection of polar organic
compounds, such as low detection limits, wide linear range, and specificity, this approach has
not been very popular for phosphate determination because of the presence of some inherent
difficulties. As mentioned before (Chapter 2.2.), determination of phosphorus by ICP-MS is
difficult, due to its high ionisation potential and its consequent low ionisation efficiency in argon
plasma. In addition, if high concentrations of dissolved salts in the mobile phase are present
then this is the major drawback for the ionisation source of the mass spectrometry, as they lead
to ionization suppression of analytes.

However, a certain degree of ionisation suppression in gradient acidic elution is unavoidable in

ion chromatography during a long chromatographic run especially for the late eluting analytes.
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Within this work, this event was monitored during method development and quantification and
intensity loss of approx. 10% was observed for PO* (m/z= 47) (Chapter 3, Figure S1). This is not
the case if DRC is not used. This is explained by the fact that with increasing HNO;
concentration during the gradient run, the N-based interferences are also increased leading to
an increased signal intensity at m/z = 31.

Thus, ion chromatography with gradient elution with a strong acid in combination with
inductively coupled plasma mass spectrometry with dynamic reaction cell is the method of
choice for analysis of high polar phosphate compounds since this method offers stronger
retention providing both chromatographic selectivity and efficiency and is compatible with

plasma ionisation source.

2.4 LC-ICP-MS for speciation of phosphorous

In addition to further investigations of organic phosphorus compounds and application of diverse
separation techniques in phosphorus speciation, another liquid chromatography coupled to
inductively coupled plasma mass spectrometry (LC-ICP-MS) based method for separation of
nucleotides, was developed within this PhD project within a collaboration.

This method was developed for quantification of nucleotides in nucleotide enriched yeast
extracts. Yeast autolysates enriched in nucleotides, particularly 5’-GMP, and 5-IMP are
commercially used as flavour enhancers in foods and beverages [54,55]. The benefits of
nucleotide enriched yeast products in feeding industry are currently under investigation for its
beneficial physiological effects. The supplements are mostly produced by autolysis and the
characterization of the final composition of the yeast extracts is important. The metabolites
investigated in this work were ribonucleotides CMP, UMP, AMP and GMP - the breakdown
products of RNA — and IMP as well as nucleosides and nucleobases, the breakdown products
of the nucleotides [54, 56].

Nucleotides are negatively charged in a wide pH range, thus anion exchange mechanism is the
method of choice of HPLC traditionally used for their separation. However, since these
separations rely on the use of non-volatile Na- and K-phosphate buffers, they are not useful for
LC-MS analysis. Moreover, volatile eluents are generally ruled out in LC-ESI-MS because of
vast background and ion source pollution. In reversed phase (RP) liquid chromatography
analysis, nucleotide separation with a C4g-based column is limited because of the inherently
poor interaction of the highly polar nucleotides. Good separation of nucleotides on conventional

C4s phases can be achieved by addition of ion pair (IP) reagents into the mobile phase. An
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improved retention and selectivity can be achieved, however combination of IP-RP-LC with ICP-
MS, implicates always the drawbacks of ion suppression and contamination since the counter
ion effect of the ion pair reagent can compromise sensitivity and lead to contamination as
already mentioned before.

Almost all analytical methods for measuring nucleotides include a liquid chromatography
technique for their separation and due to the fact that nucleotides are not volatile and instable
during derivatization, gas chromatography is not the preferred method of choice. Techniques for
the analysis of nucleotides other than liquid chromatography include enzymatic assays, capillary
electrophoresis, and capillary electrochromatography [57,58,59].

Mass spectrometry plays a major role in the study of nucleobases, nucleosides, and nucleotides
that represent monomers of nucleic acid structures [60] and has gained a wide range of
application for small biomolecules, due to development of soft ionization techniques such as
electrospray ionization (ESI). The ionic and non-volatile characteristics of nucleotides make
them potential candidates for liquid chromatography coupled to electrospray ionization mass
spectrometry (LC-ESI-MS) or inductively coupled plasma mass spectrometry. Application of
negative ionization is more suitable for measuring nucleotides due to their negative charged
phosphate groups in ESI-MS. A special detection system is represented by tandem mass
spectrometry (MS-MS) in which the precursor ion of each analyte undergoes a fragmentation
and one of the fragment ions represents the product ion.

Publication Il in Chapter 3 presents a novel method for quantitative profiling in nucleotide
enriched yeast extracts used as additives in animal feedstuff is presented. The analytical study
concerned the development of a rapid chromatographic separation, which could be combined
with both molecular and elemental mass spectrometric detection. Since there are no certified
reference materials available for this type of bioanalytical application, the orthogonal ICP-MS
method may be implemented as a reference method for nucleotide quantification and prove the
validity of LC-MS-MS based quantification developed in our working group. Nucleotide
measurement via ICP-MS until recently, concerned only extracted DNA samples, aiming at
quantification of deoxy nucleotides dCMP, dTMP, dAMP, and dGMP and in all this work ICP-MS
was combined to JHPLC and capillary electrophoresis [61,62,63]. For the first time, LC-ICP-MS
is applied to the quantification of free nucleotides in biological samples as a method for

measuring nucleotides orthogonal to LC-ESI-MS.
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rhizosphere processes and root exudate dynamics based on mass spectrometric

techniques, Analytica Chimica Acta, 2017, in press, accepted manuscript.

This article contains a critical and comprehensive review of mass spectrometry based
methods for rhizosphere research, which have been developed and applied since the
beginning of this century. Comprehensive literature research and discussion with
both, scientists from the field of rhizosphere research and analytical chemistry is
critically reviewed in this publication. This review covers both elemental and
molecular mass spectrometry as well as their combination with different separation
techniques with discussion of the most important works by, at the same time,
covering all methods which are essential for investigating soil/plant related processes

in the rhizosphere.
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physico-chemical characteristics. Chemical characterization as well as accurate quantification of the
compounds present in the rhizesphere is a majr prerequisite for a better undestanding of rhizosphere
processes and requires the development and application of advanced sampling procedures in combi-
nation with highlyselective and sensitive analytical techniques During the last years, targeted and non-
targeted mass spectrometry-based methods have emerged and their combination with specific separa-
then et hieks for variows elements and compounds of 2 wide polarity ange have been swocessfully
applied in several stsdies. With this ewiew we critically discuss the work that has been conducted
within the last decade in the context of rhizosphere research and elemental or molecular Mas spec-

trometry emphasizing diferent se paration technigues a5 GC, LC and CE. Moreover, selected applications
such as metal detoxification or metrent acquisition will be discused regarding the mass spectrometric
techmiques applied instudies of mot esadates in plant-bacteria interactions Add itionally, a mare recent
otepe probing technique as novel mass specirometry based application s highlighted.
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1. Introduction

Flant root exudates comprise an enormous range of low and
high molecular weight compounds that are released into the close
environment of soil, the so-called rhizosphere [1]. The rhizosphere,
as described first by Lorenz Hiltmer in 1904, is the “soil influenced
by mots" [ 2] representing the highly dynamic interfface between
soils and mots as well as between roots and soil microbes, in-
vertebrates, and root systems of competitors [3). The thizosphere
itself is different from bulk soil due to a range of biological,
biochemical chemical and physical processes that ooour as a
consequence of root growth, water and nutrient uptake, respira-
tion, rhizo-deposition and enhanced microbial activities [4].

Plant root exudates consistof a complex mixture of hundreds of
different compounds |5] which can be categorized according to
their molecular mass [G] along to their solubility in water. The
water-soluble fraction comprises low molecular weight carbohy-
drates, amino acds, organic acid anions, inorganic ions (eg. HOOs,
OH™, H™), gaseous molecules (C0p H:) and various secondary
metabaolites (ie. natural compounds). On the other hand the more
hydmphobic fraction is largely composed of polymeric carbohy-
drates, enzymes, plant mucilages or mudgel 7] Amongst low
maleular weight root exudates organic adds represent the maost
abundant fraction playing a cudal mle invalved in different pro-
cesses, thus they are of great interest for detailed investigation.

Alarge range of low molecular weight exudates are pivotal for

nutrient acquisition | 8] based on chelation andfor ligand ecwchange
by organic acids (citrate, malate and ceealate) [9—11] It is wel
known that organic acids [12—14], as well as amino acids and
phenolic surfactants |8] are imvolved in iron and phosphorous
acquisition. Vitamins [15] and sugars [16] are considered as pro-
moters of plant and microbial growth, while, e detoxification of
aluminium is attributed only to organic acids |17 and phenalic
compounds [16]. Furthermore, several complex interactions with
=il microorganisms mediated by root exudates are taking place in
the rhizosphere, as illustrated in Fg. 1 [18]. Roots produce chemical
signals that attract or repel bacteria and fungi via the secretion of
flavonoids, strignlactones or antimiaobials, phytotoxins, nemati-
ddal and insecticidal compounds [18].

Even though plant root exudates and the biological processes
triggered within the rhizosphere have a crucial role in plant
development, there is stll a lack of information about their char-
acterization and functon [19]. Comprehensive chemical charac-
terization as well as quantification of exudates present in the =oil
mot interface is to agreat extent ananalytical challenge due to their
localized deposition as well as the low concentration in the soil
solution and the assodated difficulties of proper sampling of eou-
dates and/or rhizosphere soil and soil soluton. In the recent years
the development of mass spectrometric technigues contributed
significantly to an increased understanding of the rhizos phere. The
method portfolio offered by mass spectrometry (MS) combined
with diverse separation methods for volatile and polar compounds
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together with *C and N - isotope labeling strategies and total
element analysis by inorganic M5 was unrivalled in terms of
sensitivity and seledtivity. Hence, itcan be dearly stated that these
methods were pivotal for the advancement of rhizosphere research
since M5 offered tools for addressing global analysis of root eou-
dates in the soil solution.

The aim of this review is to critically highlight the advances in
the rapidly developing mass spectrometric technigques applied in
characterization of root exudates, with partdcular emphasis on
novel research strategies developed in the last ten years, aiming at
compound identification, quantification and investigation of their
specific fundtions.,

2. Analytical methodologies
2.1. Inorganic mass specrometty for total element analysis

Elemental M5 has been used extensively to determine the
(trace] elemental compositon of soil and rhizosphere-related
samples. Inductively coupled plasma MS (ICP-MS) is undoubtedly
the most powerful mass spectrometric technique for the collection
of elemental information, offering a limit of detection (LOD) in the
low- to sub-ng L' range for most of the elements [20]. The use of
high-resolution sector field systems or collisionfreaction cells for
reduction of polyatomic interferences has become routine. Total
metal quantitative analysis is usually performed using internal or
extemal calibration procedures, which are validated through the
use of certified reference materials, if appropriate materials ecist
for the matrices of interest. In most of the work which has been
performed with environmental samples, acid digestion was applied
facilitating the analysis of complex matrices such as soil and soil
related samples. It is noteworthy that I0P-M5 has become a routine
method within the end of the last century and that current publi-
cations presenting technical or methodological novelties are @mre.

Relevant studies are discussed in the applications part of this re-
view (see Chapter 3.2).

In general, although ICP-M5 is regarded as a mature technigue,
in the case of complicated matrices as present in rhizosphenr
derived s=amples, spectral and non-spectral  interferences
hampering accurate quantification remain the major challenge, and
demand for careful method development and validation.

22 [sotope motio analyss

The development of plasma source mass spedrometers has
enabled the measurement of the stable isotope ratios with high
predsion and acouracy (0.1% for quadmupole and 0U00% for single
oollector sector field mass spectrometers) to detect significant
variations of isotopic systems in the environment and to apply
them to biogeochemical studies [21]. Multi collector MC-ICP-MS)
system on the other hand is the best ICP based technigue to
perform isotopic analysis of various elements with the high preci-
sion of appromc 0U001%, and the ability of the ICP source to ionize
nearly all elements in the periodic table, have resulted in an
increased use of MC-ICP-MS [22]

Thermal ionization M5 (TIMS) is 2 non-plasma hased ionisation
technigue that uses thermal energy as a ionisation source from a
heated surface and is the method of choice for achieving the
highest acouracy and predsion (appromc 0.0001%) for isotope ratio
measurements and is frequently applied in the soi-plant related
samples and other environmental samples | 23],

Similar as IP-MS5, gas source isotope ratio M5 became a matume
technigue during the recent years. By performing a separation prior
to isotope ratio analysis, hyphenated techniques such as GC-IRMS
and LC-IRM% can provide isotopic amalysis for selected com-
pounds in complex mixtures, thereby enabling additonal infor-
mation and higher discriminatory power. IRMS offers the potential
of unlimited applications for non-volatile and wolatile compounds

Fungi

Mematode trapping. fungicide

Fig. L Overvisw an root exudate driven processes in the rhizosphere between plant roots and microrganisms mediated by root exudates. With permission from Elsevier [15].
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while achieving higher accuracy and predsion via increased auto-
mation [24]. Fig. 2 depicts schematics of an IRMS instrument | 24).
Several different interfaces are used to introduce samples into the
IRMS and the maost common sepamtionsample introduction sys-
tem is gas chromatograph interface ( GC-IRMS) shown in the figure
on the left. Because the isotope ratios for questioned samples are
reported relative to the meference gas standard, best results are
obtained when the signal intensities for the two samples are of
similar magnitude and they are analysed as close as possible
together in ime. Actual applications employing gas source MS are
disussed in Chapter 3.3.

Although both LCARMS and GC-IRMS are reliable techniques for
compound-specific stable carbon isotope analysis in case when
derivatization is complete and the libraton requirements are
met, Moerdijl-Poortvliet et al. just recently suggested that LC-IRMS
is the technigue of choice [25] The reasons mentioned are
improved precision, simpler sample preparation, and straightfor-
ward isotopic calibration. Indeed, the data presented wemn assoc-
ated with excellent predsion of +008% and +3.1% at natural
abundance and enrichment levels, respectively, for the ghioose
standards and proved to be superior to GC-IRMS (+0.62%. and
+198%: at natural abundance and enrichment levels). Although
there is no application of LCARMS documented in rhizosphere
research so far, this improved predsion is considered as a future
perspective for application of IRMS in isotopic analysis in this field.

As already mentioned, MC-ICOP-MS matured during the last de-
cades as a valuable albernative to IRMS and TIMS as a technique for
actumate isotope ratio measurement. The isotopic fAcionaton of
magnesium was investigated using MC-ICP-M5 in the soil-plant
continuum. According to Black and co-workers the process in-
wohves both abiotic and biological mechanisms [26]. By using a
standard-sample bracketing technigue the ecudate experiments
suggested that the mechanism of heavy isotope acoumulation isin
part due to processes taking place during the uptake of magnesium
from roots to shoots. This work is one of the first reported cases of a
higher plant using the heavy isotopes of an essential mineral
nutrient.

Jouvin et al. investigated the isotopic fractionation of Cu and Zn
during uptake by higher plants [27] using MC-10P-MS with
standard-sample bracketing technigue developed by Mason et al.
| 28.,29]. The results expressed with the combined uncertainty on
8550 and on #5570 were 20.07%e (+20) demonstrating the
excellent suitability of MC-I0P-MS. According to the authors

combination of Cu and Zn isotopes has two disting advantages:
first, a previously developed preliminary model for Zn isotope
fractionation in higher plants enables constraining the potential
controls such as spedaton, complexation, adsorption and diffu-
sion. The second advantage: Zn is not subjected to changes in the
oidation state during plant uptake, thus allowing a comparison
with Cu, which may be involved in electron transfer reactions. From
the presented work of the fradtionation patterns of these two
micronuirients authors conduded that both elements are decou-
pled during the transport from nutrient solution to ot

23 Elementol specation analysis

IUPALC defines an elemental spedes as the specific form of an
element defined as to isotopic composition, electronic or ooodation
state, andfor complex or moleular structure |30]. Accomrdingly,
speciation analysis involves the use of analytical methods that can
provide information on the abundance of elemental spedes in a
sample. The major challenge hereby is sensitivity, selectivity and
the preservation of the original native distribution of the species in
the samples during sample preparation and analysis.

Information about the physicochemical forms of the elements is
a necessity for understanding their chemis try and mle in biological
and environmental processes. Labely, a great deal of interest has
been fomised on the spedation of trace metal elements and
micronutrients in environmental samples and the development of
sophisticated analytical strategies has enabled gathering more in-
formation about element bio distribution, toxicological and nutri-
tonal interactions of these elements [ 31.32] in biological systems.

The development of hyphenated methods combining diverse
separation techniques with mass spectrometric detectors has
generated an enormous number of applicatons of spedation
analysis in environmental studies. The most common combination
is LC coupled to quadrupole based KCP-MS, but also gas chroma-
tography (GC) and capillary electmophoresis (CE) are frequently
used as separation technigues, although the GC- and CE-interfaces
are technically more complex and not as robust as the LC-10P-MS
connection. Several of the above mentioned techniques have
been employed in the context with rhizosphere research

Fhytosiderophores as 2 -deoxymugineic add { DMA ) are known
to enable the transport of iron (1) and other metals through the
soilfplant interface. Schindlegger et al. [33] hawve developed a
method that allowed the separation and guantification of metal-

Fig 2 Schematics of [RMS instrument. with gas chromatography used = the most commaon separation/sample imtroduction system | GC-IRME). With permission fram The Royal

Saciety of Chemistry | 24].
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DMA complexes with Fe, Co, Cu, Ni, Mn and Zn in soil related
matrices in order to imvestigated strategy | iron acquisition (see
Chapter 31) by plants utilizing LC-ICP-MS. Limits of detection for
the different metal-DMA complexes were obtained in the mnge of
10—120 nM and in the soil extacts metal complexes in a concen-
tration mnge of 0.4—30 pM were detected.

A phosphorus speciation method was developed for simulta-
neous detection and quantification of orthophosphate and organic
fraction of myp-inositolhexakisphosphate ([P5) in soil and plant
related samples by employing an ion chromatogrmaphy coupled to
ICP-M5 | 34]. As ICP-MS5 analysis of phosphorus at mjz = 31 was
hampered by M-based interferences, *'F was measured as *'p'S0~
at mf'z = 47 employing dynamic reaction cell technique with Oy as
reaction gas. Orthophosphate and IP; were separated within a total
chmmatographic runtime of 12 min rewealing an LOD of
0.3 pmol L~ The methed has been successfully applied to extracts
from three different soils as well as root and shoot extracts of
Brassica nepus L. This is the first method to quantify simultaneously
orthophosphate and myo-inositol hexakisphosphate (IPs), both
inorganic and organic phosphorus compounds in a single chro-
matographic run.

The use of orthogonal sepamtion methods as well as the com-
plementary use of elemental and molecular M5 is a modern strat-
ey in metallomics, which “refers to the entirety of mesearch
activides aimed at the understanding of the molecular mechanisms
of metal-dependent life processes™ | 35]. In this context, selenium-
containing root exudates were investigated in Indian mustard
{ Brassica juncea) addressed by ion-pairing IP-HPLC coupled to KCP-
M5 [3637] Von der Heide et al. were able to identify several
seenium-containing compounds by retention ime matching with
standards in the exudate-containing solution, eg selenocystine
and the selenosulfate (5504~ ion. In a complementary approach,
chrmomatographic peaks that could not be identified by retention
matching were collected for analysis by eledrospray ionizaton MS
(E5I-MS5)L In a multi-platform approach, Mounicou et al. used a
combination of diverse separation and MS$ techniques for the
investigation of selenium-containing exudates |37]. Solid phase
miro-extraction was employed for sampling the plant head-space
and combined ondine with GC-ICP-MS and GC-TOPMS. This study
i a good example how combination of diverse separation and
detection technigues can give a more complete overview of the
investigated species and the outcome of this sdy is the detection
of primary selenium volatiles and elemental mercury.

In a further orthogonal appmach, Dytrtova and her working
gmup perfformed a study on the determination of heavy metals
complexed by low molecular-weight-organic acids [ LIMWOA) in soil
solutions. The authors combined the sensitivity of differental pulse
anodic stripping voltammetry (DPASY ) with the molecular insight
gained by ESl- M5 |3E.39]. The combination of a sensitive electro-
chemical approach with molecular M5 permits to achieve some
insight about the composition of cadmium-oxalic acid complexes.
Vaoltammetric analysis was superior in sensitivity compared to ESI-
M5, However, the application of ESI-MS was cudal to atiribute any
specific stoichiometry to the compledes formed The greatest
disadvantage of the proposed methods lied on the pH of the model
solution which was kept at about 4.5, The pH was not adjusted to
the pH of the soil solution, because the addition of a buffer would
change significantly the patterns of ion signals in ESI-M5. The au-
thors justified this by the fact that in such case the spedraof this
measurement would be dominated by alkali cations aswell as their
anionic dusters.

By using size exdusion chromatogmphy combined with an
inductively coupled plasma-mass spectrometer (SEC-10P-MS) and
an ultrafiltration technique, Takeda et al. studied the influence of
plant-derived dissolved organic matter { DOM ) on the mobility and

bimavailahility of metals in soil soluton [40]. The authors presented
a comparison between two detection technigues coupled to the
SEC,ie. UV and ICP-MS for assessing the size distribution of metal-
organic complexes in rhizosphere and bulk soil extracts. Indeed,
they found a different size distribution between the two sampled
compartments. The results indicated that metals in bulk soil solu-
Hon were mainly in smaller labile forms, including free ions or
organic and inorganic complexes. In contrast, the percentages of
metals in the low molecular weight fraction in thizosphere soil
solution were significanty lower than those in the bulk soil solu-
Hon for AL Mn, Zn, Ph, Y, Lla and LL The authors suggested that plant
growth enhanced the dissolution of metals via complexation with
organic ligands from the solid phase in rhizosphere soil

24 Molecular mass specromerry

241 GC-MS

GC is a high-resolving chromatographic separation technigue
that is commanly applied for the separation of volatile and semi-
volatile compounds. Derivatisation reactions are also used addi-
tonally prior to analysis directly or indirectly making a large
number of non-volatile and more polar compounds amenable to GC
separaton. GC instrumentation is compatible with most of the
mass specrometers such as quadrupole MS, tandem MS, orbitraps,
TOF and QTOF-M5 and can offer several advantages compared to
LC-M%, such as higher chromatographic effidency and selectivity
and lower LOOs, depending on the analytes of interest.

GC-MS has enabled numerous studies investigating for ecample
ot exudates as ligands with metal ions [41], detection and iden-
tfication of fatty adds of maize, lupin and wheat in root mudlage
|42 ], or fatty acid methyl esters and fatty add amides and their
function in simulating nitrogen removal of denitrifying bacteria
|43 ], sugars as primary metabolites |[44] as well as volatle iso-
prenoids [45). Dervatizaton meactions commonly used in moot
exudate analysis by GC coupled with mass specrometers ame
esterification |54.46), silylation [46—429], acetylation |49,56,57] and
alkylatdon [48.57]. Trimethyl silyladon of sugars is presented as
advantageous regarding mpid sample preparaton and is fit for
purpose. On the other hand regarding the separation of selected
sugars after derivatization prior to analysis, Derrien et al. address
difficulties on the potental co-glution of some analytes and the risk
of misinterpretation espedally in the presence of several anomers
|49] GC-MS was extensively used by many authors in studies
addmessing identification and quantification of organic adds [50].
However, all these methods of analysis are mainly gualitative
studies of plant root exudates and do not offer concentration hased
data of the secreted compounds. Quantification is challenging due to
the low repeatability of derivatization yields, instable derivatives
and matrix suppression. 3 labeled internal standardization is cor-
mecting for these errors and is considered as the state-of-the-art for
quantification of primary metabolites in biological samples | 51,67 ]

G separation and quantification of amines is to a great extent
hampered by their polarity causing tailing in the capillary column
As already mentioned several derivatisation methods are awailable
for soling such amalytical problems. Innovative apprach
comprising hollow fibre liquid-phase mico extraction {HF-LPME)
waas proposed by Sun et al as an excellent imventon to overcome the
challenges in sample preparaton for the determinaton of com-
pounds with high polarity [52.53 | The derivatisation reagent acetic
anhydride is pmteced within the hollow fbre, which allows
simultaneous derivatization and extraction of the analytes prior to
GC-MS analysis evealing excellent limits of detection from QWO57 to
L6 pg mL~". Recently a study demonstrating a convenient and
non-destructive sampling technigue for root-exuded metabolites
has been published | 54 | A mesocosm was designed in which volatile
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rhizosphere chemicals were sampled passively (by diffusion)
without air and water flow on polydimethylsiloxane tubes. After
sepamton of volatles and derivatized sugars fifteen volatles were
retrieved from the sorptive material by thermal desorption for
analysis by GC-MS operating in eledtronimpact mode Furthermare,
three sugars were collected from the rhizosphere substrate by
agueous extracion and derivatized prior to GC-MS analysis.

242 LC-MS

HPLC is the most often used separation technique for the
determination of nonvolatile root exudates [55]. In earlier days,
detection technigues as refradive index [56), evaporatve light
srattering detectors |57] and pulsed amperometric detection | 58]
have been used for analysis of carbohydmtes in soil and plant
related samples. Qearly the above mentioned detectors are limited
by low sensitivity and selectvity. As an alternative, the analytical
approach employing LC-ES-MS allows the soft ionization of awide
range of polar and moderately polar compounds in both positve
and negative ionization mode [59] and offers high mass selectivity
and sensitivity thus making ESFMS an attractive technigue in
rhizosphere msearch Mevertheless, ESl has some drawbacks
regarding the compatibility with HPLC mobile phases, as high
buffer contents eg. ion exchange chromatography of hydrophilic
interaction LC (HILIC) are suppressing ionization and mitigate the
robustness of these systems. However, recent developments
combining electro-chemical suppressors led to more flexibility in
IC-M5 applications.

Single stage quadmipole mass filters are the cheapest instru-
mental set-up, but if more selectivity, higher dynamic range and
lower LODs are desired, tandem mass spectrometers enabling
collisioninduced dissociation and multiple reaction monitoring are
preferably used Indeed, tandem M5 systems are most frequenty
employed, when it comes to gquantification of selected compounds
(ie. targeted analysis or profiling ). Combining ESl with accurate M5
{eg TOFMS or orbitraps) has enabled the analysis of complex
environmental samples due to the benefit of high mass resolution
{up to 600 000 m/Am) and accurate mass measurement (<1 ppm
mass accuracy | With such systems, the elemental sum formula of
the detected analyte can be obtained, but in many cases severl
formulas ame possible representing a multitude of chemical struc-
ture or compounds. In this siwaton, fragmentation technigues
such as collision induced fragmentation prior to accurate mass
measurement can further support identity confirmation of the
detected analytes which is in most cases achieved with dedicated
databases as METLIN or DMNF.

Carboeylic adds are highly abundant, important compounds
within rhizospher exudates and therefore they have been exten-
sively studied in the last decade. Commaon LC methods for analysis
of these exudates are ion exdusion or anion exchange based sep-
arations. However, the composition of eluents used is often
incompatible with ESI-MS due to their poor volatility of eg. H;50,
or other additives. Chen et al. quantified 10 organic acids (pyruvic,
lactic, malonic, maleic, fumaric, sucdnic, malic, tartaric, tans-
aconitic, and citric add) from plant mot exudaton by reversed
phase chromatography on a Cyg column with ESI-MS detection | 60].
One year later, the same authors published anion exdusion chro-
matographic applicaton and were able to identify only nine
organic acids that wereseparated within 8 min, revealing an LOD of
100 nmaol L~ |51 ], Jaitz and coworkers, developed a more sensitive
LC—ESI-TOFMS method for quantification of citric, fumaric, malic,
malonic, oxalic, trans aconitic, and sucdnic add in soil- and root-
related samples |62]. The method compared to previous method
from Chen et al. |60], comprises a fast and simple in sit esterifi-
cation as a derivatization step with benzyl alcohol. The excellent
detecton limits are improved in particular due to the derivatizaton

step which improves ES| effidency. The method provided prooe-
dural detection limits of 1 nmol L' for dtric, 47 nmol L~ for
funaric, 10 nmol L~ for malic, #0 nmol L~ for makonic, 16 nmaol L7
for oxalic, 15 nmal L' for succinic, and 2 nmol L~ for aconitic acid,
utilizing 500 plL of liguid sample for derivatizaton Quantfication
of the analytes in soil-related samples was performed via external
calibmtion of the entire procedure utilizing *Cdabeled oxalic and
diricadd asintemnal standards. Erro et al. used LC coupled to highly
selective tandem MS for determination of organic adds |63 ). Even
though, based on this method dtmte and isodtrate were not well
separated by the chromatographic method, seledive MS-
transitions enabled to distinguish between the two isomers. The
main advantage of this method is that it does not require sample
purification before HPLC analysis or sample derivatizaton to
impmve quantification results.

Identification of carbohydrates as a major group of root exudates
by GC technigques requires tedious derivatizaton technigues and
can result in multiple peaks from each carbohydrate, making data
interpretation difficult according to McRae and Monmeal |64 ] The
detection of carbohydrates using MS allows the distincion be-
tween carbohydrate homologues of different masses; however,
isobars such as mannose, glucose, and galadose cannot be differ-
entiated by mass alone. However, they were able to guantify 15
further carbohydrate compounds in soil solutions using 1-phenyl-
3-methyl-5-pyrazolone dervatizaton prior to LC-ESI-MS/MS
analysis including monosaccharides ranging from three carbon to
six-carbon as well as two disaccharides, in a single method.

LC coupled to ESI-MS/MS is also used for analysis of phytosi-
derphomes (P5) in root exudates. A powerful gquantitative method
for analysis of PS-complexes and their free ligands is reported by
Dell'mour and co-workers [65). Chromatographic separation was
established on a non-commerdally available mixed-mode RFY
weak-anion exchange stationary phase (RP/WAX) under neutral
conditions in combinaton with M5MS detedtion Teednee et al.
|66] performed another UPLC-ESI-TOFMS method for separation
and identification of two new PS in roots of Hordeum vulgare o
Himalayn exudates under iron deficiency. Fig. 3 depicts fragmen-
taton pattern of avenic add (AVA |, hydmogyavenic acid (HAVA) and
F-moo add exuded by barley roots under iron defident conditions.
The two identified P5s could be res ponsible for Fe acquisitionunder
Fe defidency because of their relative abundance and ability to
form iron complexes in the rhizosphere. In this example it is shown
that LC-ESI)TOFMS method greatly facilitates the identification of
free P5s and P5-Fe compleces in one plant sample However, due to
the high polarity of P5 the application of reversed phase chroma-
tography is limited, as maost of the investigated compounds iden-
tified in this study are eluting in or close to the void volume of the
chmmatographic system. Accordingly, Schindleg geret al. suggested
amore selective LC separation technigue and for the first time the
P&-DMA could be determined wvia LC-MS/MS in plant and soil
melated samples employing graphitized carbon as stationary phase.
Acurate quantification was performed in the low and sub-
micromaolar range using 'C for labelling four C atoms in DMA for
internal standardization |67].

Dellmour and co-workers used HILKC, as a validated method and
very good compatible to ESl method for retention and separation of
underivatized highly polar amino acids. In this study they have
combined this separation mechanism with triple qguadrupole MS in
multple reaction monitoring mode. The method was validated and
successfully applied in plant culture in nutrient solutdon and
detection of total of 16 amino acids was achieved in the fmaol
detection range after off-line enrichment via ion exchange |GE].

243 CE-MS
Capillary electrophoresis coupled with M5 (CE-MS) is the
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method of choice for simultaneous separation of anionic, cationic
and neutral plant metabolites, using only a small quantity of sam-
ples without chemical derivatization |69). Prior to (E-MS mea-
surement some aut hors prefer to conduct ion-exchange solid phase
extraction (SPE) especially in envimnmental samples with a high
concentration of inorganic ions. Influential factors may hamper CE
leading to high detection limits and low mbustmess against high
ionic strength matrices. With such an application Oikawa et al.
detected 17 cationic metabolites in the soil solution and in additdon,
the authors claim that these ions were present in different con-
centrations in soil with and without plants present | 70].

A fit-for-purpose method for investigation of phytosiderphore
chemistry in rhizosphere related samples has been developed by
Dell'mour et al. [71] The developed capillary electmophoresis
method coupled with ICP-MS (CE4CP-MS) together with CE-ESI-
M5 was ideally suited for gaining a more fundamental under-
standing for mobilizaton propertes of mugineic acids (MA] with
different metals. While the CE-ESI-MS approach allows measuring
the free versus the metal bound ligands, the CEH4CP-MS reveals the
ratio of free metals versus the complesed metals. According to the
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Fig 3 Mam fragmentation pagterms of the deecied avenic acd [(AVA) (2], hydno-
yaveric acid (HAVA) (b)) and 3" -omo acid () in inon ~deficient harley (Horndewm valgane
v Himolzya) roots obtained by tandem MAME in positive sledrospray ionization
maode With permizson from Wilsy |56 ]

authors of this work, although 1OP-MS is known for a substantially
higher sensitivity for metal containing molecules when compared
with ESI-MSE, only a slight improvement regarding the LOD= was
obtained. In this case, for the Fe{ I1}-DMA complex when analyzed
with CE-ESI-MS authors of this work obtained an LOD of 087 pM,
whereas CE-IOP-5FMS revealed an LOD of 0.35 pM.

Sato et al. used capillary dectrophoresis coupled with UVVIS
dinde array detection and mass spectrometric detection to analyze
vater-soluble intracellular metabolites from rice leaves. By using
this method, the authors have successfully measured the levels of
B8 main metabolites involved in glyoolysis, the tricarboxylic acid
oyde, the pentose phosphate pathway, photorespiraton, and
amino add biosynthesis [69].

To summarize, CE—M5 methods have been used in very few
attempts performing metabolome analysis in higher plants, despite
the availability of such superortechnigues with a sensitivity loss as
amajor drawback of this method

244 Py-FIMS

Pyrolysis-field ionization M5 (Py-FIMS) produces almost exdu-
sively non-fragmented molecular ions of thermal degradation
products enabling gualitative chemical characterization of eluted
ot exudates. Py-FIMS was successfully applied for the analysis of
peptides and other M-containing compounds and carbohydrates
from nonsterilized soils | 72|, root exudates from maize plants [73]
and on a study about molecular-chemical diversity of potato plant
thizndeposits |[74]. Py-AMS analysis is performed on the leached
and freeze-dried rhizodeposits that requires a large sample volume
(500 pL), is time consuming and perhaps can alter the compaosition
of the rhizodeposits. Therefore Leinweber et al [75] have devel-
oped a new, rapid micro-method of direct Py-FIMS that is pre-
treatment-free and is based on sample volumes as small as 5 pl,
This new profiling method is suitable forrhizosphere res earch since
it is highly sensitive for detecting and guantifying a wide mnge of
organic substances considered as indicators of modified root
environment and rhizosphere processes.

3. Application of MS-based technigues in rhimsphere
research

Within this chapter we highlight selected studies which made
use of the methods discussed in Chapter 2 in elucidating the role of
mat ecudates in the overall rhizosphere processes, such as nutrient
and trace element acquisition, plant-mimobial interacions medi-
ated through root exudates and metal detoxification. Moreover,
other relevant new strategies to rhizosphere research are discussed
such as '*C labeling and metabolite profiling techniques together
with M% imaging as a new analytical approach in protein studies.

31, Mument and moce element @oguisiion

Plant growth is contrmolled mainly by internal signals that
depend on the adeguate supply of mineral nutrients by soil root
uptake |E]. These minerals are present mainly as insolible com-
pounds in the soil solid phase and they are thus not available
directly to the plant Via the roots plants can take up only the sol-
uble fraction of these nutrients and various processes are riggered
by root exudates to increase the soluble fraction in the soil solution.

Amongst plant nuirients, phosphorus is probably the most
widely studied maconutrient for plants [76] due to its very low
soluhbility in many soils of the world Mechanisms for acoessing
phosphate sources inchude the addification of the rhizosphere and
seretion of low maolecular weight organic anions as well as phos-
phatase enzymes into the soil [9] At concentmtions commonly
found in the rhizosphere (10—100 pM) |77] dirate and oxalate
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weere found to have a greater potential for P mobilisation compared
to other organic anions. In such low levd of concentration of exu-
dates there is a need for improvemnent of analytical stmtegies to
identify and guantify these low molecular organic moleles
Application of M5 technigues coupled to separation chromato-
graphic methods has enabled ways to get more ideas about das-
sification of exudates in their crucial role in plant nutrient
accessibility | 62— 64].

Capillary electmophoresis time-of-flight MS (CE-TOF-MS] was
the method of choice for Tawaraya and co-authors to study com-
man bean (Phaseols vulpans L) root exudates under phospharus
defidency using the non-targeted metabolomics approach |78].
The non-target CE-MS method was employed to sepamte and
detect ionic metabolites, including amino adds, organic adds, nu-
cleotides and sugar phosphates, without chemical derivatization
and more than 150 metabolites were detected. These results sug-
gest that more than 10% of primary and secondary metabolites are
induced to be exuded from roots of common bean under P defi-
ciency. With application of HPLC analysis coupled to eledrospray
ME, P starvation was also found to simulate exudation of salicylic
acid and citramalic acd by sugar beet mots and it was found that
both metabaolites solubilize soil P in Oxisol soil fertlized with cal-
cium phosphate [79].

Like phosphorus, iron has a very low solubility and plant pro-
dudtivity can be strongly limited by iron defidency. Flants have
evoheed two different strategies for Fe acquisidon, the addification-
reduction strategy and the chelaton strategy [E0], also called
‘Strategy I' and “Stmategy II' respectively. Untl nowadays there is a
major gap in our understanding of the first strategy if there is a
potential mle of phenolic compounds secreted by the roots in Fe
acquisition. S5chmidtet al performed astudy on roots of Arebidopas
thaligna plants grown under Fe-defident and Fe-sufficient condi-
tions and searched for compounds that ineased their abundance
under Fe defidency [B1]. By combining comprebensive metab-
olome analysis by GC-MS with ultra performance liguid chroma-
tography eledtrospmy ionizatdon guadrupole tme-of-flight mass
spectrometry (UPLC-ESI-QTOF-MS) they were able to identify
various coumnarins. They were able to conclude that coumarin
biosynthesis in roots is enhanced under conditions of Fe deficiency
and the secretion of coumarins is an essential component of
A. thalana Fe acquisition in alkaline soil.

A study from Oburger et al. addressed the invesbgation of
phytosiderophore exudation from wheat (Triooum cestivum o
Tamam) grown on a calcareous soil |82 | It was shown for the first
time that 2’-demoymugineic add (DMA] release rates of soil-grown
plants were significantly lower than exudation rates observed for
plants grown in zem-Fe nutrient solutions. In a paralld study,
Schenkeveld & al showed based on a series of intemction experi-
ments with calcareous clay soil and the phytosiderophore DMA, in
which metal and DMA speciation were examined as a funcion of
time and DMA concentration |83 .84). Based on this a conceptual
madel has been developed that takes into account the chemical
kinetics of phytosiderophores mediating Fe acquisition. The au-
thors observed that over ime the adsorption of the Fe decreased,
but did not prevent Femohilizaton by DMA even though due to the
microbial activity DMA content was decreasing in the soil solution
over time.

Meumann and coworkers hypothesized that different soil types
with different physicochemical propertes, induding sarying
nutrient availability, will influence root growth patterns and root
exudation |85). By applying online derivatizaton with methox-
yhydmoey- dimethylamine with GC analysis coupled to M5 they
investigated the effects of soil type on root development and root
exudation of lettuce (Locuco setiva L cw TEian) A total of 33
compounds were identified: 17 amino acids and amides, & sugars,

and sugar alcohols, 5 organic adds as well as ornithine, urea, and
phosphate. Authors of this work condude that even under
controlled conditions on wellfertilized soils mutual interactions
between plant roots and soil specific micobiomes seems to be
important factor influencing the root shape, root exudation and
thereby the establishment of rhizosphere microbial communities.

32 Metal mobiization and detwdfication

Exposure of plants to enhanced metal concentrations may be
the main cause for production and secretion of low moleoular
weight organic adds (LMWOAs) into the rhizosphere. These root
exudates may contribute to the metal tolerance of plants via
complexation in rhizosphere soil solution, rendering the metals
less todic and less available.

Al toxidty in very acidic soils (pH < —4.5) is an important agri-
cultural problem limiting crop productiion and thus causing sub-
stantial yield losses for many different crops |17,86]. Recently there
has beena lot of research was carried out inthe progress of external
Al detecification in higher plants.

To imvestigate Al tolerance in seedlings of six Fucalypus spedes
Silva et al. used GC-MS and ion chromatography (1C) analyses and
their study indicates that root exposure to Al led to a greater than
200% inrease in malic add concentration in the root tips of all
eucalypt spedes [87). Although malate and citrate exudation by
mots may partially account for the overall high Altolerance of these
eucalypt species, it appears that tolerance is mainly derived from
the internal detoxification of Al by complexation with malic acid.
Sudies about plant physiological response to Cd, Cu and Pb toecicity
in the rhizosphere soil of tobacoo and sunflower have been per-
formed to test the ability for phytoremediation [88.89). LMWOAs
exudates were analyzed by GC-MS and ICP-MS was used for anal-
ysis of concentration of total heavy metals in case of Cd. The ob-
tained results suggest that the different levels of LMWOA s detected
in rhizosphere soil play an important role in metal solubilizaton
processes via complexation prior to the uptake by plants.

ICP-M5 was applied by several other authors to gain informaton
regarding the elemental composition of rhizosphere-related sam-
ples. A validated KCP-MS method was used by Marwa et al. fora field
survey with the objective of studying the contamination of
potentially toic elements As, Pb, Cr and Ni in Tanzanian agricul-
tural soils and their uptake and translocaton in maize [90]. Mi-
owave digestion using nitric add—hydrogen peroxide was
implemented as sample preparation for the analysis of Cr, As, Ph
and Mi from maize shoot and grain. The analysis of certified refer-
ence materials (CRMs), i e long rice from Arkansas USA (NIST
1568a) and certified reference soil (ZC 73007) from the China Ma-
tonal Analysis Centre for iron and steel was an integral part of the
study showing the wvalidity of the applied methodological
appmaches.

Wisemnan et al. used ICP-MS to analyse soil, plant tssue and
plant thizosphere samples for a2 mnge of traffic-related elements,
induding Cr, Mn, Cu, Ni, Cd, As, b and Pb |91 ] The authors were
dealing with insuffident extraction recoveries espedally in case of
Mn, As and Pb and Sbin the used (RMs (trace metals in spinach
leaves (MIST 1570a) and 5an Joaguin soil (MIST 2709a)} and did not
overcome the problem of spectral interferences for some elements,
which is a common problem when using single quadrupole low
mass resolution mass spectrometer without appropriate cell tech-
nology. Indeed, the authors were reporting exireme recovery
values especially for As (up to 500%), which could be explained by
poor spectral resolution.

Residues from use of depleted uranium munitions pose a lasting
environmental impact through persistent contaminaton of soils
and therefore an understanding of the factors determining the fate
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of depleted uranium in soil is necessary. Using soil contaminated
with uranium Duguéene et al. found that one month's growth of
either Indian mustard or rye grass produced soil solution concen-
trations of Utwenty fold higher in sandy soil and two fold higher in
clay soilthan innon-planted =il |92 |. Tandy et al. on the other hand
investigated the effects of mot ecudates on depleted umnium
dissolution by using the Single-Cell-Sampling-and-Analysis (SiC5%A ]
technigue for the fimttime in soil [93 ] DU fragments weresampled
and analyzed using 5iCSA and CECP-MS for organic acids and
uranium and by means of high spatial and temporal resolution in
the rhizos phere they were able to conclude that root exudates @an
solubilize DU giving high localized =oil solution concentrations. An
interesting study by Mihalik and coworkers was conducted about
the acceptability of sunflowers in remohilization of U and Fe in soil
via citric add as mot exudate [94). As the authors condude the
sunflower uptake of U was greatly enhanced, whereas the uptake of
Fe was not affected — in accordance with the high regulation of this
nutrient in the plant Dynamics of remobilization in soil were
assessed using Diffusive Gradient in Thin-film (DG T) measurement s
and DGT resin was then eluted with HNOs and U and Fe were
quantified via ICP—AES or ICP-M5 depending on the concentration.
All treatments induoed a remobilization of U and Fe from the soil
solid-phase to the soil solution

For investigating metal mobilizaton processes induced by
metal-accumulating plants metabolomics were applied to analyse
the wariaton of root exudates from 5. affredii a Cd hyper-
accumulator under different Cd exposure concentrations and times
by GC-MS after derivatization with methoxyamine hydmchloride
and M-methyl-N-{trimethylsilyl} trifluoroacetamide [95). It was
found that the Cd hyperaccumulator 5. alfredii could be able to
adjust the secretion of root exudates to increase Cd tolerance and
accumulaton. By applying such metabolomics analysis 15 com-
pounds were identified (oxalic add, 2-hydroxyacetic add, octanal,
Benzoic acid, 2-Hydroxypentanoic acid, sucrinic add, fumaric add,
r-=serne, deanoic acid, putresdne, frudose, mannitol, 1-mono-
octadecanoylglycerol, octacosanol beta-sitosterol ).

33, Plant-microorpanism and plant—plant miemctions vio oot
exudares

Plants release numerous secondary metabolites through root
exudates into the rhizosphere for the attmcton of benefidal soil
microorganisms and the defense against pathogens [96]. In return,
plants benefit from the microbial turnover of mot exudates and
other soil organic and inorganic matter.

In the recent years, there has been an increasing interest to
better understand the interaction between plants and rhizosphere
bacteria and thus getting more information about the hiological
propertes of the rhizosphere, e.g. by using proteomic technigues
{characterization of a set of proteins under spedfic conditions) to
elaborate the ways in which plants and hacteria influence protein
expression in their partmer organism, nutrient exchange and the
alteration of plant development by microbes |97 98).

Flant—microbe proteomics poses additional challenges, such as
the need to differentiate between plant and microbial proteins |97 |
Jayamman and co-workers have reviewed the technigues that have
beenapplied to the study of plant microbe interactions [99]. M5 has
been widely applied to plant microbe proteomics and is the most
commaon technigue for unbiased protein identification |100].

The plant growth promoting rhizobacteria dassified as acid-
producing rhizosphere bactera have been intensively studied,
regarding their plant growth-promoting capadty of releasing
phosphorus from insoluble phosphates. Jones and Oburger have
reviewed the research that has been conducted in identification of
P solubilizing organisms ( P5M ) that existin soil, types of P that they

can utilize and the mechanisms by which this ocours and the po-
tential for managing them in an agricultural context |[101 ] Thi
review highlights a major problem when interpreting the results o
PsM Feld trals that stll remains the lack of consideration o
quantification of P dynamics in the soil The plant microbe inter
action to enhance trace element availability in the thizosphere ha
been studied by a numerous authors and was intensively reviewet
by Sessitsch and colleagues [102). As these authors daim, by
employing these types of plant-assodated bacteria phytoedractior
through enhancement of metal bioavailability to the plants it"
being possible to be performed

The first in-situ sdy whenr the BN/™3C leaf-labelling technigue
has been followed by compound s pecific ®C phospholipid fatty acic
(PLFA) analysis to imvestigate plant microbial interactions under
undisturbed field conditions, was performed by Kusliene et al
[103|. Stable dual ™M/"™C labelling as good tool for targeted tracing
of C and M in mixed micobial communities in combinaton with
analysis of biomarkers (PLFA) by GC-c-IRMS of soil microorganism:
enables esimations of the contribution of various types of roo
exudates to Cand N dynamics in soil. Plants ( Trifo fum repens L. anc
Lolium peremne L) showed very fast below-ground allocation of "3
and "*M, showing ability to fix atmospheric M and hence considere
to be a potential for improving soil fertility via rhizodeposition.

When roots are under stress or they experdence challenges ir
the rhizosphere, they react by releasing exudates such as aming
acids, organic acids, and phenolics as well as proteins. These roo
eeudates for some types of plants can mediate chemial in
terferences and act as phytotoxins in mediating chemical interfer-
ence, Le. allelopathy | 104] which is considered to be as one of the
mechanisms by which plants may gain an advantage over thei
neighboring competitors [ 1]. On the other hand they can alsc
exhibit symbiotic responses as a positive form of interaction by
increasing herbivore resistance in neighboring plants [ 105 ] Alle-
lopathic crops are of great interest because they may be used o
effectively suppress weeds, and invasive weeds could rely, in part
on alldopathic interactions to fadlitate their establishment anc
wider distribution [ 106] and M5 technigues can contribute to :
great edtent for a better characterization of these plants.

A GC-ME with silyliadon method using MN,0-bis [ rimethylsiyl
acetamide (BSA) was used by Zhang et al who designed alabora
tory binassay to determine the allelopathic potental of root exr
dates of three fruit tree species [107 . Their work provides data tha
mot exudates of apple (Malus pumila L) and peach (Prunus persicc
L) inhibited germination and radicde growth of apple seeds.

Martinez-Cortésa et al. used nano LC matrix assisted laser
desorption ionization tandem time of flight M5 {nanoLC-MALDF
TOF TOF-MS/MS) for identifying 47 proteins in root exudates o
Physcomitrelln patens 108 . The identified proteins were dassifie
as a response to stress, response to stimulus, oxido-redudion, cel
wall modification, photosynthesis and carbohydrate metabolism
transport, OMA metabolic pmooess and regulation/signaling. The
identified defense rdated proteins are a good example of applica
ton of hyphenated MS technigues in eluddating the plant in
teractions with the surrounding environment through esudates,

Mot only plants (as desaribed in Chapter 3.2 ) but also associate:
rhizosphere microbes may contribute to the accumulation effi
dency of metal-hy peraccumulating plants. The weathering capac-
ities of Mi mobilization by Arthrobacter strains: LA44 as indok
acetic add (IAA) producer or SBASZ (siderophore producer, PO3
solubilizer, and 1AA producer) was studied by Becerra-Castro et al
|19 ]. The role of selected strains on metal availability and plan
uptake was performed in a pot experiment by growing plants ir
ultramafic soil and adding bacterial inoculants. The organic acic
exudation spedfically oxalate, was associated with LA44 strair
which is found to be maore effident in Ni mobilization compared &
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the other strain SBAEZ. Authors recommend also that the conour-
rent mobilization of Fe and S indicates preferental weathering of
Fe oxides and serpentine minerals, possibly related to the side-
rophore production capadty of these strains. Carboxylic adds were
separated by reversed-phase LC and analyzed by LC-ESI-TOF-MS.
Cuantification of selected phenolic compounds by LC-MS5/MS in
negative ionization mode on triple-gquadrupole mass spectrometer
equipped with an ES| interface while Ni concentmations were
measured by ICP-0ES. This study revealed that Ni-mobilizing in-
omlants could be useful for improving Ni uptake by hyper-
acoumulator plants.

2.4 *Cisotope labeling technigue for sudying the dynomics of
root-derived carbon i the rhizosphere

Plants rapidly release photo-assimilated carbon to the soil via
direct root exudation and associated mycorrhizal fungi, with both
pathways promoting plant nutrient availability. The melease of
carbon into the soil by growing roots is an important part of the
terrestrial carbon cycle and the benefit to plants from this carbon
loss is the alteration of the rhizosphere environment [110]. How-
ever, the insitu nature and dynamics of root-derived carbon in the
soil is sill poorly understood. Application of recently developed
3C0; pulse labelling and stable isotope probing (5IP) methods
offer the possibility to track *C-labelled plant photosynthates
enabling studies on examination of the relationship between soil
microbial diversity and carbon flow in sitn. The pulse labeling is
conducted thmough injecions of few mlL either as single or
repeated pulses from few minutes to days at different growing
stage of plants, while continuous flow isotopic labeling techniques
involves the use of labeled gas to expose the plants during the
complete growing season [111] Griffiths and coworkers per-
formed a pioneering work on this field that deals with identifi-
cation of micrmorganisms utilizing plant ecudates using stable
isotope probing methodologies [ 112 with a protocol dev eloped by
Manefield et al. about separation and analysis of "*C-enriched
ribonudeic acd (RMA) [113].

An interesting application of GC4RMS was performed by Der-
rien et al. in a study for imvestigation of nature and dynamics of
root-derived carbon in the soil by coupling pulse-chase isotope
labelling of photo assimilated "*C0: with the subsequent quanti-
tative analysis of labelled carbohydrates in the soil after trimethyl-
silyl derivatization [48,49]. After a two-step separation of the soil
from the roots of wheat, (Triticum cesovum L), the amount of total
organic ®C as well as the quantities of 'C in arabinose, fructose,
fucose, ghicose, galactose, mannose, rhamnose and xylose were
determined with GC-IRMS. Authors conduded that 40% of the root-
derived carbon was present in the form of neutral sugars, and
exhibited a time-ineasing signature of microbial sugars and that
the compositon of rhizos pheric sugars mpidly tended towards bulk
soil organic matter.

Using nanoscale secondary ion M5{ Mano5IMS ) imaging and B
phospho and neutral lipid fatty adds, Kaiser et al. [114] traced in-
situ flows of recently photo assimilated C of 131:02— exposed
wheat (Trioum eesovum) through arbusmlar mycoorrhiza (AM)
into root- and hyphae-assodated soil microbial communities. They
hawve traced the fate of recently plant-assimilated 30 in both root-
and hyphae-associated micobial communities via phospholipid
fatty acid and neutral lipid fatty acd { MLFA) stable isotope probing
and in dissolved organic carbon pools via isotope-ratio M5, Their
findings indicate that a significant fraction of recently photo-
assimilated C delivered to soil micobes leaves plant roots via
mycorrhizal hyphae already upstream of the place of passive root
exudations. Arbuscular mycorrhiza extra mdical hyphae which
enlarge mot areas may thus not only improve nutrient uptake by

plants, but also act as an effective distributor of recently assimilated
plant C to the soil microbial community.

35 Memabolite profiing technigues

Metabolomics is one of the most advanced —omics strategies
and has been applied to varous scientific fields | 115). Rhizosphere
metabolomics aims at the analysis of the entire metabolome of the
mat-s0il interfface addressing moot exudates, ie. primary metabo-
lites and plant natural products involved in chemical signalling,
ecudates of the root associated microbiome and fungi Different
strategies such as metabolic fingerprinting that includes non-
targeted analysis as well as metabolic profiling aiming in targeted
quantitative analysis of selected metabolites are often utlized in
rthiznsphere metabolomics.

To explore the chemical composition of root eoudates of the
model plant Ambidopss thaliona a workflow for non-targeted
metabolite profiling of the semipolar fraction of root eoudates
was developed by Strehmel et al. [116]. Using this setup for the
main cultivation period, the volume of the nutrient solution per
plant was reduced to a manageable amount in order to simplify the
subsequent enrichment of exuded components. Based on the pre-
sented workflow, more than 100 compounds, Le. mainly secondary
metabolites, were detected and soructurally characterized by UPLC)
ESI-(TOF-MS techniques of which more than 90 were structurally
chamacterized or dassified and among them 42 compounds were
rgorously identified using an authenticated standard. The devel-
opment of such methods should fadlitate a significant reduction of
the sampling volume of the nutrient or soil solution.

The same UHPLC-TOF-MS based metabolomics approach was
used by Marti et al to evaluate local and systemic herbivore-
induced changes in maize leaves, sap, roots and root eoudates
without any prior assumptions about their functon 117 ] Authors
of this work were able to identify 32 differentially regulated com-
pounds from Spodoptern Bttoralis-infested maize seedlings and
isolated for structure assignment by mico flow nudear magnetic
mresonance (CapNMR). To measure absolute concentrations of eli-
dited compounds in crude plant extracts, a method based on direct
nanoinfusion M5%MS was developed and nine compounds were
quantified by this method.

In a different approach, matrix assisted laser desorption ioni-
zation M5 imaging { MALDI-MS[) has been used as a tool to identify
and map antibiotics synthesized by root-associated bacteria and
more generally, to imvestigate plant—micmbe interadions at the
molecular level [118] and for the characterizaton of the nowel
constitutively secreted and indudhble phytochemicals that directly
repel, inhibit, or kill pathogenic microorganisms in the rhizosphere
|119]. Thus, MS contribution in identification and mapping of bac-
terial proces ses represents a very important milestone. In the most
recent published work of Kierul and co-authors proteomic studies
gave more evidence on the bacterial responses to maize root eou-
dates | 120]. Out of the 121 proteins secreted by Boclus amdoli-
quefnciens FZB42, identified by MALDFTOF MS 61 were predicted
to contain secretion signals and this study reveals condusion that
apprmximately 34 proteins were differentially secreted in response
to root equdates during either the labe exponential or statonary
phase and hypothesise that they were mainly involved in nutrient
utilization and transport.

4 Condusion

Chemical characterization as well as guantifimtion of ecudates
present at the soil root interface is to a great extent an analytical
challenge due to their localized deposiion as well as the low
concentrtion in the soil solution and the assodated difficulties of
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proper sampling of exudates and/or rhizosphere soil (sohtion).
Development and application of advanced sampling procedures in
combination with highly selective and sensitive analytical tech-
nigues with targeted and non-targeted M5 hased methodologies is
a key approach for elucidating plant-soil-micmobe interactions,
since only a more comprehensive knowledge on the quality and
quantty of root exudates can provide the hasis for better under-
standing of rhizosphemr processes. Progress in M5 has enabled ac-
curate quantfication of many different compounds released by
roots. However, our understanding of rhizosphere dynamics is still
incomplete due to the difficulty of assessing processes at the root-
soil interface under contmlled but also realistic conditions.

Clearly, the solvation of these challenges and difficulties will be
driven by future improvements of the detection power and selec-
tivity of the analytical technologies. Looking back to the last three
decades, it can be estimated that these improvements will mainly
address the developments in molecilar M5, The detection power of
elemental ultratrace analysis is mostly hampered by contamination
and background, so that a further improvement of sensitivity will
nat lead to more significant results in the context with rhizosphere
research.

Also, in-situ sampling and analysis will emerge in the field, eg.
LA-ICP-MS (maost importanty with TOF mass spedrometers) or
MALDI hased imaging. Both methods are powerful, however,
currently obtained data is often misinterpreted or lacks guality
control. As a major drawhack, absolute guantification is stll not
achieved by these techniques.

Thus, developing novel methodologies to study rhizosphere
ecology under natural conditions is indispensable for better un-
derstanding of root-soil interactions, which might allow the opti-
mization of plant performance in terms of plant health and yield as
well as in the context of improving phytoremediation efficiency
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A novel method to quantify orthophosphate and myo-inositol hexakisphosphate (IPg), both
inorganic and organic phosphorus compounds in a single chromatographic run is presented in
publication Il. Detection of free orthophosphate is strongly limited in LC-ESI-MS based methods
both due to the low retention in the reversed phase separations and low sensitivity in
electrospray ionization. It is the first time that HIC-ICP-MS was employed for simultaneous
analysis of orthophosphate and myo-inositolhexakisphosphate (IPs) in soil solution and plant
extracts. Orthophosphate and IPs are separated within a total chromatographic runtime of 12
minutes revealing a limit of detection of 0.3 pymol L™. This method was successfully applied to

extracts from three different soils as well as root and shoot extracts of Brassica napus L.
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1 Introduction
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Research Article

Speciation analysis of orthophosphate and
myo-inositol hexakisphosphate in soil- and
plant-related samples by high-performance
ion chromatography combined with
inductively coupled plasma mass
spectrometry

A novel method based on high-performance ion chromatography inductively coupled plasma
mass spectrometry employing strong anion exchange chromatography with HNO; gradient
elution for simultaneous analysis of orthophosphate and myo-inositol hexakisphosphate
(IP;) in soil solution and plant extracts is presented. As inductively coupled plasma mass
spectrometry analysis of phosphorus at mjz 31 is hampered by N-based interferences, *'P
was measured as *'P'°0* at m/z 47 employing dynamic reaction cell technique with O; as
reaction gas. Orthophosphate and IP; were separated within a total chromatographic run-
time of 12 min revealing a limit of detection of 0.3 pmol/L. The coefficients of determination
obtained in a working range of 1-100 and 1-30 pmol/L were 0.9991 for orthophosphate
and 0.9968 for IPg, respectively. The method was successfully applied to extracts from three
different soils as well as root and shoot extracts of Brassica napus L. The precision of three
independently prepared soil extracts was in the range of 4-10% relative standard deviation
for PO,*~ and 3-83% relative standard deviation for IP;. Soil adsorption/desorption kinetics
for IPg /orthophosphate were performed for investigating the sorption behavior of the two
P species in the experimental soils.

Keywords: Orthophosphate / Phytic acid / Plant extracts / Soil extracts / Soil
adsorption
DOI 10.1002/jssc.201400026

DI Additional supporting information may be found in the online version of this article
at the publisher's web-site

(IPg, see Fig. 1) is the most abundant form of phosphate
monoesters, Through degradation of plant litter, IP; is in-

Phosphorus is essential for life and plays an important role
in plant nutrition. The element exists in soil in the form
of inorganic and organic compounds, where the percentage
of organic phosphorus compounds is ranging between 20
and 80% [1]. Among soil organic phosphorous compounds,
such as phosphate mono- and diesters, phosphonates, and
phosphoric acid anhydrides, myo-inositol hexakisphosphate
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troduced into soils, where it is highly stable. Even though
the diversity of phosphorous-containing compounds is quite
broad, most of the soil P is strongly bound to Fe- and Al-
oxyhydroxides or precipitated as sparingly soluble minerals,
resulting in very low (0.1-1 pmol/L) soluble P concentra-
tions [2]. Higher plants take up P only as dihydrogen phos-
phate [3] where only the fraction present in soil solution is
directly available for root uptake. The contribution of IP; to
the total P uptake is still unclear. One major reason for the
poor understanding of 1P, dynamics in the rhizosphere is
the very low concentration in soil solution and consequently
the difficulty to obtain reliable information on concentration
dynamics. Thus, methodological improvements in simulta-
neous analysis of IP; and orthophosphate in soil solution or
soil extracts are highly necessary.

Traditionally, most of the analytical chemistry strategies
addressing organic P compounds in soils and soil extracts
have employed *'P NMR spectroscopy as a detection tech-
nique [4]. Although these methods have been developed and
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Figure 1. Two-dimensional structure of myo-inositol hexakispho-
sphate.

applied successfully, the use of NMR spectroscopy is limited
by the requirement for sample preconcentration due to low
sensitivity and by long run-times, which is tedious on the
one hand and may be hampered by analyte degradation, on
the other hand [5]. However, the development of alternative
separation/detection methods is challenging, as the deter-
mination of organic P in soil invelves complex matrices as
well as polar, nonvolatile target analytes, which do not con-
tain any UV-light-absorbing chromophores. Consequently,
most analytical approaches employ chromatographic separa-
tions with postcolumn derivatization and spectrophotomet-
ric detection. LC, mainly based on electrostatic interaction
techniques, was most frequently applied for the separation
of IP;. In this context, Leytem and Mikkelsen developed a
RP ion-pairing method for separation of soil organic phos-
phorous compounds such as nucleotides (AMP, ADP, and
ATP) as well as IP; [5]. IP; was detected in an isocratic sys-
tem with a refractive index detector. The authors encountered
several problems with this separation method since the mo-
bile phase was sensitive to changes in sample pH causing
difficulties with peak separation efficiency under the selected
conditions. Moreover, the method has not been validated to
provide quantitative data regarding the level of IP; in NaOH-
and EDTA-containing soil extracts.

Phillippy et al. have used an ion chromatography under
isocratic conditions for separation of IP; in roots and tubers.
A comparison of IP; detection by evaporative light scattering
versus absorbance detection following postcolumn derivati-
zation revealed absolute LODs of 1 pg and 0.5 pg (1.52 and
0.76 nmol), respectively [6].

Blaabjerg etal. developed an ion chromatography method
for separation and quantification of IP; in feedstuffs, employ-
ing methanesulfonic acid as an eluent on a Dionex CarboPac
column (Dionex, Sunnyvale, CA, USA) with UV absorbance
detection after postcolumn derivatization [7]. An anion ex-
change chromatographic method with chemically suppressed
conductivity detection in food analysis has been described
by Talamond et al. [8]. The authors compared two methods,
ie. high-pressure ion chromatography (HPIC) and classic
absorption spectroscopy. The study showed that the HPIC
method was more precise and could be applied to samples
without prepurification offeringa LOQ of 0.1 pmol/L. CE was
applied by Henshall et al. for determination of IP; in physio-
logical samples employing indirect photometric detection [9)].
The developed CE method was performed within 10 min pro-

@ 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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viding baseline separation of monophosphate myo-inositol
with an LOD of 200 ng/mL (corresponding to submicromol
per liter range LODs, depending on the type of IP; and 1P,
salt determined) using an electrolyte containing phthalate.

MS represents a valuable alternative as detection method
for organic phosphorous compounds in complex sample ma-
trixes. The key advantage of MS compared to the above-
mentioned methods is a substantial increase of selectivity,
which is offered by both, elemental and molecular MS. The
latter has been employed in terms of GC-MS for 1P deter-
mination in variety of biological samples based on purifica-
tion by anion exchange chromatography, enzymatic hydroly-
sis of IP; to myo-inositol, and derivatization to a trimethylsilyl
derivative, revealing an excellent LOD of 9 pg/L (14 nmol/L)
[10]. LC-MS has been applied more frequently in the con-
text with [P; detection. Liu et al. have presented an anion
exchange MS/MS method for the separation and simultane-
ous quantification of different naturally occurring phospho-
rylated compounds offering an absolute LOD of 0.25 pmol
[11]. Vats et al. also presented a method involving separa-
tion of various enzymatically dephosphorylated derivatives
of 1P on a Cyg column and their identification using ESI-
MS in a positive-ion mode [12]. Just recently, a validated
bioanalytical LC-MS method has been published enabling
the quantification of phytate levels in plasma matrixes di-
rectly, with a detection limit in the range 30-80 ng/mL
(50 and 120 nmol/1) [13].

Several groups have applied inductively coupled plasma
(ICP) atomic emission spectrometry and ICP-MS as powerful
elemental detection methods in combination with selective
enrichment of IP; by ion chromatography either in off-line
ion exchange or SPE mode or after fraction collection after
HPIC [7]. In this context, Munoz and Valiente developed an
ICP-MS method for determination of phytic acid in human
urine based on the total phosphorous measurement of pu-
rified extracts of phytic acid by SPE with LOD of 5 pg/L
(8 nmol/L) [14]. Grases et al. have reported a method for
quantification of Na-IP; in urine samples after enrichment
via ion exchange offering an LOD of 64 pg/L (68 nmol/L) [15].
The LODs obtained from RP-LC-ESI-MS/MS were approx-
imately 2.5 nmol/L for the investigated compounds, while
those of LC-ICP-MS were 1-2 orders of magnitude higher,
which is mainly due to suppression effects of the organic
solvent employed for the RP separation [16].

The capabilities of LC-ICP-MS regarding the speciation
of phosphorous were reviewed recently by Popp et al. [17]. It
is advantageous to use ICP-MS detection as it represents a
generic phosphorus detector with high specificity and com-
pound independent sensitivity. Moreover, the technique of-
fers a wide linear dynamic range and high robustness of
the ICP against matrices present in samples and chromato-
graphic buffers [18,19]. The high robustness allows the use
of high buffer or acid concentrations, which are typically
necessary in ion and size-exclusion chromatography. How-
ever, ICP-MS analysis of P and P-containing compounds is
also challenging due to the fact that the only naturally occur-
ring, stable phosphorus isotope (*'P) exhibits several spectral
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interferences (e.g. “*N'""O'H* and “N'*0*). Moreover, the
firstionization potential of phosphorus is relatively high (10.5
eV) and limits ionization efficiency leading to lower sensi-
tivities for P as compared to other elements. Interferences
from polyatomic ions that occur at m/z 31, result in higher
background and detection limits than those corresponding to
other elements. However, these interferences can be removed
by using reaction/collision cell technique or high-spectral res-
olution [17]. The dynamic reaction cell (DRC) is an enclosed
quadruple containing a certain concentration of reaction gas
and is situated between the ion lens and quadrupole mass
analyzer. The DRC is operated as a mass-filtering device
(bandpass to remove unwanted secondary interferences) and
can be used with ammonia or methane for elimination of
interfering species via interference dissociation or discharge,
or by transferring the interfered analyte to a higher mass via
reaction with oxygen. In our case phosphorous is oxidized
into PO* and therefore appears at m/z of 47 circumventing
isobaric interferences at m/z = 31.

Several groups have made use of ion chromatography or
ion pair chromatography in combination with ICP-MS detec-
tion for analysis of P, as the method offers higher retention
and is highly compatible with the ionization source. Hel-
frich and Bettmer have developed a method for determination
of IP; in food samples by employing ion pair chromatogra-
phy coupled to double focusing ICP sector field mass spec-
trometry (SFMS) [20]. Phosphorous species were detected in
medium mass resolution via the *' P+ signal revealing an LOD
of 230 ng/g (0.35 pmol/L) for IP;. Degradation products were
identified, but not quantified by recording a comparative chro-
matogram of an IPs hydrolysate. However, phosphate could
not be retained under the selected conditions and the authors
have reported an additional severe drawback of the use of ion
pair reagents, i.e. the contamination of the LC system led to
impaired suitability of the instrumentation for other appli-
cations. The method described above has been adapted by
another group for phosphorous speciation analysis in barley
grain tissues employing ICP-MS with DRC technique. In the
same work, size-exclusion chromatography was implemented
for assessing the stoichiometry of Fe bound to IP; [21].

The aim of the presented work was to develop a robust,
sensitive, and selective method for speciation and quantifica-
tion of phosphorus-containing compounds. As a major draw-
back, the detection of free orthophosphate is strongly limited
in LC-ESI-MS-based methods both due to low retention in
RP separations and low sensitivity in ESI. Accordingly, we
have developed and validated a method based on strong an-
ion exchange chromatography and ICP-MS detection, which
was applied for the first time for speciation of orthophosphate
and IP; in plant- and soil-related samples.

2 Materials and methods

2.1 Chemicals

A reagent 1 grade water (>10 M{}/cm resistance accord-
ing to ISO 3696 water specifications) purification system

© 2014 WILEY-VCH Verag GmbH & Co. KGaA, Weinheim

Liquid Chromatography 1713
(Ultra Clear basic Reinstwassersystem, SG Wasseraufbere-
itung und Regenerierstation, Barshiittel, Germany) was used
to obtain purified water, which was further purified in a
quartz sub-boiling system (Milestone-MLS, Leutkirch, Ger-
many). Ultrapure water was obtained by sub-boiling distil-
lation of reverse osmosis purified water by using ultraclear
system SG Water. Analytical grade nitric acid (65%, Norma-
pur, p.a., VWR International, Vienna, Austria) and hydrochlo-
ric acid (37%, Merck, Darmstadt, Germany) were addition-
ally cleaned by sub-boiling distillation (twice for HNO;, once
for HC) in an ultrapure quartz apparatus (Milestone-MLS,).
Ca(NO;);-4H;0 (Riedel-de-Haén) used for incubation of soil
was purchased from Sigma-Aldrich Handels, Vienna, Aus-
tria. The syringe filters (0.45 pm) were purchased from VWR
International and consisted either of cellulose acetate mem-
brane or nylon. The analytical workflow was carried out on
metal-free class 100 work benches inside a class 100 000 clean
room laboratory.

2.1.1 Standards

Myo-inositol hexakisphosphate caldum salt was obtained
from Sigma-Aldrich Handels. Standard solutions of IP; were
always prepared freshly in ultrapure water prior to analysis.
For quantification of total phosphorus via ICP-MS and SFMS,
the phosphorus atomic absorption standard solution was pur-
chased from Alfa Aesar, Karlsruhe, Germany.

For total P analysis, all necessary standard and soil ex-
tract dilutions were performed in 2% sub-boiled HNO;.
Calibration standards were prepared by serial dilution of a
100 pM stock of each standard. Sodium triphosphate pentaba-
sic (Na;Py0yp; Sigma-Aldrich Handels) was used as internal
standard for phosphorous speciation analysis. Indium was
used as internal standard for quantification of P via ICP-
SFMS.

Element standards used for ICP-SFMS multielement
analysis were certified 1000 mg/L single element ICP stan-
dards for trace analysis and were purchased from Merck.
Certified reference materials were integrated in all measure-
ments for quality assurance. The NWTM 27.3 low-level forti-
fied standard prepared from Lake Ontario water (National Wa-
ter Research Institute NWRI, Burlington, Ontario Canada)
was purchased at LGC Promochem, Germany. The soil so-
lution A reference material was from high-purity standards
(Charleston, SC, USA). The results of the two reference ma-
terials were in agreement with the certified ranges given for
the element concentrations.

2.2 Sample preparation

In the present study, three soils were investigated, i.e. Lassee
1(L1) and Lassee 3 (L3; position 48° 13’ 47N, 16" 49" 52"0),
and Wiesen-Lindengasse (W; position 47°43' 53N, 16° 20
28"0). Soil samples were collected from the topsoil layer (0~
20 cm). After sampling, the soils were air-dried and sieved to
<2 mm. The content of sand, silt, clay, and organic
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carbon (Cory) was determined according to the methed by
Blum et al. [22] Calcium acetate lactate (CAL)-extractable P
was determined according to the method from Austrian stan-
dards for seil investigation [23]. Organic phosphorus (Poy)
was determined according to Kuo [24].

2.2.1 Soil extraction

Two different soil extraction schemes were used within this
work. The first scheme was the extraction of 2 g soil in
0.25 mol/L NaOH and 0.005 mol/L EDTA for 2 h at
a soil/solution ratio of 1:10. This extraction scheme was
adapted from Bowman and Moir [25] with modification re-
garding temperature of extraction. The second scheme was
the extraction of 10 g of soil with a 1 mmol/L citrate so-
lution for seven days. The extractant solution contained 2
mmol/L Ca(NOy); as a background electrolyte. Two hundred
milligrams per liter of NaN; was partly added to the citrate
extractions as biocidal treatment. All extractions were done in
triplicates. After extraction, the samples were syringe filtered
(0.45 pm), and transferred to polyethylene HNO; washed
vials and stored at 4°C. The extracts were further diluted when
necessary to match within the calibration working range.

2.2.2 Aqua regia digestion of soil

Agua regia extraction of smoothly crushed soil samples was
performed in a closed polytetrafluorethylen vessel microwave
unit (MLS 1200 mega). To approximately 100 mg of sample,
3 mL aqua regia (3:1 HClJHNO;) has been added. The diges-
tion procedure was performed by a power-controlled temper-
ature program (25 min, maximum 600 W, maximun temper-
ature 160°C, maximum pressure 25 x 10° Pa). The obtained
digestion solutions were quantitatively transferred into pre-
cleaned 10 mL polyethylene vials, filled up with ultrapure
water to 10 mL and centrifuged (Sigma laboratory centrifuge
2-5, 3900 rpm, 30 min). The supernatant was further diluted
1:10 000 and 1:1000 (with 1%6 aqua regia) to match within the
calibration range of the ICP-SFMS. Quantification of total
element concentrations from acid extract solution was car-
ried out by an eight-point external calibration and internal
standardization with indium.

2.2.3 Adsorption experiment

2.2.3.1 Kinetic study

The adsorption kinetics of 1P, with three soils were inves-
tigated by shaking 10 g soil in 100 mL solutions containing
different IPg concentrations (100 and 500 mg/L) in 2 mmol/L
Ca(NO;);. At time intervals of 10, 30, 60, 120, 180, and
240 min, 10 mL aliquots were taken, syringe filtered, and
stored at 4°C and measured in three replicates by HPIC-ICP-
MS.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2232 Adsorption isotherm

The kinetic study showed that equilibrium between seolution
and soil-bound IP; was reached within 10 min. W soil was
the only soil that did not show complete sorption of IPs in
the kinetic experiment. Therefore, only this soil was used to
determine the adsorption equilibrium for IPg. Ten grams of
soil was shaken in 100 mL solutions containing 750, 1000,
1500, and 1750 mg/L1P; in 2 mmol/L Ca{NOs);. The samples
were syringe filtered (0.45 pm), transferred to polyethylene
HNO;-washed vials, stored at 4°C, and diluted in further steps
to match within calibration working range.

2.2.4 Plant extraction

Analysis of IP; concentrations in plant samples is often done
in acid extracts of fresh or dried plant material. We adapted
the method of Philippy et al. [6] to extract IP; from root and
shoot samples of plants grown in hydroponic culture from
two rapeseed (Brassica napus) cultivars, Caracas and CR 1886.
Harvested plant material was divided in to roots and shoots
and consecutively washed with tap and deionized water. One
to six grams of root and 7-16 g shoot plant fresh material was
extracted in 100 mL of 0.75 mol/L HCI solution for 20 h. The
extraction was performed with five replicates. Each extract
was additionally analyzed in three measurement replicates.
After extraction, the samples were transferred to polyethy-
lene HNO; washed vials and stored at +4°C until analysis by
HPIC-ICP-MS.

2.3 Separation by ion-exchange chromatography

For speciation analysis, a metal-free chromatographic system
1C8-3000DP with dual pump system and the Chromeleon
Chromatography Management System (version 6.40) all from
Dionex was employed together with a PAL autosampler
from Thermo Scientific. Chromatographic separation was
performed by anion exchange chromatography employing
IonPac® AS7 Anion-Exchange Column from Dionex (4 x
250 mm, 10 pm particle size) with a 4 x 50 mm guard
column.

As eluent A, sub-boiled H;O was used, while eluent B
was 500 mmol/L HNO;. The method was adapted from an
isocratic method published by Philippy et al. [6] and further
optimized for retention and separation of orthophosphate,
sodium triphosphate pentabasic (internal standard), and IPg
by implementing gradient elution. The flow rate was kept
at 1 mL/min with an injection volume of 10 pL. The acidic
gradient was as follows: 0—4 min: 100% eluent A, 4-14 min:
linear increase of eluent B to 100%, 14-15 min: 100% B,
15-20 min: reequilibration at 100% eluent A. An internal
standard, sodium triphosphate pentabasic, was added to the
samples and calibration standards at a final concentration
of 10 pmol/L. The signal suppression of P during gradient
elution was determined by injecting a 50 pg/L P at different
HNO; concentrations (10, 50, 100, 200, and 300 mmol/L).
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2.4 Instrumentation

ICP-DRCMS (Elan 6100 DRC II, Perkin Elmer SCIEX, On-
tario, Canada) measurements of the PO signal were per-
formed after a daily tuning procedure. The final operating pa-
rameters after method development are listed in Supporting
Information Table S1. The system was connected to HPLC
via polyether ether ketone tubing with id 0.13 mm to a PFA
nebulizer (Elemental Scientific, Omaha, NE, USA), which
was connected to a cyclonic spray chamber (PE-SCIEX). The
interface was equipped with an aluminium sampler cone and
a nickel skimmer cone.

Total metal concentrations in seil samples were mea-
sured using an ICP-SFMS (ELEMENT 2, Thermo Fisher,
Bremen, Germany) after microwave-assisted sample diges-
tion described above. Sample introduction was performed by
a particle tolerant slurry type nebulization setup employing a
V-groove nebulizer (Glass Expansion, Melbourne, Australia)
with an id of 145 pm and a PCy cyclonic quartz chamber
(ESI) operated at 4°C. Sample transport to the nebulizer was
enabled by a peristaltic pump with a sample uptake rate of
1.0 mL/min. A detailed description of the ICP-SFMS method
can be found in Ref. [26].

Generation and export of HPIC-ICP-DRCMS chro-
matograms was carried out using Chromlink (Version 2.1,
PE SCIEX) in combination with Totalchrom (Version 6.2,
PE-SCIEX). Chromeleon software (Version 6.7, Dionex) was
used for integration of all chromatographic data.

3 Results and discussion
3.1 lon chromatographic separation of IPg

Speciation of orthophosphate and IP; in soil and plant ex-
tracts was performed by high-performance anion exchange
chromatography with HNO; gradient elution in combination
with ICP-DRCMS detection. In IPg, six of 12 replaceable pro-
tons are strongly (pK; < 3.5) and six are weakly (pK; = 4.6-10)
acidic [27]. Electrostatic interaction and the changing proto-
nation degree are the basis of the anion exchange separation
with HNO; gradient elution. Analysis of IP; in soil solution
and plant extracts requires a robust and sensitive method, as
the analyte is present in the samples in the low micromoles
per liter range together with a complex matrix. The presented
strong anion exchange separation method offers baseline sep-
aration of orthophosphate (; = 4.7 min), P impurities, and
IP; (t = 11.1 min) within 12 min. Figure 2 depicts a HPIC-
ICP-MS chromatogram obtained from an aqueous solution
containing 30 pmol/L IP; and 10 pmol/L internal standard
(NasP;0,y). The peaks in the chromatogram in Fig. 2 listed
from 6.9 to 8.63 min are not identified and are impurities
present in the commercially available [Py standard. The rel-
ative area of IP; in the obtained chromatogram is 76 + 4%
(after correction for signal suppression by the HNO; gradient,
see below), which is not in accordance with the 90% declared
purity of the standard available from the supplier.
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Figure 2. Chromatogram of a 30 pmol/L IPg standard solution
spiked with 10 pmol/L internal standard (NagP3040). The impuri-
ties eluting between the internal standard and IPs are degrada-
tion products present in commercially available IPs. According to
the literature the impurities are dephosphorylated hydrolization
products of IPs [11,21,27]. Accordingly, the orthophosphate ions
originate from dephosphorylation of the IP; molecules.

Table 1. Analytical figures of merit of HFIC-ICP-MS method
development for separation and quantification of
orthophosphate and IPg

P0| e |Pa

Retention time (RSD, %; 4.7 min (0.2) 11.1 min (0.2)

n= 3[“
Peak asymmetry 1.1 1.14
LOD (3 o) 0.3 pmol/L 0.32 pmol/L
Loa{10e) 0.99 wmol/L 1.1 wmol/L
LOD absolute (10 L) 3 pmal 3 pmol
L0Q absolute (10 L) 9.9 pmol 11 pmol
Working range 1-100 uM 1-30 uM
R 0.9391 0.9997
Long-term repeatability 27 17

RSO (%)n=9in30h

Long-term repeatability of the retention times of the two
analytes of interest, L.e. orthophosphate and IP; was 0.2% in
a measurement sequence of 24 h (n = 9). A peak asymmetry
of 1.14 £ 0.09 for IP; and 1.20 & 0.10 for orthophosphate was
caleulated (n =5).

3.2 Quantification

The analytical figures of merit of the presented method are
listed in Table 1. Quantification was performed by exter-
nal calibration. Internal standardization was performed in
blanks, calibration standards, and samples after extraction in
order to compensate the variation of the injection volume as
well as the long time drift of the HPIC-ICP-DRCMS system.
Linear calibration curves with coefficients of determination
of 0.9991 and 0.9997, respectively, could be obtained over
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the working range from 1 to 100 pmol/L for PO,* and 1-
30 pwmol/L for IP;. The LOD calculated based on the threefold
8D of the baseline signal was 0.3 pmol/L, while the LOQ (ten-
fold SD of the baseline signal) was 1 pmeol/L for both com-
pounds. This corresponds to an on-column LOD of 3 pmol
(10 wL injection volume) and is an improvement by several
orders of magnitude in comparison to alternative detection
methods, which have been used in connection with anion
exchange chromatography [6]. Repeatability precision calcu-
lated from three consecutive measurements revealed an RSD
<3% for PO~ and 29 for 1P, respectively. The method
was successfully applied to soil extracts of two soil types with
different soil characteristics as well as root and shoot extracts
of B. napus L. The precision of three independently prepared
soil extracts was in the range of 4-10% RSD for PO,*~ and
3-8% RSD for IP; in a total measurement time of 30 h.
LODs for IP; in so far published studies in food samples
are 0.96-4.7 pmol P L~! by ICP-MS after fraction collection
[7], 0.35 pmol/L by IP-ICP-SFMS [20], or in urine samples
0.06 pmol/L by ICP atomic emission spectrometry after off-
line ion exchange [15] and 0.01 pmol/L by ICP-MS after SPE
[14]. In biological samples, an absolute LOD of 0.25 pmol has
been obtained by LC-MS/MS [11]. As already mentioned,
phosphate is not amenable to LC-MS/MS, which is a clear
drawback in the context of soil and rhizosphere research.
The influence of the sample matrix on signal suppression
mitigating the accurate quantification of 1P, was assessed by
a standard addition experiment employing soil solutions. A
comparison of the slopes obtained for the standard addition
curve and external (aqueous) calibration curve revealed no
significant difference, proving that the method is robust with
regard to the investigated sample matrices. Moreover, the
impact of the HNO; concentration gradient on sensitivity was
investigated. Supporting Information Fig. 51 demonstrates
an intensity loss of approximately 11% over the gradient for
PO (m/z = 47), which is due to ionization suppression. It is
noteworthy that the ICP-MS signal is increasing at m/z = 31
with increasing HNO; concentration because of the increased
formation of N-based interferences, if DRC is not employed.
This clearly indicates the absolute necessity of interference

removal in order to obtain reliable results with the proposed
method.

3.2.1 Improvement of LOD by a large volume
injection

Investigation of IPs in soil is challenging due to the very low
concentrations in soil extracts. Enhancement of sensitivity by
enrichment of IP; at the column head was possible due to
the high-capacity factor provided by the selected stationary
phase and chromatographic conditions. With the presented
method, sensitivity could be improved linearly by increasing
the injection volume from 12.5 to 150 pL (data not shown).
As the background signal and noise were not influenced by
the higher injection volume, this corresponds to a decrease
of the LOD of approximately one order of magnitude. It is
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noteworthy that increasing the injection volume did not affect
the chromatographic characteristics of the method.

3.3 Application

Representative sampling of phosphorus-containing organic
compounds from soil, their identification and accurate quan-
tification as well as the interpretation of the obtained informa-
tion in the context of bioavailability is highly challenging. The
developed separation method was applied to different types
of soil that differ in pH and carbonate content, as these char-
acteristics influence the behavior of selected organic phos-
phorous compounds in soil significantly [1]. The investigated
soils were also characterized for their elemental composition
by ICP-SFMS analysis after aqua regia digestion.

3.3.1 Soil characteristics

The investigated soils were characterized to get more in-
formation about the parameters controlling the solubility of
phosphate and inositol phosphates. These characteristics are
summarized in Supporting Information Table S2. W soil is
a carbonate-free Cambisol with pH,oy, 5.4 and pH,,, 6.3,
respectively. L; and L are calcareous czernosems with pH
values of pH -, 7.7 and pH,,,, 8.4. The CAL-extractable P
(Pcar) is reflecting the potentially plant available P. Accord-
ing to the Austrian guideline for P fertilization [28], the Pear
concentration is very low in soil W, but high in L; and very
high in Ls. This suggests that P deficiency might occur for
crops growing on soil W, but not on L; and L;. The content
of organic carbon (Cy) is very similar for all soils. For to-
tal metal concentrations, significant differences between the
three experimental soils were found, especially regarding Ca,
Mg, and 51 (L3=L1>>W).

3.3.2 Soil extraction

The three soils were extracted with different extraction so-
lutions at different incubation times as described in Section
2.2.1. Detectable amounts of IP; were only obtained after ex-
traction with NaOH/EDTA, whereas in the citrate extracts the
IP; concentration was below the LOD (Table 2).

The separation of IP; from other P species in the
NaOH/EDTA extracts is shown in the chromatogram in
Fig. 3. The combination of NaOH and EDTA has been sug-
gested by Condron et al. [29] for assessing organic phospho-
rus in soils. It is noteworthy that the injection peak is de-
rived from C- or Na-based interferences from the extraction
solution of NaOH/EDTA and does not relate to phosphorus-
containing compounds. Extraction of soil solution by use of
an in-house method based on a preliminary study utilizing
citrate was performed over a relatively long extraction time
of seven days. The citrate solution was selected as extractant
to simulate the solubilizing activity (ligand exchange, ligand-
promoted dissolution [5]) of root exudates. NaN; was partly
added for excluding the influence of microbial activity on the
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Table 3. Separation of IP; in plant root and shoot extracts of two
different cultivars of B. napus

Caracas CR 1885

Root Shoot Root Shoot

pmollg 8D wmolig SD wmol/g SD  pmolig SD

Total P(FI} 3.48 05 16 04 251 03 110 0.7
PO 287 05 145 03 2z 09 0394 03
IPg 0.02 0.01 0.01 0.001 0.02 0.01 0.09 0.001

Note: The SD was calculated from three consecutive measure-
ments of three independently prepared plant extracts of each
plant cultivars and compartment, respectively.

and even at 130 pmol IP; g~ complete saturation was not
achieved (Supporting Information Figs. 53a and b). The high
adsaorption capacity is likely due to the content of Al and Fe
hydroxides, indicated by the high total content of Fe and Al
(Supporting Information Table 52). Since IP; is competing
for the same binding sites as PO,*~, orthophosphate is in-
creasingly released with higher amounts of IP;, adsorbed [31]
(Supporting Information Fig. S3b).

3.3.4 Quantification of IPg in B. napus L. extracts

The suitability of the method for analysis of plant extracts
was assessed for B. napus L. IP; was detected in all plant
extracts, ranging from 10 to 90 pmol/kg fresh weight (Ta-
ble 3). These values are low compared to those reported by
Phillippy et al. [6], but these authors analyzed mainly tubers,
which serve as nutrient storage organs and can therefore
be expected to show higher IP; concentrations than shoots
and roots. However, our data show that the HPIC-ICP-MS
method is suitable for analyzing acidic extracts of fresh plant
material, especially of plant parts that contain low amounts
of IPs. In addition, the new method simultaneously provides
orthophosphate concentrations in the samples, if required.

4 Concluding remarks

For speciation of phosphorus compounds, ICP-MS is an ideal
detector as it offers species-unspecific quantification, robust-
ness against buffers and acids, and good selectivity and sensi-
tivity. However, formation of matrix-based spectral interfer-
ences has to be carefully investigated and suitable strategies
for interference separation have to be applied. The developed
HPIC-ICP-DRCMS method offers excellent reproducibility
and LODs in the submicromel per liter range without the
need of special sample pretreatment. As an advantage, si-
multaneous quantification of orthophosphate and IP; is fea-
sible. This can be of importance for studies aiming at the
investigation of P mobilization and plant nutrition.
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Figure S2: Time-dependent adsorption study of IPg in the three experimental soils. 100 g of soil
was incubated with 716 umol L™ Pg (500 mg L") in 2 mmol L™ Ca (NO3), solution. IPs is quickly
and quantitatively adsorbed by L, and Lj soils, while in W soil fast adsorption is reaching
equilibrium with approximately 30% of the initial IP¢ amount being present in the liquid phase
from 60 min to the end of the experiment (240 min). Error bars represent the relative standard

deviation of three independently performed experiments.
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Table S1. Operating conditions of ion exchange chromatography combined with inductively

coupled plasma-dynamic reaction cell-quadrupole mass spectrometer (ICP-DRC-QMS)

lon

Chromatography

Flow rate 1 mL min”
Mobile phase A H,O

Mobile phase B

Separation Column

500 mmol L' HNO;

lon Pac AS7, 4 x 250 mm
with guard column

AS7, 4 x 50 mm

10 ym particle diameter

Column

temperature 20°C
Injection volume 10 yL
ICP-DRC-MS

Nebulizer Meinhard
Spray chamber Cyclonic, 5 °C
Nebulizer gas flow 1.1 L min™
Auxiliary gas flow 1.2 L min”
Plasma gas 16 L min™
Cell gas flow (O,) 0.8 L min™
ICP RF power 1300 W
Lens voltage 6.1V
Dwell time 50 ms
Rpq 0.3

m/z measured ¥pTeor

56



Table S2. Soil characteristics with elemental composition of the investigated soils derived from

aqua regia digestion. The uncertainty of the values is below 10 % relative standard deviation (n

= 3)

Soil characteristics w L1 L3
PHu20 6.3 8.4 8.4
PHcaci2 54 7.7 7.7
Sand g kg’ 386 222 308
Slit g kg™ 501 655 480
Clay g kg™ 113 123 212
Corg g kg™ 494 476 52.2
Sr mg kg’ 12.1 167 295
Mg mg kg’ 3500 15500 21100
Al mg kg’ 18500 20500 20800
Ca mg kg™ 1500 70000 86100
Fe mg kg’ 20300 22300 20000
Ptotal mg kg™ 478 088 1100
Porg mg kg’ 158 492 173
PcaL mg kg™ 8.53 71.6 150
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S. Neubauer, A. Rugova, D. B. Chu, H. Drexler, A. Ganner, M. Sauer, D.
Mattanovich, S. Hann, G. Koellensperger. Mass spectrometry based analysis of
nucleotides, nucleosides, and nucleobases - application to feed supplements.
Analytical and Bioanalytical Chemistry. 2012, 404, 3:799-808.

Accurate method for quantitative profiling in nucleotide enriched yeast extracts
used as additives in animal feedstuff is presented in publication Ill. The analytical
study concerned the development of a rapid chromatographic separation, which
could be combined with both molecular and elemental mass spectrometric
detection. Since there are no certified reference materials available for this type
of bioanalytical application, the orthogonal ICP-MS method may be implemented

as a reference method for nucleotide quantification and prove the validity of LC-

MS-MS based quantification developed in our working group.
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Abstract In this work, accurate MS-based methods for
quantitative profiling of nucleotides, nucleosides, and nucle-
obases in yeast extracts used as additives in animal feedstuff
are presented. Reversed-phase chromatography utilizing a
stationary phase compatible with 100 % aqueous mobile
phases resulted in superior analytical figures of merit than
HILIC or ion-pair reversed-phase separation. The novel
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separation method was combined with both molecular and
elemental mass spectrometry. By use of RP-LC-MS-MS,
excellent limits of detection <1 umol L' could be obtained
for all the compounds investigated. The elemental specia-
tion analysis approach enabled determination of nucleotides
by phosphorus detection. Sensitivity of LC-ICP-MS was 1—
2 orders of magnitude lower than that of LC-MS-MS.
Quantitative analysis of yeast products using complemen-
tary MS detection fumished values in good agreement.

Keywords Nucleotide - Nucleoside - Nucleobase -
LC-MS-MS - LC-ICP-MS - Feed supplement

Abbreviations
ACN Acetonitrile
ADP Adenosine diphosphate

AMP Adenosine monophosphate

As Adenosine

ATP Adenosine triphosphate

Cd Cytidine

CE Capillary electrophoresis

CMP Cytidine monophosphate

DNA Deoxyribonucleic acid

DRC-QMS Dynamic reaction cell-quadrupole mass
spectrometry

ESI Electrospray ionization

FV Fragmentor voltage

GMP Guanosine monophosphate

Gs Guanosine

HILIC Hydrophilic-interaction liquid chromatography

HPLC High-performance liquid chromatography

IC lon chromatography

ICP Inductively coupled plasma

IMP Inosine monophosphate

P Ion pair
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IS Internal standard

Is Inosine

k' Capacity factor

LC Liquid chromatography
LOD Limit of detection

MeOH Methanol

MRM Multiple reaction monitoring
MS-MS Tandem mass spectrometry

N Number of theoretical plates

NDP Nucleoside diphosphate
NMP Nucleoside monophosphate
NTP Nucleoside triphosphate
RP Reversed phase

tR Retention time

Ud Uridine

UMP Uridine monophosphate
Introduction

Nucleotide-entiched yeast products, used as flavour enhancers
in foods and beverages (high concentrations of 5GMP, and 5'
IMP) [1-3] are currently used for their beneficial effects as
feed supplements. Feed supplementation was mainly pro-
posed because ofreported evidence ofthe effect of nucleotides
on the metabolism of fatty acids and the contribution of
nucleotides to iron absorption in the gut [1, 4].

The production of nucleotide-enriched yeast is based
either on chemical treatment or, more commonly, on autol-
ysis. Yeast cells contain a range of different nucleases, and
autolytic degradation of polynucleotides—basically RNA—
yields different isomers of nucleotides, and nucleosides and
nucleobases. As a consequence, optimization of nucleotide
enrichment and characterization of the yeast products
requires quantitative methods including not only nucleoti-
des, but also nucleosides and nucleobases. More specifi-
cally, the metabolites of interest are the ribonucleotides
CMP, UMP, AMP and GMP—the breakdown products of
RNA—and IMP, and the corresponding nucleobases and
nucleosides. In the past, different nucleotide patterns have
been found in yeast autolysates depending on yeast strain or
autolysis conditions [1, 5]. Moreover, yeast autolysis
resulted not only in the well-known 5" NMPs but also in
isomers phosphorylated at other positions (3’ NMPs and 2’
NMPs) [1, 5].

Table S1 (Electronic Supplementary Material) gives an
overview of the state of the art of chromatography-based
bioanalytical methods and applications for nucleotide,
nucleobase, and nucleoside quantification [1-32]. Alterna-
tive techniques include enzymatic assay [6] or separation by
capillary electrophoresis and capillary electrochromatogra-
phy [7]. A comprehensive overview of recent liquid
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chromatographic methods for determination of endogenous
nucleotides in cancer therapy was recently published [8].
Since the advent of mass spectrometry, its combination with
chromatography has developed into an important technique
for quantitative profiling of metabolites. Accordingly, the
chromatographic separations initially developed for UV
detection [1, 4, 9-11], for example ion chromatography or
reversed-phase chromatography, utilizing non-volatile, sal-
ine buffers, have been replaced by separation methods com-
patible with electrospray ionization. As can be readily
observed, the predominant separation principle used for
nucleotide analysis in combination with MS detection was,
and still is, ion-pair chromatography. Nucleotides—com-
prising phosphate esters—are negatively charged in a wide
pH range. Accordingly, tetraalkylammonium or trialkylam-
monium salts could be used as cationic ion-pair reagents,
especially in combination with UV detection. Different vol-
atile ion-pair reagents, for example dibutylammonium for-
mate [12], dihexylammonium acetate [2], triethylamine [3],
N,N-dimethylhexylamine [13], and dibutylamine [14], have
been used for MS detection. As a general drawback, the
combination of [P-RP-LC with ESI-MS, resulted in adverse
effects, for example limited robustness regarding the stabil-
ity of retention times. Moreover, compromised sensitivity
by ion suppression and contamination is often regarded as a
limitation of this technique. The parallel use of negative and
positive ionization for optimum detection of nucleotides,
nucleosides, and nucleobases is not possible, because of
suppression/interference by the introduced counter ion.
However (also reflected in Table S1), few studies have
focused on altemative modes of chromatographic separa-
tion. As a matter of fact, ion-pair chromatography is unri-
valled in terms of separation efficiency, and reversed-phase
chromatography, the most common separation method com-
bined with ESI-MS was limited to the analysis of nucleo-
bases and nucleosides [15]. Altematively, HILIC [16] or
adsorption chromatography utilizing porous graphitic car-
bon as stationary phase [17, 18] could be applied to nucleo-
tides, nucleosides, and nucleobases. Preinerstorfer et al.
showed the potential of HILIC in a comprehensive metab-
olomic study using HILIC at two different pHs [16]. In
adsorption chromatography high buffer concentrations up
to 100 mmol L™" ammonium acetate were needed for elution
of nucleotides. This, again, limited the compatibility of the
separation method with electrospray ionization techniques.
Table S1 also lists recent elemental speciation methods
based on [CP-MS. Evidently, this type of analysis was
limited to phosphorus-containing nucleotides and was only
rarely applied. The studies concemed extracted DNA sam-
ples, with the objective of quantification of deoxy nucleo-
tides dCMP, dTMP, dAMP, and dGMP. ICP-MS was
combined with pHPLC and capillary electrophoresis
[19-21]. Previous LC-ICP-MS studies had focused on
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analysis of DNA adducts [22, 23] or use of the octapole
collision cell for interference-free measurement of phospho-
rus by CE-ICP-MS and LC-ICP-MS applied to calf thy-
mus DNA [24]. Pioneering work in 1999 utilized
complementary LC-ICP-MS and LC-ESI-MS for quanti-
fication of DNA adducts [25].

In this work, quantitative profiling of nucleotides,
nucleobases and nucleosides in nucleotide-enriched yeast
extracts used as additives in animal feedstuffs was
addressed by use of LC-MS-MS. Recent developments
in RP phases, for example materials with lower ligand
density tolerating highly aqueous conditions, offered
unique selectivity for analysis of these polar compounds
compared with conventional C,¢ phases. Hence, as a nov-
elty, reversed-phase separation of nucleotides, nucleosides,
and nucleobases could be obtained. Analytical figures of
merit of RP—-LC-MS-MS are discussed and compared with
those of ion-pair chromatography-MS-MS and HILIC—
MS-MS. Moreover, because of the absolute lack of refer-
ence materials, a reference method for nucleotide quantifi-
cation was implemented. The reversed-phase separation
was combined with complementary ICP-MS detection.
For the first time, LC-ICP-MS has been used for quanti-
fication of free nucleotides in yeast products.

Experimental
Chemicals and standards

Acetonitrile and methanol of LC-MS-grade were purchased
from Fisher Scientific (Loughborough, UK). Water was
filtered and deionized in two steps. After reverse osmosis,
filtration, and UV treatment as the first step, the electrical
conductivity of the water was <0.2 pS em. The second step
was use of a high-purification system from Millipore (Bill-
erica, USA), which furnished water with electrical resistance
>18 M. Suprapur formic acid (98—100 %, v/v) and glacial
acetic acid (100 %) from Merck (Darmstadt, Germany) and
tributylamine (p.a. =99.5 %) from Fluka (Vienna, Austria)
were used for chromatography. Sodium chloride, tris
(hydroxymethyl)aminomethane (Tris), and hydrochloric
acid (30 % Ultrapur), used for sample preparation, were
purchased from Merck (Vienna, Austria).

Cytosine, uracil, adenine, guanine, cytidine, uridine,
adenosine, guanosine, inosine, SCMP (cytidine 5'-mono-
phosphate disodium salt), S’UMP (uridine 5'-monophos-
phate disodium salt), 5’AMP (adenosine 5'-monophosphate
sodium salt), 3'AMP (adenosine 3'-monophosphoric acid),
2'AMP (adenosine 2'-monophosphate), 5’"GMP (guanosine
5'-monophosphate disodium salt hydrate), 2’GMP and 3’
GMP (guanosine 2" and 3'-monophosphate, mixed isomers
63:36, supplied as the sodium salts), and 5'TMP (inosine 5'-

monophosphate disodium salt) were purchased from Sigma
or Fluka (Vienna, Austria). Adenosine "N 5'AMP ('°N; 5'-
monophosphate, supplied as the sodium salt) and '*N'*C,
uracil from Euriso-top (Saint-Aubin Cedex, France) were
used as internal standards. Each substance (0.5 to 2.0 mg)
was weighed and 1 mL HPLC-grade water was added (for
guanine, guanosine, 3’AMP and 2’AMP 1 mL 0.1 mol L™'
NaOH was added instead of water) resulting in 5 mmol L™
stock solutions. Further dilution was performed with pip-
ettes with disposable tips from Eppendorf (Vienna, Austria).
The final dilution step was conducted by diluting with water.
Stock solutions were kept at —20 °C.

Sample preparation

The samples investigated were provided by the Biomin
research center (Tulln, Austria). These preparations were from
a variety of companies; most are used as additives in animal
feedstuff. Dry powdered feed supplement (50 mg) was dis-
solved in 50 mL saline buffer (150 mmol L' NaCl,
20 mmol L™! Tris adjusted to pH 7.4 with hydrochloric acid)
and treated ultrasonically at room temperature for 15 min.
Centrifugal filtration was conducted using Amicon Ultra filter
units (0.5 mL, 10 kDa cut off, cat no: UFC501096) from
Millipore and the MiniSpin plus micro centrifuge from
Eppendorf (Hamburg, Germany). Filter units were loaded
with 0.5 mL sample solution and centrifuged for 5 min at
14,100 rcf. For LC-ICP-MS analysis, the filtrate was diluted
by a factor of 10, and five standard additions were prepared,
resulting in additional concentrations of 1, 2, 5, 10, and
20 umol L' of 5NMPs. For LC-MS-MS analysis '°Ns 5’
AMP and '*N"*C, uracil were added to each sample as
internal standards before filtration, resulting in final concen-
trations of 2 umol L', and samples were diluted by a factor of
100 after filtration. For standard addition experiments with
LC-MS-MS four spikes were prepared resulting in additional
concentrations of 0.5, 1,2, and 5 pmol L' NMPs.

Chromatography

HILIC-MS-MS was performed with a ZicHILIC separation
column (150 mmx 4.6 mm, 3.5 pm particle size, 100 A pore
size) from SeQuant (Marl, Germany) and a ZicHILIC guard
column (20 mm=2.1 mm, 5 pm particle size). The mobile
phase was a gradient prepared from water—A CN—formic acid
98:1:1 (%v/v) (eluent A) and ACN—water—formic acid 98:1:1
(%v/v) (eluent B). Mobile phase composition was held con-
stant at 90 % B for 2 min, then B was reduced to 10 % within
7 min and was held for 1 min. Subsequent reconstitution of
the starting conditions within 0.1 min and re-equilibration
with 90 % B for 9.9 min resulted in a total analysis time of
20 min. The flow rate was 0.6 mL min ', the injection volume
3 pL, and the column temperature 40 °C.
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[P-RP-LC-MS-MS was performed as published elsewhere
[26]. Inbriefa Synergi Hydro-RP column (150 mmx 2.0 mm,
3 um particle size, 100 A pore size) from Phenomenex
(Aschaffenburg, Germany) was used. The mobile phase was
a gradient prepared from an aqueous 10 mmol L™ solution of
tributylamine, pH adjusted to 4.95 with acetic acid (eluent A)
and methanol (eluent B). Mobile phase composition was held
constant at 0 % B for 5 min, then B was increased to 10 %
within 15 min and was held for 2 min. Subsequent reconsti-
tution of the starting conditions within 0.1 min and re-
equilibration with 0 % B for 12.9 min resulted in a total
analysis time of 35 min. The flow rate was 0.2 mL min ',
the injection volume 3 pL, and the column temperature 40 °C.

RP-LC-MS-MS and RP-LC-ICP-MS were performed
with an Atlantis T3 C,5 reversed-phase column (150 mmx
4.6 mm, 3 pm particle size) from Waters (Milford, USA) with
an Atlantis T3 guard column (20 mm>4.6 mm, 3 pum particle
size). The mobile phase was a gradient prepared from water
containing 0.1 % (v/v) formic acid (eluent A) and methanol
(eluent B). The gradient used for LC-MS-MS was: 0 % B
held constant for 2 min, then increased to 40 % within 8§ min
and held for 2 min. Subsequent increase to 100 % within
0.1 min and held for 1.9 min to flush the column, subsequent
reconstitution of the starting conditions within 0.1 min, and re-
equilibration with 0 % B for 5.9 min resulted in a total analysis
time of 20 min. The gradient used for LC-ICP-MS was: 0 %
B held constant for 2 min, then increased to 40 % within 8 min
and held for 2 min. Subsequent reconstitution of the starting
conditions within 0.1 min and re-equilibration with 0 % B for
7.9 min resulted in a total analysis time of 20 min. For both
detection methods the flow rate was 1.0 mL min ', the injec-
tion volume 12.5 uL, and the column temperature 40 °C.

LC-MS-MS system

Agilent Technologies G1312A series 1200 binary pump,
G1367B high-performance autosampler, and G1316A col-
umn compartment were used for HPLC. MS detection was
performed with an Agilent Technologies 6410 LC-MS-MS
featuring an ESI interface. Source conditions in negative
and positive-ionization modes for IP-RP-LC and HILIC
were: drying gas temperature 300 °C, drying gas flow
10 Lmin"', nebulizer pressure 25 psi, and capillary potential
4000 V. Source conditions in negative and positive-
ionization modes for RP-LC using the Atlantis T3 were:
drying gas temperature 350 °C, drying gas flow 10 Lmin ',
nebulizer pressure 50 psi, and capillary potential 4000 V.
MRM transitions of four nucleobases, five ribonucleosides
and nine ribonucleoside monophosphates were determined
by flow injection of 20 pmol L™ single standards (isocratic
conditions: 0.05 % formic acid in MeOH-H,0 50:50v/v).
For optimization, Mass Hunter Optimizer Software from
Agilent was used in four steps, in the order:
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1. optimization of isolation of the selected precursor ion by
varying the fragmentor voltage;
determination of the four most abundant product ions;

3. optimization of the collision energies for each of these
product ions; and

4. determination of the exact m/z value of the product ions.

The transition with the highest signal-to-noise ratio was
chosen for quantification. For some cases the transition with
the second highest signal-to-noise ratio was chosen for iden-
tification (qualifier). Precursor and product ions, and the spe-
cific values of the fragmentor voltage and collision energy are
listed in Table S2 in the Electronic Supplementary Material.

Phosphorus speciation via LC-ICP-DRC-QMS

For speciation analysis a metal-free chromatographic system
consisting of an AS 50 autosampler (including a custom-made
temperature-control device) and an ICS-3000DP dual pump
system, all from Dionex (Sunnyvale, CA, USA), was used.
Chromatographic separation was performed on an Atlantis T3
C,g reversed-phase column by using the water—methanol gra-
dient described above. HPLC was connected to the [CP-QMS
(Elan 6100 DRC II; Perkin Elmer Sciex, Ontario, Canada)
The Meinhard nebulizer (Elemental Scientific, Omaha, NE,
USA) with the cyclonic spray chamber (PE-SCIEX) were
used as the sample-introduction system. Phosphorus was
measured as PO" at m/z=47 by use of the dynamic reaction
cell (DRC) technique with oxygen at a flow rate of
0.8 mL min . Finally, a downscaling experiment with 2.1
and 1 mm Atlantis T3 columns and the PFA nebulizer (Ele-
mental Scientific) was used for accommodating HPLC flow
1

rates of 50 uL min ' and 200 pL min .

Data evaluation

Generation and export of HPLC-ICP-QMS chromatograms
was performed by use of Chromlink (Version 2.1; PE Sciex)
in combination with Totalchrom (Version 6.2, PE-Sciex).
Chromeleon software (Version 6.7; Dionex, Sunnyvale,
CA, USA) was used for integration of all chromatographic
data from ICP-MS detection. Agilent LC-ESI-MS-MS
data were evaluated by use of Agilent Mass Hunter Qual-
itative and Quantitative Analysis software modules.

Results and discussion
Chromatographic separation
Chromatographic separation of nucleotides, nucleobases, and

nucleosides was studied for analysis of yeast-derived samples
which have been processed to enrich nucleotides. The major
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objective was the development of a novel separation method
suitable for complementary combination with molecular and
elemental mass spectrometry, avoiding use of ion-pair
reagents. In the past, ion-pair reversed-phase chromatography
was the method of choice for analysis of polar (and charged)
nucleotides by LC-MS. However, a severe drawback of the
use of ion-pair reagents is the impaired sensitivity of LC-MS
instrumentation for other applications, because of contamina-
tion. In a first step, two orthogonal chromatographic separa-
tion methods were compared with ion-pair chromatography
using tributylammonium acetate as ion-pair reagent: HILIC
using a zwitterionic phase and a novel reversed-phase separa-
tion using a 100 % wettable C,g phase were tested in combi-
nation with MS-MS-based detection. Retention times and
capacity factors of the three implemented separations princi-
ples are listed in Table 1. As can be readily observed, the ion-
pair RP-LC separation resulted in the expected good separa-
tion efficiency and capacity factors ranging from approxi-
mately 1 to 10. However, for some analytes (adenine,
NMPs) peak tailing was observed. By use of the Atlantis T3
column for reversed-phase separation, not only could ion-pair
reagents be avoided, but also separation time could be signifi-
cantly reduced. By adopting a linear water—methanol gradient
with initial conditions of 100 % aqueous mobile phase, an
excellent separation could be achieved, increasing the number
of compounds studied from 14 to 18 (compare Table 2 with
Table 3, and Figs. 1 and 2). As an outstanding feature, excel-
lentseparation ofthe 5°, 3, and 2" isomers of nucleotides could
be achieved. The isomers of AMP eluted after 6.2, 7.3, and
8.2 min and the isomers of GMP eluted after 6.5, 8.1, and
9.2 min. The isomers of CMP and UMP were not included in
the analysis because standards were not available. Neverthe-
less, in analysis of samples of nucleotide-enriched yeast we

found signals corresponding to isomers of CMP (tz=3.7, 6.0,
and 6.2 min) and isomers of UMP (£,=5.9, 7.3, and 7.6 min).
The separation efficiency of HILIC was, however, relatively
poor, because all the compounds investigated eluted in the
time window from 7.3 to 9.1 min.

In this specific application, separation of nucleosides from
comresponding nucleobases and nucleotides is a crucial crite-
rion. Because of in-source fragmentation, a phenomenon
which often occurs in electrospray ionization, ESI-MS based
unambiguous detection and, consequently, accurate quantifi-
cation could be hampered. More specifically, in-source frag-
ments of a nucleoside could simulate the respective nucleobase
and in-source fragments of nucleotides could simulate the
comresponding nucleosides, if not chromatographically separa-
ted. This criterion is met by ion-pair chromatography and
reversed-phase chromatography. However, using HILIC,
adenine and adenosine were not separated to baseline and the
two compounds uracil and cytosine could not be detected.

As a matter of fact, compared with the other separations
studied, RP chromatography was also superior in respect of
the sensitivity obtained, which ultimately resulted in superior
signal-to-noise ratios. Indeed, significantly lower LODs by 1—
2 orders of magnitude were obtained compared with the other
two methods investigated after MS optimization. Finally, the
water—methanol gradient used in RP-LC enables straightfor-
ward combination with both ESI-MS and ICP-MS detection.

Optimization of ESI-MS-MS detection in combination
with reversed-phase chromatography

In principle both, negative and positive ESI ionization
modes with corresponding MS-MS transitions could be used
for nucleobases, nucleosides, and nucleotides (cytosine and

Table 1 Comparison of three

separation methods for nucleo- Compound tg (min) K

bases, nucleosides, and

nucleotides ZicHILIC Ton pair RP (Atlantis) ZicHILIC Ton pair RP (Atlantis)
Cytosine - 1.5 2.1 - 0.07 0.21
Uracil - 25 5.0 - 0,79 1.83
Adenine 83 5.5 4.1 1.86 2.93 1.33
Guanine 8.6 31 4.5 1.97 1.21 1.56
Cytidine 8.9 2.6 4.3 2,07 0.86 1.47
Uridine 7.0 3.6 7.2 1.41 1.57 3.09
Adenosine 8.2 124 7.6 1.83 7.86 336
Inosine 73 6.7 8.2 1.52 3.79 3.66
Guanosine 8.0 8.5 82 1.76 5.07 3.66
S'CMP 9.1 14.2 3.7 2.14 9.14 1.10
SUMP 8.2 15.2 5.9 1.83 9.86 2.40
S'AMP 8.7 16.1 6.2 2.00 10.50 2.57
STMP 83 15.5 7.0 1.86 10.07 3.01
5'GMP 8.8 15.5 6.8 2.03 10.07 2.87
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Table 2 Analytical figures of merit for RPLC-MS-MS and RPLC-ICP-MS mfthod development for separation and detection of nucleobases,

nucleosides, and nucleotides in aqueous solution

Compound g (min) K N S/N® LOD LOQ Precision of
(nmol L™ (nmol L") LC-MS-MS,
RSD (%; n==6)
LC- LC- LC-  LC-  LC- LC-  LC- Lc- L~ - Le- L LC- Le-
MS- ICP- MS$  ICP- MS- ICP- MS-  ICP- MS- ICP- MS-  ICP-  MS-  ICP-
MS MS MS MS MS MS MS MS MS MS MS MS MS MS
Cytosine 2.1 - 0.21 - 2260 - 11900 - 030 - 1.0 - 13 -
Uracil 5.0 - .83 - 8750 - 133 - 38 - 130 - 15 -
Adenine 4.1 - 133 - 4970 - 3030 - 1.4 - 4.7 - 15 -
Guanine 45 - 1.56 - 6240 - 4990 - 087 - 2.9 - 8 -
Cytidine 43 - 147 - 5650 - 48690 - 0.082 - 027 - 5 -
Uridine 7.2 - 3.0 - 44180 - 7180 - 0.67 - 2.2 - 3 -
Adenosine 7.6 - 336 - 45230 - 19060 - 017 - 056 - 8 -
Inosine 8.2 - 3.66 - 49670 - 9360 - 033 - 1.1 - 6 -
Guanosine 8.2 - 366 — 52680 - 20020 - 020 - 067 - 7 -
5'CMP 3.7 3.2 110 092 4790 2800 1800 30 2.6 170 8.7 550 3 4
5'UMP 5.9 5.1 240  2.08 18110 5030 5750 21 094 240 3.1 790 3 5
5'AMP 6.2 6.0 2.57 2.57 31680 15760 5070 81 0.93 61 3.1 200 2 6
3'AMP 7.3 7.1 3.18 326 42840 43400 12450 73 039 68 1.3 230 2 5
2'AMP 8.2 8.0 3.69 378 54330 57480 16910 101 028 49 0.93 160 3 5
5TMP 7.0 6.7 3.01 3.02 33610 24070 2880 44 1.8 110 5.9 370 2 5
5'GMP 6.8 6.5 2.87 2.89 37370 25490 3980 52 1.3 96 43 320 3 6
3'GMP 8.1 7.7 3.60 3.6l 43400 41840 3410 25 0.98 130 33 430 3 6
2'GMP 9.2 8.7 424 422 53330 41100 2400 8 0.85 220 2.8 730 4 5

®Signal-to-noise ratio from 10 umol L™ standards except 3'GMP (6.3 umol L™') and 2'GMP (3.6 pmol L™")

uracil transitions were found in positive mode only and 5’
IMP transitions in negative mode only). However, optimum
sensitivity was obtained by use of the positive-ionization
mode for nucleobases and nucleosides, and the negative
mode for nucleotides, resulting two methods. In both meth-
ods, the optimum transitions of quantifier and qualifier ions
of analytes and internal standards were segmented into three
time intervals, as illustrated in Figs. 1 and 2. Table S2 in the
Electronic Supplementary Material summarizes the opti-
mized measurement routine used in this study. With regard
to MRM settings, for all nine nucleobases and nucleosides
the selected precursor ions corresponded to [M+H]" ions.
Product ions for nucleoside measurement corresponded to

the entire or fragmented nucleobase. For the nucleotides, all
selected precursor ions corresponded to [M—H] ions. Se-
lected product ions were derived from the nucleobase, from
the phosphate (m/z=79 or 97), or from the ribose phosphate
(m/z=211). Quantifier and qualifier fragments could be
implemented for most of the compounds investigated.
Moreover, for internal standardization, isotopically labelled
N3¢, uracil and >Ns AMP were included in the MS
method as given in Table S2. Dwell times were optimized,
depending on the number of concurrent transitions per time
segment required to achieve 15 to 30 time points per peak.
Figs. 1 and 2 show chromatograms resulting from optimized
RP-LC-MS-MS determination of a standard mixture.

Table 3 Downscaling of normal

bore RP-LC-ICP-DRC-MS to Compound Column diameter Flow SIN LOD LOQ
microbore RP-LC-ICP-DRC-MS (uL min”") (nmol L™") (nmol L™
AMP 1 50 6 1683 5612
2.1 200 35 310 1032
4.6 1000 81 61 203
CMP 1 50 2 4832 16106
2.1 200 8 1240 4134
4.6 1000 30 170 567
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Fig. 1 Extracted 35000
chromatograms of nine MRM 2 2 3
transitions obtained by RPLC- Adenosine
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mixtures of four nucleobases 2843152
and five nucleosides. Concen- 23000 1
trations are 10 pmol L™ for
uracil, 1 pmol L™ for adeno- a
. -1 < 20000

sing, and 2 pmol L~ for the =
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As already mentioned above, interferences arising
from in-source fragments were avoided by chromato-
graphic separation. In nearly all cases, interferences from
compounds differing in one mass unit and with analo-
gous quantifier ions could also be avoided by reversed-
phase chromatographic separation. In these cases, the
isotopologue M+1 of the lighter analyte could simulate
the heavier analyte. A number of pairs of analytes differ
by one mass unit—cytosine and uracil, cytidine and
uridine, adenosine and inosine, CMP and UMP, and
AMP and IMP. After reversed-phase separation, only
one problematic case was left. At high concentrations
of 3'AMP, the separation between the 3’AMP and 5’
IMP was not sufficient, as can be observed in Fig. 2.
As a consequence, the isotopologue M+1 of 3'AMP
(m/z=347, tp=7.3) simulated 5'IMP (m/z=347, 1=7.0)

Fig. 2 Extracted

having the corresponding transition 347—79. Moreover,
two nucleosides, i.e. inosine and guanosine, were not
separated by the developed reversed-phase chromato-
graphic method (Fig. 1). However, in this case, specific
fragments enabled interference-free detection and accu-
rate quantification.

Excellent signal-to-noise ratios could be obtained, result-
ing in LODs in the sub-nmol L™' range for all the inves-
tigated nucleosides, nucleobases, and nucleotides
summarized in Table 2. More specifically, for nucleobases
(measured in positive-ionization mode) LODs were between
0.3 and 1.4 nmol L™ with the exception of uracil (LOD
40 nmol L™"). LODs between 0.08 and 0.7 nmol L' and
between 0.3 and 2.6 nmol L™ were obtained for nucleosides
(measured in positive-ionization mode) and nucleotides (in
negative-ionization mode), respectively.

o 5'GMP S'IMP 3'AMP
(,hmm.alogmms.of six MRM 362379 347379 206379 IGMP
transitions obtained by RPLC- 6000 4 T 3623211
MS-MS in negative-ionization AP A
mode from nine nucleotides ina e 36573 | 2 * 2AMP
2 pmol L™ aqueous standard 34679
mixture (except 3'GMP \
1.26 pmol L™" and 2'GMP 2000 J s'ume : P
5 -1 323379 !
0.72 pmol L™ 8 [ i 3625211
= i
g 000 | s'cmP i
g 312579 i
— ]
2000 :
|
1000 -
0 T T J T T
1 2 3 4 5 6 7 8 9 10
Time / min
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Reversed-phase chromatography and detection by ICP-MS

No reference materials are available for this type of bio-
analytical application. Therefore, for a subset of target
compounds a complementary measurement method was
implemented. The method entailed quantification of
nucleotides containing the hetero-element phosphorus by
LC-ICP-MS. Figure 3 presents the LC-ICP-MS chroma-
togram of nine nucleotides in a 10 pmol L' aqueous
standard mixture. The retention times, corresponding
capacity factors, and theoretical number of plates (N) of
the investigated nine nucleotide standards are in agreement
with those obtained by LC-MS-MS (Table 2), taking into
consideration the extra-column conditions of the different
HPLC systems used (i.e. dead volume of HPLC, capillary
length, and interface dead volume). For all peaks, resolu-
tion, calculated in accordance with the European Pharma-
copeia, was >1.60.

Phosphorus detection was achieved by applying [CP-MS
with the dynamic reaction cell technique. Thus, phosphorus
was measured via the *'P'®0" molecular ion. As shown
elsewhere, the sensitivity achieved in dynamic reaction cell
mode is comparable with that of 3P measurement in the
standard mode of the quadrupole ICP-MS [27]. Detection
by ICP-DRC-MS was preferred in this study to tackle
spectral interferences inherent to N-containing analytes, for
example ("N'°0)" or (*N'®O'H)". The application of
sector-field mass spectrometry would be beneficial in terms
of sensitivity. Becker et al. reported off line LOD of
0.02 ug P L' when applying mass resolution R=4,000
[28]; this exceed the LODs routinely obtained by ICP-—
DRC-MS by a factor of 10-20. One disadvantage of com-
bining sector-field MS with reversed-phase chromatography

was lower robustness and more severe matrix suppression
effects than for the combination of quadrupole ICP-MS and
reversed-phase LC. In this work, as is apparent from Table 2,
comparable signal-to-noise ratios were obtained for all the
nucleotides investigated, despite the fact that gradient elu-
tion was used, because signal suppression was compensated
by superior peak shape of the late eluting compounds. The
limits of detection were approximately 100 nmol L™, 2-3
orders of magnitude higher than in LC-MS-MS. As a con-
sequence, fundamental experiments were performed to
address the question of whether sensitivity could be
improved by down-scaling narrow-bore LC—ICP-DRC-
MS to capillary LC-ICP-DRC-MS. A previous study
showed that sensitivity loss because of matrix suppression
effects exerted by organic solvents could be compensated to
some extent by down-scaling LC, i.e. reducing the amount
of HPLC eluent introduced to the plasma [29]. Hence,
reversed-phase separation of two selected lead compounds
was combined to ICP-DRC-MS using different column
diameters, i.e. 4.6 mm, 2.1 mm, and 1 mm, with the respec-
tively down-scaled LC flow rates and injection volumes.
Table 3 summarizes the S/N ratios obtained and resulting
limits of detection for 5’AMP and 5'CMP. No sensitivity
improvement could be achieved for either substance eluting
under different conditions.

Quantitative study in nucleotide enriched yeast

Finally, both methods LC—MS-MS and LC-ICP-MS were
applied to a quantitative study of nucleotide-enriched yeast
products. Because the aqueous solubility of nucleotides and
related substances is high, sample treatment was straightfor-
ward and included dilution in saline buffer followed by

Fig. 3 Extracted 30000 -
chromatogram of PO™ at 2'AMP
m/z=47 obtained by RPLC-
ICP-DRC-MS of nine 25000 -
nucleotides in a 10 pmol L™
aqueous standard mixture SEARAp
(except 3'GMP 6.3 pmol L™ 20000 -
and 2'GMP 3.6 umol L™") 3

= S'AMP

3

2 15000 | S'GMP

> 5'IMP

2

< 10000 - S'CMP

s'UMP 3GMP
5000 2'GmP
0 T T T T T T T
1 2 3 4 5 6 7 8 9 10
Time { min
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Table 4 Concentrations (pmol

guwﬁl) of nucleotides in one Compound External calibration Standard addition Standard addition
sample of feed supplement LC-MS-MS LC-MS-MS LC-ICP-MS
measured by LC-MS-MS and
LC-ICP-MS via external cali- 5'CMP 132+4 1311 131+£3
bration and standard addition, STIMP 162+5 1612 14447
(standard uncertainty of extemal 5, \p 2.440.04 376054 450+2
calibration calculated from n=3 , .
determinations; standard uncer- I'AMP 2.78+0.04 3434043 n.a.
tainty of standard addition 2'AMP 0.77+0.02 0.83+0.45 nat
experiments calculated accord- STMP 24945 23243 24012
2
ing to DIN 32643) SGMP 19846 180+2 18544
3'GMP 441+0.15 4.88+0.32 na®
2'GMP 1.62+0.07 1.67+0.11 na®

*Not analysed

centrifugal filtration (10 kDa cut-off filtration) for removing
high-molar-mass biomolecules (proteins, RNA) and par-
ticles. In the past, centrifugal ultrafiltration without further
treatment steps was applied to infant formulas [11] and
filtration through a 0.45 wm membrane was used for sample
preparation of cell-free yeast autolysates [1].

For almost all the nucleoside and nucleobase compounds
the approach implemented in this work resulted in satisfactory
recovery (=90 %; determined by studying, by LC-MS-MS,
the recovery of a sample spiked with 5 pumol L™ standard).
The exceptions were adenine and adenosine for which recov-
ery was approximately 75 %. Corresponding experiments
with nucleotide standards revealed average recovery was
95 %. Hence, internal standardization for accurate quantifica-
tion by LC-MS-MS was implemented as given in Table S2 in
the Electronic Supplementary Material. Using this approach,
losses during the sample preparation could be corrected for
and the standard uncertainty obtained for n=6 individually
prepared standards by LC-MS-MS was approximately 4 %.
Analysis of n=4 individually prepared samples revealed a
repeatability was 10—15 %. Table 4 summarizes the compara-
tive quantification of nucleotides by the two complementary
MS-based methods using a nucleotide enriched yeast sample
provided by our industry cooperation partner. The sample was
prepared as described above, and the filtered aliquots were
measured by use of different detection methods and quantifi-
cation strategies. Because isotope dilution analysis could not
be used for the monoisotopic phosphorus, standard addition
by LC-ICP-MS was compared with external calibration and
standard addition by LC-MS-MS, (both quantitative strat-
egies using internal standardization as given in Table S2 in
the Electronic Supplementary Material). As can be readily
observed, the quantitative values obtained were in good agree-
ment. Moreover, LC-MS-MS determinations revealed
concentrations of nucleosides and nucleobases of approxi-
mately <15 pmol gpy ' for all the samples investigated (for
methodological details see Electronic Supplementary Material
Table S2).

Conclusion

Quantitative profiling of nucleotides, nucleobases, and
nucleosides by different methods was investigated. RP—
LC-MS-MS was the method of choice for accurate and
sensitive quantification. The separation method was rapid
and versatile, overcoming the technical restriction associ-
ated with ion-pair chromatography. Moreover, combination
of the implemented reversed-phase separation with comple-
mentary [CP-MS detection was straightforward. In this way,
a reference method for nucleotide quantification could be
established and proved the validity of LC-MS-MS based
quantification.
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Table S1 Selected publications on nucleotide analysis

Analytes Detection Limits Application, Samples Chromatography Analysis Detection Ref. Year
Time / min publ
AMP, ADP, GDP, UTP, ATP acid soluble extracts of IC, solution of KH,PO, and KCl 70 UV detection, full [1] 197
human cell extracts scale absorption 3
20 isomers (5’, 3’ and yeast autolysates IP-RP-LC, 0.05 M 40 UV detection at 245 [6] 199
2’isomers) of NMPs and tetrabutylammmonium-phosphate, and 280 nm 5
dNMPs phosphate buffer, pH 5.45
18 nucleobases, nucleosides 3-29 pmol pharmacodynamic isocratic IP-RP-LC, 55 UV detection at 254 [7] 200
and nucleotides on column monitoring, human blood H3POQ,/triethylamine/MgSQ, nm 3
cells
Cd, Ud, As, Is, Gs, CMP, UMP, 0.05-0.68 mg*g'1 bovine and human milk, RP-LC, KH,PO, buffer, pH 5.6 130 UV detection at 250, [3] 200
AMP, IMP, GMP infant formulas 260 and 270 nm 6
CMP, UMP, AMP, IMP, GMP 0.01-0.05 ug*mL™ | infant formulas IC, 50 mM (NH,4),HPO; buffer, pH 4.0 30 UV detection at 254 [2] 200
nm 8
16 nucleosides, NMPs, NDPs method development, adsorption chromatography PGC, 18 ESI(+,-) LC-MS [9] 200
and NTPs standard solutions H,0/ACN, NH,AC 4
nucleotides, sugar nucleotides, | 0.01 —0.06 um*mL | microbial metabolomics IP-RP-LC, H,0/MeOH, hexylamine, pH 51 ESI(-) LC-MS, [20] 200
sugar bisphosphates and ! 6.3 linear ion trap 6
coencyme A esters
AMP, CDP, UDP, ADP, GDP, 0.25 -4 pmol cells and tissues of rats IP-RP-LC, H,0/MeOH, 20 ESI(-) LC-MS [17] 200
CTP, UTP, ATP, GTP, NAD, FAD on column dibutylammonium formate 7
23 nucleosides and LLoQ<2.1uM dietary foods and beverages IP-RP-LC, H,O/ACN, 50 ESI(+,-) LC-MS [21] 201
nucleotides dihexylammonium acetate, pH 5.0 0
21 isomers (5’,3’, and Champagne wine IP-RP-LC, H,0/MeOH, 90 ESI(-) LC-MS-MS, [16] 200
2’isomeres) of NMPs and tetrabutylamine, phosphate buffer, triple quadrupole MS 1
dNMPs pH 4.45
mono-, diand ca. 1 pmol method development, capillary IP-RP-LC, H,0/MeOH, 60 ESI(+,-) LC-MS, MS- [11] 200
triphosphorylated nucleotides on column standard solutions N,N-dimethylhexylamine MS, triple quadrupole 2
of Cd, Ud, As, Gs MS
more than 30 nucleobasesand | 0.1-10 uM purine and pyimidine RP-LC, H,0/MeOH, ammonium 17 ESI(+) LC-MS-MS, [18] 200
nucleosides metabolic profile, urine acetate triple quadrupole MS 6
29 metabolites including AMP, 2.6 -60nM cell extracts of Escherichia IP-RP-LC, H,0/MeOH, 90 ESI(-) LC-MS-MS, [15] 200
cyclic GMP, ADP, ATP, NAD, coli tributylammonium acetate quadrupole ion trap 7
NADH, NADP, NADPH MS
Cd, Ud, As, Is, Gs and a urine (cancer markers) HILIC, ACN/H,0, HCOONH,, HCOOH 60 ESI (+) LC-MS-MS, [10] 200
number of modified quadrupole ion trap 8
nucleosides MS
24 nucleotides and related 100 - 250 nM cultured chinese hamster IP-RP-LC, H,0O/MeOH, 35 ESI(-) LC-MS-MS, [12] 200
phosphorylated species ovary cells N,N-dimethylhexylamine tripple quadrupole 8
MS
16 nucleotides 0.03 - 0.62 pmol intracellular nucleotides in IP-RP-LC, H,O/ACN, dibutylamine, 25 ESI(-) LC-MS-MS, [19] 200
on column microorganisms pH6.7 triple quadrupole MS 9
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Table S2 MRM settings of the LC-MS-MS instrument

Compound Polarity / time Dwell time / Precursor ion Quantifier Qualifier FV?/ CEb)Quanﬁﬁer/ CEb)Qua“ﬁer/ IS for
segment ms \Y \Y Vv quantification
Cytosine +/1 500 112.1 94.9 52.0 104 17 33 BN"c, Uracil
Uracil +/2 100 113.0 43.0 - 90 21 - PN, Uracil
PN, +/2 100 116.0 70.9 97.9 100 13 13 -
Uracil
Adenine +/2 100 136.1 118.9 91.9 124 25 33 BN, Uracil
Guanine +/2 100 152.1 134.9 109.9 104 17 21 BN, Uracil
Cytidine +/2 100 244.1 111.9 94.9 70 9 40 BN, Uracil
Uridine +/3 100 245.1 112.9 - 70 9 - BN, Uracil
Adenosine +/3 100 268.1 135.9 118.9 90 17 40 PN, Uracil
Inosine +/3 100 269.1 136.9 - 80 9 - PN, Uracil
Guanosine +/3 100 284.1 151.9 134.9 80 13 40 PN, Uracil
5'CMP -/1 500 322.0 79.0 97.0 -124 -40 21 N5 5'AMP
5'UMP -/2 100 323.0 78.9 96.9 -114 -40 21 BNs 5'AMP
5'AMP -/2 100 346.0 78.9 134.0 -114 -40 -40 BNs 5'AMP
3'AMP -/2 100 346.0 211.0 79.1 -114 -13 -40 BNs 5'AMP
2'AMP -/3 200 346.0 211.0 134.0 -114 -13 -40 >Ns 5'AMP
5'1MP -/2 100 347.0 79.1 - -114 -40 - N5 5'AMP
N 5'AMP -/2 100 351.0 79.0 139.0 -104 -33 -37 -
5'GMP -/2 100 362.0 79.0 211.0 -124 21 -13 >N 5'AMP
3'GMP -/3 200 362.0 211.0 79.0 -124 -13 21 >Ns 5'AMP
2'GMP -/3 200 362.0 211.0 79.0 -124 -13 21 °Ns 5'AMP

a) Fragmentor voltage
b) Collision energy
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CONCLUSION

Within this thesis rugged, sensitive, and selective methods for speciation and quantification of
phosphorus-containing compounds employing ion exchange and reversed phase
chromatography coupled to ICP-MS have been developed.

The first presented validated method based on strong anion exchange chromatography and
ICP-DRC-MS detection is the first method to quantify simultaneously orthophosphate and myo-
inositol hexakisphosphate (IPs), both inorganic and organic phosphorus compounds in a single
chromatographic run. This method is applied successfully in plant and soil related samples
offering excellent reproducibility and limits of detection in the submicromol per liter range.
NaOH/ EDTA Extraction of soil solution gave the highest extraction efficiency for IPs amongst
other organic phosphorus compounds. Since phosphate is not amenable to LC-MS/MS, which is
a clear drawback in the context of soil and rhizosphere research, ion chromatography employing
acidic gradient elution coupled with ICP-DRCMS is a method of choice for quantification of
orthophosphate and phytic acid in soil and plant related samples. This can be of great
importance for studies aiming at the investigation of phosphorus mobilization and plant nutrition.
Another novel reversed-phase chromatography coupled to ICP-MS based method for
quantitative profiling of nucleotides has been developed. The LC utilizing a stationary phase
compatible with 100 % aqueous mobile phase was combined with both molecular and elemental
mass spectrometry. Sensitivity of LC-ICP-MS was 1-2 orders of magnitude lower than that of
LC-MS-MS. However, quantitative analysis of yeast products using complementary MS
detection gave results in a good agreement. This is the first LC—ICP-MS reported method that
has been used for quantification of free nucleotides in yeast products. This method can be
established as a reference method for nucleotide quantification and proven the validity of LC—
MS—-MS based quantification due to the lack of reference materials for nucleotide quantification.
Moreover, within this PhD project a review discussing state-of-the-art mass spectrometric
methods which have been developed and applied since the beginning of this century. for
investigation of chemical processes in the rhizosphere is presented. This review covers both
elemental and molecular mass spectrometry as well as their combination with different

separation techniques.
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Professional occupation

03/ 2014 — 09/ 2016 Mass spectrometry technician in the Environmental Sample

Analysis Mass Spectrometry Team within International Atom

Energy Agency, Seibersdorf, Austria.

01/ 1999 - 04/ 2014 University Assistant at Department of Chemistry, Faculty of

Natural Sciences, University of Pristina, Kosovo.

University Assistant at Department of Pharmacy, Medicine and

Stomatology, Faculty of Medicine, University of Pristina, Kosovo.

Language skills

Albanian Mother Tongue
English Fluent
Croatian-Serbian Fluent

Italian Fluent

German Beginner
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