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ABSTRACT: A liquid chromatography—electrospray ionization time-of-flight mass spectrometry method has been developed for
the direct and simultaneous determination of 10 low molecular mass organic acids in different plant tissue extracts. The method does
not include a derivatization step. Quantification was accomplished using *C-labeled malic and succinic acids as internal standards.
Good limits of detection (0.05—1.27 pmol) were obtained for malic, 2-oxoglutaric, succinic, quinic, shikimic, cis-aconitic, and citric
acids, whereas for oxalic, ascorbic, and fumaric acids limits of detection were 255, 25, and 11 pmol, respectively. Repeatability values
for the retention time and peak area were <5%, with the exception of ascorbic acid. Analyte recovery was between 92% and 110% in
most cases, with the exception of oxalic (39—108%), 2-oxo§lutaric (44—69%), and ascorbic (22—86%) acids, which may require
specific extraction procedures and use of the corresponding '*C-labeled organic acid as internal standards to improve accuracy. The
method was applied to three types of plant materials: sugar beet leaf extracts, tomato xylem sap, and commercial orange juice.
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B INTRODUCTION

Low molecular mass organic acids are involved in essential
pathways in plant metabolism. For instance, citrate, malate,
succinate, fumarate, and 2-oxoglutarate are carboxylate inter-
mediates in the Krebs cycle, the central energy-producing path-
way of the cell. This metabolic route not only provides reducing
power to the cell, but also supplies important precursors for the
synthesis of other biomolecules." 2-Oxoglutarate is also a key
metabolite for proper balancing of the carbon /nitrogen metabolism,”
whereas shikimic acid is a precursor for aromatic amino acids,
flavonoids, alkaloids, and Lignin,3 and ascorbate takes part in cellular
redox control and antioxidative activities.* Oxalate, malate, and
citrate are also involved in metal detoxification® and/or transport.6
Furthermore, organic acids play important roles in the metabolic
response and adaptation of plants to different micronutrient stresses
such as Fe’ and P® deficiencies and determine the organoleptic
properties of fruit juices and other fresh produce.” The concentra-
tions of carboxylates in plant tissues cover from the nanomole per
kilogram to the millimole per kilogram fresh weight ranges, depend-
ing on the plant tissue and experimental conditions involved.

Many methods have been developed for the determination of
low molecular mass carboxylates in a wide variety of complex
matrixes, including plant tissue extracts.'®”'* Some of these
methods tackle the direct determination of organic acids in sample
extracts without any previous separation step. For instance, enzy-
matic assays using UV—vis detection have been used for the
determination of some carboxylates; however, these techniques
usually target a specific compound and cannot be used to determine
the whole range of carboxylates occurring in the sample.'*~'* Most
of the methods used nowadays combine a first separation step and a
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second detection one. Commonly used separation techniques are
capillary zone electrophoresis, gas chromatography (GC), and high-
performance liquid chromatography (HPLC), and the detection
technique most often used is UV —vis spectrophotometry. How-
ever, UV—vis has a poor specificity due to the fact that many of
the compounds present in the complex matrixes of sample
extracts, which include carboxylates and others, can have very
similar spectra.'® Also, the relatively low UV—vis extinction
coefficients of organic acids have led to the use of derivatization
procedures."”

More recently, the analysis of carboxylates has been tackled
using GC and HPLC coupled to mass spectrometry (MS) detection-
based techniques. Mass spectrometry detection provides major
advantages over UV—vis for the determination of carboxylates
in complex matrixes that contain a large number of interfering
compounds. First, selectivity is highly improved, especially when
using high-resolution MS detection techniques such as time-of-
flight (TOFMS); the good mass accuracy provided by high-
resolution MS techniques allows for the unambiguous elucida-
tion of molecular formulas in the case of small analytes such as
carboxylates. This technique has been used for the determination
of carboxylates in different plant tissues and plant exudates.'®"?
Furthermore, sensitivity is also frequently improved when using
MS detection as compared to UV—vis, as shown for shikimic
acid."® Derivatization has been used to further improve the

Received:  February 4, 2011
Accepted:  May 28, 2011
Revised: May 23, 2011

Published: May 28, 2011

6864 dx.doi.org/10.1021/jf200482a | J. Agric. Food Chem. 2011, 59, 6864-6870



Journal of Agricultural and Food Chemistry

chromatographic separation of carboxylates and ESI ionization
efficiency, leading to selectivity and sensitivity increases.'”°
Recently, derivatization with isotope-labeled tags has been used
in metabolomic analysis, with a focus on profiling carboxylic acid-
containing metabolites.” The occurrence of isobaric carboxylate
compounds such as citric and quinic acids (both having an M, of
192.1) can make necessary, if mass resolution is not sufficient,
either a previous separation of these compounds or the use of
molecular fragmentation MS techniques such as selected reac-
tion monitoring (SRM). For instance, SRM has been used to
determine carboxylates in different plant species and tissues by
quadrupole ion trap MS'® and in natural waters by triple-
quadrupole MS.**

Although some recent electrospray ionization (ESI)-MS-
based methods do not use internal standards (ISs),'®**** such
standards are needed to warrant the reproducibility and accuracy
of any HPLC—ESI-MS analysis, especially when analyzing com-
plex matrixes.*>>® This is due to the nature of the ionization
process required to couple the HPLC and MS devices, since
analyte ionization efficiency not only is strongly affected by
coeluting compounds, but also can change during day-to-day
operation. Compounds used as ISs should have chemical char-
acteristics as close as possible to those of the analytes, and for this
reason stable isotope-labeled compounds are commonly used.
For instance, D-labeled succinic acid'® and **C-labeled oxalic and
citric acids'’ have been recently used as ISs in the analysis of
carboxylates in different plant materials by HPLC—ESI-MS.

The main aim of this study was to develop and validate a new
HPLC—ESI-TOFMS method for the direct determination of
low molecular mass organic acids in plant tissue extracts. The
method does not include any derivatization step and is based on
an isocratic HPLC separation and a high-resolution mass detec-
tion (TOEMS) using "*C-labeled malic and succinic acids as ISs.
The method has been applied to determine the concentrations of
several carboxylates in different plant tissue extracts and fluids,
including leaf extracts, xylem sap, and orange juice.

B MATERIALS AND METHODS

Reagents. Oxalic, 2-oxoglutaric, cis-aconitic, malic, quinic, shikimic,
fumaric, formic, and metaphosphoric (MPA) acids were purchased from
Sigma (St. Louis, MO), succinic acid was obtained from Merck
(Darmstadt, Germany), and citric and ascorbic acids were purchased
form Riedel-de Haen (Seelze, Germany). Carbon-13-labeled malic
(["*C,]malic acid, *C-malic acid) and succinic ([1,4-'*C,]succinic acid,
3C-succinic acid) acids were purchased from Cambridge Isotope
Laboratories (Andover, MA). All extraction buffers, standard solutions,
and mobile phases were prepared with analytical-grade type I water
(Milli-Q Synthesis, Millipore, Bedford, MA).

Standard Solutions. Stock solutions of 10 mM oxalic (M,, = 90.0),
cis-aconitic (M,, = 174.1), 2-oxoglutaric (M,, = 146.1), citric (M,,, =
192.1), malic (M, = 134.1), quinic (M,,, = 192.2), ascorbic (M, = 176.1),
shikimic (M,,, = 174.1), succinic (M,, = 118.1), and fumaric (M,, =
116.1) acids and the ISs "*C-malic acid (M,, = 137.1) and "*C-succinic
acid (M,, = 120.1) were prepared in 0.1% (v/v) formic acid in water.
Aliquots of each stock were conserved at —20 °C until analysis.

Plant Material. Leaves of sugar beet (Beta vulgaris L.), xylem of
tomato (Solanum lycopersicum L.), and commercial orange juice were
chosen to cover a wide range of analytes, analyte concentrations, and
matrix compositions. Sugar beet and tomato plants were grown for
1 month in a controlled-environment growth chamber (16 h light/8 h
dark photoperiod, 24 °C day/20 °C night). Tomato xylem sap was
sampled by detopping shoots 3 cm above the cotyledons. The first xylem

sap drops were discarded to avoid contamination, the cut surface was
wiped dry, and xylem sap was collected for 20 min in eppendorf tubes
kept on ice and immediately stored at —80 °C. Leaves of B. vulgaris were
frozen in liquid N, and stored at —80 °C.

Organic Acid Extraction. Sugar beet leaves (100 mg of frozen
powder) were supplemented with "*C-malic and "*C-succinic acids
(200 nmol each), 1 mL of 4% cold MPA was added, and homogenization
was carried out with an MM301 ball mill (Restch, Diisseldorf, Germany)
for 3 min at 30 Hz. Homogenates were centrifuged at 15000g for 20 min
at 4 °C, supernatants were collected, and the pellets were extracted again
by vortexing with 4% MPA for 3 min. After centrifugation at 15000g for
S min at 4 °C, both supernatants were pooled and then filtered through
0.22 um poly(vinylidene fluoride) (PVDF) membranes. Leaf extracts
were taken to a final volume of 2 mL with mobile phase (0.1% (v/v)
formic acid) and analyzed immediately by HPLC—ESI-TOFMS. Five
replications of each extract were made.

Tomato xylem sap and orange juice were diluted S- and 20-fold,
respectively, with 1 mL of 4% (w/v) cold MPA. At this time, the ISs *C-
malic (200 nmol) and '*C-succinic (200 nmol) acids were added,
samples were extracted by vortexing for 3 min and centrifuged at
15000g for S min at 4 °C, and supernatants were collected and then
filtered through 0.22 #m PVDF membranes. Extracts were taken to a
final volume of 2 mL with 0.1% (v/v) formic acid and analyzed
immediately. Five replications of each extract were made.

HPLC—ESI-TOFMS Analysis. Analyses were carried out with a
mictOTOF II ESI-TOFMS apparatus (Bruker Daltonik, Bremen,
Germany) coupled to an Alliance 2795 HPLC system (Waters, Milford,
MA). To optimize the ESI-TOFMS signal, a direct injection of a
combined standard solution (10 #M concentration of each carboxylate
in 0.1% (v/v) formic acid) was carried out using a syringe pump (Cole-
Parmer, Vernon Hills, IL) operated at 180 yL-min~". All MS analyses
were done in negative ionization mode. The nebulizer gas (N,) pressure
and drying gas (N,) flow were kept at 1.6 psiand 8.0 L-min~'. The mass
axis was calibrated, externally and internally, using Li—formate adducts
(10 mM LiOH, 0.2% (v/v) formic acid, and 50% (v/v) 2-propanol). The
internal mass axis calibration was carried out by introducing the solution
containing Li—formate adducts with a divert valve at 3 and 17 min in the
HPLC run. Spectra were acquired in the mass/charge range of 80—
300 m/z. HPLC separation was carried out in a Supelcogel H 250 x
4.6 mm anion exchange column packed with a matrix of sulfonated
polystyrene/divinylbenzene (Sigma). The autosampler and column
temperatures were 6 and 30 °C, respectively. Samples (20 uL) were
eluted isocratically at a flow rate of 200 #L+min~" for 20 min using a
mobile phase of 0.1% formic acid and 5% 2-propanol in water. The
system was controlled with the software packages microT OF control 1.2
and HyStar 3.0 (Bruker Daltonik). Data were processed with Data
Analysis 3.4 software (Bruker Daltonik). The Sigma Fit (Bruker Daltonik)
algorithm was used for molecular formula determination.””

Validation was carried out using standard solutions of the different
organic acids prepared in 2% MPA in 0.1% formic acid to obtain
calibration curves corrected with the ISs "*C-malic and *C-succinic
acids to account for possible losses during sample extraction and also for
possible variations in ESI efficiency. '*C-malic acid (100 M) was used for
the quantification of oxalic, cis-aconitic, 2-oxoglutaric, citric, malic, quinic,
and ascorbic acids, and "*C-succinic acid (100 #M) was used for the
quantification of shikimic, succinic, and fumaric acids. Limits of detection
(LOD; defined as the amount of analyte that gives an S/N ratio of 3) and
quantification (LOQ; defined as the amount of analyte that gives an S/N
ratio of 10) were calculated using standards in extraction solution. Intra-
and interday repeatabilities were assessed in 10 consecutive chromato-
graphic runs for retention time and peak area using a 100 #M standard
solution of each acid and also tomato xylem sap spiked with a combined
standard solution with all carboxylates at a concentration of 80 #M. The
interday repeatability was assessed by analyzing the same samples during
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Figure 1. HPLC—ESI-TOFMS chromatogram of a mixture of organic
acid standards. The concentration of all organic acids (including the
internal standards) was 100 #M. Chromatogram traces correspond to
the [M — H] ™ =& 0.03 m/z of each organic acid. The inset shows a
zoomed mass spectrum, extracted at a 12 min retention time, with the
[M — H] peaks corresponding to unlabeled and '*C-labeled
succinic acid.

five consecutive days. For recovery assays, plant samples (sugar beet
leaves, tomato xylem sap, and orange juice) were spiked with 200 nmol of
each organic acid and extracted as described above.

B RESULTS AND DISCUSSION

HPLC—ESI-TOFMS Analysis. Ionization parameters were
optimized in negative mode using direct infusion of standard
solutions containing all organic acids. Optimal values leading to a
maximum signal intensity for most of the organic acids were (V)
—500 for end plate offset, 3000 for the capillary, —82.1 for
capillary exit, —41.4 for skimmer 1, and 80.0 for the hexapole
radio frequency (rf). The ESI-TOFMS spectra of standard
solutions gave major [M — H]  ions with m/z values of 89.98
for oxalic acid, 173.01 for cis-aconitic acid, 173.05 for shikimic
acid, 145.01 for 2-oxoglutaric acid, 191.02 for citric acid, 191.06
for quinic acid, 133.01 for malic acid, 175.02 for ascorbic acid,
117.02 for succinic acid, 115.00 for fumaric acid, 137.01 for **C-
malic acid, and 119.02 for *C-succinic acid.

Chromatographic separation of the different organic acids
studied was carried out in approximately 14 min (Figure 1), in
line with other recently published HPLC—MS methods. All
peaks obtained were sharp, and most organic acids had a near-
baseline separation, except for the pairs succinic/shikimic and
quinic/ascorbic, which had a partial overlapping (Figure 1). The
two ISs coeluted with the corresponding unlabeled compounds
(Figure 1). On the other hand, the two isobaric couples, citric/
quinic (with m/z 191.02 and 191.06, respectively) and cis-
aconitic/shikimic (with m/z 173.01 and 173.05, respectively),
were well separated (Figure 1). The high mass resolution of the
TOEMS spectra is shown in the inset of Figure 1, which depicts
the isotopic signatures of unlabeled and **C-labeled succinic acid.

Table 1. Molecular Formula of the Organic acids Analyzed
by HPLC-ESI-TOFMS and the Theoretical and Experimental
Mass-to-Charge (m/z) ratios of the corresponding [M—H] ™~
Ions

molecular theoretical experimental error
organic acid formula m/z m/z (mDa)
oxalic C,H,0, 88.9880 88.9849 3.17
cis-aconitic CsHgOp 173.0092 173.0083 0.90
2-oxoglutaric CsHgOs 145.0142 145.0131 1.18
citric CsHgO- 191.0184 191.0185 125
malic C4HgO4 133.0142 133.0136 0.69
quinic C,H,,06 191.0561 191.0559 0.24
ascorbic CHgOs 175.0248 175.0248 0.06
shikimic C,H,40s 173.0455 173.0464 0.86
succinic C4HgO,4 117.0193 117.0190 0.33
famaric CH,0, 115.0037 115.0029 075

The errors in m/z determination were always below 1.3 mDa,
with the exception of the organic acid with the lowest m/z, oxalic
acid (3.2 mDa) (Table 1).

Validation of the HPLC—ESI-TOFMS Method. For validation
of the method, standard solutions of the different carboxylates
were prepared in 2% MPA in 0.1% formic acid, and calibration
curves in the 0.1—1000 /M range were obtained after correction
with the corresponding IS. Different ranges of linearity were
observed for the organic acids analyzed (all correlation coeffi-
cients (R*) obtained were higher than 0.992), and the best results
were obtained for cis-aconitic, 2-oxoglutaric, malic, and succinic
acids, which had linearity ranges from 0.1—04 to 1000 uM
(Table 2). In the cases of oxalic, citric, ascorbic, and fumaric acids,
linearity ranges were from 0.3—10.0 to 500 #M. Linearity ranges for
quinic and shikimic acids covered only from 0.2 to 70 #M and from
0.1 to 100 #M, respectively (Table 2). Linear ranges obtained cover
the carboxylate concentrations usually found in plant tissues."”*

LODs were between 0.05 pmol (for malic acid) and 255 pmol
(for oxalic acid), whereas LOQs ranged between 2.80 pmol (for
citric acid) and 337 pmol (for oxalic acid) (Table 2). For most of
the organic acids measured, LODs and LOQs were below 2 and
S pmol, respectively (Table 2). For 2-oxoglutaric, malic, succinic,
and shikimic acids, sensitivity was better than those of previous
HPLC—MS methods'”'***** (see Supplementary Table 1 in
the Supporting Information). For some of the acids analyzed
(e.g., citric and malic acids) the sensitivity obtained with this
method was 3 orders of magnitude better than those of other
methods. For citric, malic, shikimic, and ascorbic acids, the
sensitivity was even better than those of methods targeted to
the determination of only one or two carboxylates,'®*>*
whereas for quinic acid the LOD (0.85 pmol) was of the same
order of magnitude as that of another HPLC —MS method.>® The
high LOD of oxalic acid when compared with those of the other
organic acids is due to poor ionization efficiency, as indicated by
the differences in the calibration curve slopes (Table 2).

The intraday repeatability was assessed for retention time and
peak area using a combined standard solution containing all
carboxylates (at 100 4M each) in 10 consecutive chromato-
graphic runs (Table 3). The interday repeatability was assessed
by analyzing the same standard during five consecutive days. The
relative standard deviation (RSD) for peak retention time was
always lower than 0.2% and 0.4% in the intra- and interday tests,
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Table 2. Calibration Data, LODs, and LOQs Obtained for the Different Organic Acids”

calibration data

LOD LOQ

organic acid linearity range equation R

oxalic 10.0—500.0 y = 0.0006x — 0.0069 0.995
cis-aconitic 0.2—1000.0 y=0.0093x + 0.2121 0.996
2-oxoglutaric 0.2—1000.0 y = 0.0067x — 0.0065 0.997
citric 0.3—500.0 y = 0.0093x + 0.0169 0.992
malic 0.1—-1000.0 y = 0.0085x + 0.0416 0.996
quinic 0.2—70.0 y=0.0115x + 0.0269 0.991
ascorbic 1.0—500.0 y =0.0035x — 0.0236 0.995
shikimic 0.1-100.0 y =0.0085x + 0.0213 0.994
succinic 0.4—1000.0 y = 0.0088x + 0.0652 0.998
fumaric 1.0—1000.0 y = 0.0069x + 0.0567 0.997

UM in solution pmol injected UM in solution pmol injected

12.8 25§ 16.9 337
0.058 1.16 0.245 491
0.007 0.13 0.208 4.15
0.063 1.27 0.140 2.80
0.003 0.05 0.162 3.24
0.043 0.85 0.184 3.68
1.25 24.9 2417 483
0.050 1.00 0.367 7.35
0.021 0.42 0.158 3.15
0.540 10.8 1.87 37.5

¢ All data were obtained by analyzing standard mixtures prepared in 2% metaphosphoric acid.

Table 3. Intraday (n = 10) and Interday (n = §) Repeatabil-
ities of the HPLC—ESI-TOFMS Method*

intraday interday
organic acid mean RSD (%) mean RSD (%)
oxalic RT 5.36 0.15 5.35 0.22
Ag/Ass 0.06 1.56 0.0S 3.70
cis-aconitic RT 5.87 0.08 5.87 0.06
Ag/Ass 1.15 1.47 1.04 3.19
2-oxoglutaric RT 6.48 0.04 6.47 0.07
Ag/Ars 0.61 228 0.66 227
citric RT 742 0.04 741 0.13
As/Ars 1.74 1.62 173 0.99
malic RT 9.18 0.04 9.17 0.11
As/Ars 0.82 232 0.85 291
quinic RT 9.64 0.0S 9.64 0.08
Ag/Ar 1.06 0.84 0.88 4.14
ascorbic RT 9.99 0.06 9.97 0.35
As/Ass 0.22 2.74 0.25 19.9
shikimic RT 12.2 0.03 122 0.10
Ag/Ass 1.08 1.92 1.08 4.41
succinic RT 12.1 0.0S 12.0 0.10
Ag/Axs 0.53 0.52 0.51 1.36
fumaric RT 132 0.06 132 0.16
Ag/Ass 0.730 1.11 0.72 1.52

“A 100 uM standard solution containing all ten organic acids and the
two internal standards was used. RT = retention time, Ag = area of the
standard peak, and Ayg = area of the internal standard peak.

respectively. It should be taken into account that in the case of
slight shifts in the retention time, the identity of any given peak
can be confirmed using the molecular formula determination
derived from the isotopic pattern information, in combination
with the Sigma Fit (Bruker Daltonik) algorithm.27 The RSD for
peak area was in the range of 0.5—3% in the intraday test; in the
interday test, the RSD was in the range of 1—4% except for
ascorbic acid (RSD =20%), a compound that is known to be very
labile and easily degraded with time. Using a tomato xylem sap
sample, the peak area repeatability values were similar to those
obtained with a standard mixture, in the ranges of 0.8 —4.5% in the

Table 4. Recoveries (%) Obtained for the Different Organic
Acids in Sugar Beet Leaf Extracts, Tomato Xylem Sap, and
Commercial Orange Juice”

organic acid sugar beet leaves tomato xylem sap orange juice
oxalic 107.8 % 3.6 46.5+1.0 389+1.0
cis-aconitic 992 +1.7 102.8+£2.3 95.8+2.0
2-oxoglutaric 662409 688118 43.9+0.7
citric 100.0+1.8 109.6 2.2 96.7+ 1.5
malic 1040+ 14 100.6+ 1.0 101.0+0.5
quinic 98.0+04 96.7 £ 2.4 982+ 14
ascorbic 21.5 £04 85.5+19 764+ 0.5
shikimic 103.2£0.8 974+£25 919+£19
succinic 100.4 £0.6 96.8 £2.5 96.4+£2.5
fumaric 9324035 94.8+3.1 93.5+27

“ Results are means & SE (n = S).

intraday test and 3.0—5.6% in the interday test. Again, the ascorbic
acid showed the highest RSD values (12.2% in the interday test).

Recovery assays were carried out for all 10 organic acids in
sugar beet leaf extracts, tomato xylem, and orange juice by spiking
samples with known amounts of analyte standards and isotope-
labeled ISs. Recovery was calculated by dividing the amount of
analyte found in the spiked sample by the sum of the amount
originally found in the sample plus the amount spiked. Good
analyte recoveries were found (in the range 92—110%; 99%
average value) for cis-aconitic, citric, malic, quinic, succinic,
shikimic, and fumaric acids. However, the recovery values for
oxalic, oxoglutaric, and ascorbic acids were adequate only in
some specific plant materials (Table 4), whereas in other cases
the recoveries were as low as 22% (e.g., ascorbic acid in sugar beet
leaves). Ascorbic acid measurements can be affected significantly
by the presence of other compounds in plant tissues and xylem
sap, including metals, flavonoids, amino acids, and sugars.29
Ascorbate is oxidized by light and air, and it is only detectable
by ESI-MS when in the reduced state, so that recovery may be
increased by protecting samples during extraction by using a
low temperature and a green safe light.*® For this particular
compound, the method described elsewhere could be recom-
mended, although sensitivity was not as good as that of the
method described here. Regarding the low recovery of oxalic acid
in tomato xylem and orange juice, some studies suggest that pH
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Figure 2. HPLC—ESI-TOFMS chromatograms of the major (A, C, E) and minor (B, D, F) carboxylates found in sugar beet leaves (A, B), tomato xylem
sap (C, D), and orange juice (E, F) samples. Chromatogram traces correspond to the [M — H] ™ = 0.03 m/z of each organic acid.

and Ca*" have an impact on oxalic solubility, leading to the
formation of insoluble precipitates;'> however, oxalic acid re-
covery in sugar beet leaves was good. The low recoveries of
ascorbic or oxalic acid in some plant matrixes (Table 4) indicate
that although the method developed is suitable for a large
number of organic acids and plant matrixes, some organic
acid/plant matrix combinations may require specific extraction
procedures and/or the use of 13C.labeled ISs.

In the cases of succinic and malic acids, where isotope-labeled
compounds were used as ISs, recoveries in all tissues tested were
96—104%. Therefore, it seems likely that results could be
improved by using the corresponding isotope-labeled IS for each
analyte, although a compromise between the number of expen-
sive ISs and total analysis costs is needed. The rationale is that a
given IS may provide coverage for carboxylates eluting within a
range of retention times. The use of a third "*C-labeled organic
acid eluting close to oxalic and 2-oxoglutaric acids could lead to
improved recoveries for these carboxylates. We used *C-labeled

ISs instead of D-labeled ones'® because proton exchange reac-
tions with the extraction media and/or mobile phase can occur
easily when using the latter compounds.”"

Analysis of Plant Tissue Extracts. Typical chromatograms
obtained with sugar beet leaf extracts, tomato xylem sap, and orange
juice are shown in Figure 2, and the corresponding carboxylate
concentrations are shown in Table 5. The major carboxylates in sugar
beet leaf extracts were oxalic, citric, and malic acids, whereas cis-
aconitic, 2-oxoglutaric, ascorbic, and succinic acids were also detectable
but in lower amounts (Figure 2 A,B, Table S). In tomato xylem sap,
major carboxylates were citric and malic acids, whereas cis-aconitic,
2-oxoglutaric, shikimic, and succinic acids were minor components
(Figure 2C,D, Table S). In orange juice, major carboxylates were
citric, malic, quinic, and ascorbic acids, whereas cis-aconitic, 2-oxoglu-
taric, shikimic, and succinic acids were found in lower concentrations
(Figure 2 E/F, Table S). The method has also been apg)lied elsewhere
for the determination of organic acids in peach roots®” and roots and
xylem sap of sugar beet.>®
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Table 5. Organic Acid Contents Found in the Different Plant
Tissues and Fluids Analyzed Using the HPLC—ESI-TOFMS
Method”

organic acid sugar beet leaves tomato xylem sap orange juice

oxalic 29992 + 832 nd nd
cis-aconitic 9.4+ 03 20.1 £ 0.0 10.5 £ 09
2-oxoglutaric 7.6 £0.0 194 £ 02 26.7 £ 0.5
citric 2076 + 62 268 £ 2 12427 £ 257
malic 1260 + 38 433+ 3 3088 + 25
quinic nd nd 253 £2
ascorbic 297 £+ 10 nd 914 £8
shikimic nd 11.9 £ 0.0 47.5 £ 0.0
succinic 159 £5 162 £02 592 +71
fumaric nd nd nd

“? Results are means (nmol g_l FW for sugar beet leaves, uM for tomato
xylem sap and orange juice) & SE of five independent sample extracts.
Quantification was carried out as described in the text. nd = not detected.

In summary, an HPLC—ESI-TOFMS method has been devel-
oped and validated to determine simultaneously 10 different low
molecular mass carboxylates in plant tissue extracts. In seven cases
(cis-aconitic, citric, malic, quinic, succinic, shikimic, and fumaric
acids), the results were satisfactory, whereas oxalic, 2-oxoglutaric,
and ascorbic acids may require specific extraction procedures and/or
use of the corresponding >C-labeled organic acid as the IS to
improve accuracy. Carboxylate analysis is carried out following a
rapid and easy extraction procedure, and time-consuming steps
such as sample prepurification, preconcentration, and derivatiza-
tion are not necessary. The method is based on a separation
with anion exchange HPLC, followed by ionization of the sample
by electrospray and analyte detection with a TOFMS device.
The method is highly selective, with the identification of carbox-
ylates being unequivocal, based on both the retention time and
exact molecular mass. The newly developed method integrates a
number of features that, taken together, improve the existing
methodologies: the determination of a considerable number of
organic acids, in a large range of concentration levels, with good
sensitivities, without any derivatization step, and using two ~C-
isotope-labeled ISs. Furthermore, the recoveries for the different
organic acids have been measured in three different plant matrixes.

B ASSOCIATED CONTENT

© Ssupporting Information. Supplementary Table 1 show-
ing a comparison of LODs obtained with those of other recently
published HPLC—ESI-MS methods. This material is available
free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: ana.alvarez@eead.csic.es. Phone: +34-976716052. Fax:
+34-976716145.

Present Address
*School of Biological Sciences, University of East Anglia, Norwich
NR4 7T], UK.

Author Contributions
"These authors contributed equally to this work.

Funding Sources

This study was supported by the Spanish Ministry of Science
and Innovation (MICINN; Projects AGL2007-61948 and
AGL2009-09018, cofinanced with FEDER), the European Com-
mission (Thematic Priority S—Food Quality and Safety, sixth
Framework RTD Programme, Contract FP6-FOOD-CT-2006-
016279), the trilateral Project Hot Iron (ERA-NET Plant
Genome Research KKBE; MICINN Project EUI2008-03618),
and the Aragén Government (group A03). RR.-A. and S.L.-G.
were supported by an FPI-MCINN fellowship and a CSIC Grant
(13P-2005) from the I3P programme, cofinanced by the European
Social Fund, respectively. Acquisition of the HPLC—TOFMS
apparatus was cofinanced with FEDER.

B ACKNOWLEDGMENT

We thank Fermin Morales and Anunciacién Abadia (Aula Dei
Experimental Station, CSIC, Zaragoza, Spain) for careful reviewing
of the manuscript.

B REFERENCES

(1) Buchanan, B. B.; Gruissem, W.; Jones, R. R. Biochemistry and
Molecular Biology of Plants; American Society of Plant Physiologists:
Rockville, MD, 2000.

(2) Labboun, S.; Terc-Laforgue, T.; Roscher, A.; Bedu, M.; Restivo,
F. M,; Velanis, C. N.; Skopelitis, D. S.; Moshou, P. N.; Roubelakis-
Angelakis, K. A.; Suzuki, A.; Hirel, B. Resolving the role of plant
glutamate dehydrogenase. I. In vivo real time nuclear magnetic resonance
spectroscopy experiments. Plant Cell Physiol. 2009, 50, 1761-1773.

(3) Herrmann, K. M. The shikimate pathway as an entry to aromatic
secondary metabolism. Plant Physiol. 1995, 107, 7-12.

(4) Smirnoff, N. The function and metabolism of ascorbic acid in
plants. Ann. Bot. 1996, 78, 661-669.

(5) Ma,J. F. Role of organic acids in detoxification of aluminum in
higher plants. Plant Cell Physiol. 2000, 41, 383-90.

(6) Rellén—Alvarez, R.; Giner-Martinez-Sierra, J.; Orduna, J.; Orera,
L; Rodriguez-Castrillon, J. A.; Garcia-Alonso, J. L; Abadia, J.; Alvarez-
Fernandez, A. Identification of a tri-iron(IIl), tri-citrate complex in the
xylem sap of iron-deficient tomato resupplied with iron: new insights into
plant iron long-distance transport. Plant Cell Physiol. 2010, 51, 91-102.

(7) Abadia, J.; Lépez-Milldn, A. F.; Rombola, A. D.; Abadia, A.
Organic acids and Fe deficiency: A review. Plant Soil 2002, 241, 75-86.

(8) Vance, C. P.; Uhde-Stone, C.; Allan, D. L. Phosphorus acquisi-
tion and use: Critical adaptations by plants for securing a nonrenewable
resource. New Phytol. 2003, 157, 423-447.

(9) Saavedra, L.; Barbas, C. Validated capillary electrophoresis method
for small-anions measurement in wines. Electrophoresis 2003, 24, 2235-43.

(10) Erro, J.; Zamarreno, A. M.; Yvin, J.-C.; Garcia-Mina, J. M.
Determination of organic acids in tissues and exudates of maize, lupin
and chickpea by high-performance liquid chromatography-tandem mass
spectrometry. J. Agric. Food Chem. 2009, 57, 4004-4010.

(11) Arnetoli, M.; Montegrossi, G.; Buccianti, A.; Gonnelli, C.
Determination of organic acids in plants of Silene paradoxa L. by HPLC.
J. Agric. Food Chem. 2008, 56, 789-95.

(12) Pérez-Ruiz, T.; Martinez-Lozano, C.; Tomas, V.; Martin, J.
High-performance liquid chromatographic separation and quantifica-
tion of citric, lactic, malic, oxalic and tartaric acids using a post-column
photochemical reaction and chemiluminescence detection. J. Chroma-
togr, A 2004, 1026, 57-64.

(13) Lj, C,; Pang, X.; Zhang, F. Comparison on responses of different
phosphorus-efficient wheat varieties to phosphorus-deficiency stress. Acta
Bot. Sin. 2003, 45, 936-943.

(14) McCleskey, S. C.; Metzger, A.; Simmons, C. S.; Anslyn, E. V.
Competitive indicator methods for the analysis of citrate using colori-
metric assays. Tetrahedron Lett. 2002, 58, 621-628.

6869 dx.doi.org/10.1021/jf200482a |J. Agric. Food Chem. 2011, 59, 6864-6870



Journal of Agricultural and Food Chemistry

(15) Rassam, M.; Laing, W. Variation in ascorbic acid and oxalate
levels in the fruit of Actinidia chinensis tissues and genotypes. J. Agric.
Food Chem. 20085, 53, 2322-2326.

(16) Zhanguo, C.; Jiuru, L. Simultaneous and direct determination
of oxalic acid, tartaric acid, malic acid, vitamin C, citric acid, and succinic
acid in Fructus mume by reversed-phase high-performance liquid
chromatography. J. Chromatogr. Sci. 2002, 40, 35-9.

(17) Rivasseau, C.; Boisson, A. M.; Mongelard, G.; Couram, G.;
Bastien, O.; Bligny, R. Rapid analysis of organic acids in plant extracts by
capillary electrophoresis with indirect UV detection: Directed metabolic
analyses during metal stress. J. Chromatogr., A 2006, 1129, 283-90.

(18) Avula, B; Wang, Y.; Smillie, T.; Khan, I. Determination of shikimic
acid in fruits of illicium species and various other plant samples by LC—UV
and LC—ESI—MS. Chromatographia 2009, 69, 307-314.

(19) Jaitz, L.; Mueller, B.; Koellensperger, G.; Huber, D.; Oburger,
E.; Puschenreiter, M.; Hann, S. LC-MS analysis of low molecular weight
organic acids derived from root exudation. Anal. Bioanal. Chem. 2011,
400, 2587-2596.

(20) Santa, T.; Al-Dirbashi, O.Y.; Yoshikado, T.; Fukushima, T.; Imai,
K. Synthesis of benzofurazan derivatization reagents for short chain
carboxylic acids in liquid chromatography/ electrospray ionization-tandem
mass spectrometry (LC/ESI-MS/MS). Biomed. Chromatogr. 2009, 23,
443-446.

(21) Guo, K; Li, L. High-performance isotope labeling for profiling
carboxylic acid-containing metabolites in biofluids by mass spectrometry.
Anal. Chem. 2010, 82, 8789-8793.

(22) Bylund, D.; Norstrom, S. H.; Essen, S. A.; Lundstrom, U. S.
Analysis of low molecular mass organic acids in natural waters by ion
exclusion chromatography tandem mass spectrometry. J. Chromatogr.,, A
2007, 1176, 89-93.

(23) Fernindez-Fernandez, R.; Lépez-Martinez, J. Simple LC—MS
determination of citric and malic acids in fruits and vegetables. Chro-
matographia 2010, 72, 55-62.

(24) Chen, Z.; Kim, K.-R;; Owens, G.; Naidu, R. Determination of
carboxylic acids from plant root exudates by ion exclusion chromatog-
raphy with ESI-MS. Chromatographia 2008, 67, 113-117. ;

(25) Rellin-Alvarez, R; Hernindez, L. E.; Abadia, J.; Alvarez-
Fernandez, A. Direct and simultaneous determination of reduced and
oxidized glutathione and homoglutathione by liquid chromatography-
electrospray/mass spectrometry in plant tissue extracts. Anal. Biochem.
2006, 356, 25464

(26) Orera, I; Abadia, A.; Abadia, J.; Alvarez—Fernéndez, A. Deter-
mination of 0,0)EDDHA—a xenobiotic chelating agent used in Fe
fertilizers—in plant tissues by liquid chromatography/electrospray mass
spectrometry: Overcoming matrix effects. Rapid Commun. Mass Spec-
trom. 2009, 23, 1694-1702.

(27) Ojanperd, S.; Pelander, A,; Pelzing, M.; Krebs, L; Vuori, E.;
Ojanpera, L. Isotopic pattern and accurate mass determination in urine
drug screening by liquid chromatography/time-of-flight mass spectro-
metry. Rapid Commun. Mass Spectrom. 2006, 20, 1161-1167.

(28) Law, W. S.; Zhao, J. H,; Hauser, P. C; Li, S. F. Capillary
electrophoresis with capacitively coupled contactless conductivity de-
tection for low molecular weight organic acids in different samples. ] Sep.
Sci. 2007, 30, 3247-3254.

(29) Clydesdale, F. M.; Ho, C. T.; Lee, C. Y.; Mondy, N. L; Shewfelt,
R. L. The effects of postharvest treatment and chemical interactions on
the bioavailability of ascorbic acid, thiamin, vitamin A, carotenoids, and
minerals. Crit. Rev. Food Sci. Nutr. 1991, 30, 599-638.

(30) Erk, T.; Bergmann, H.; Richling, E. A novel method for the
quantification of quinic acid in food using stable isotope dilution
analysis. J. AOAC Int. 2009, 92, 730-733.

(31) Chavez-Eng, C. M,; Constanzer, M. L.; Matuszewski, B. K. High-
performance liquid chromatographic-tandem mass spectrometric evalua-
tion and determination of stable isotope labeled analogs of rofecoxib in
human plasma samples from oral bioavailability studies. J. Chromatogr, B
2002, 767, 117-129.

(32) Jiménez, S.; Ollat, N.; Deborde, C.; Maucourt, M.; Relldn-
Alvarez, R.; Moreno, M. A, Gogorcena, Y. Metabolic response in roots

of Prunus rootstocks submitted to iron chlorosis. J. Plant Physiol. 2011,
168, 415-423.

(33) Sagardoy, R; Morales, F.; Rellén—Alvarez, R; Abadia, A;
Abadia, J.; Lopez-Millan, A.-F. Carboxylate metabolism in sugar beet
plants grown with excess Zn. J. Plant Physiol. 2011, 168, 730-733.

6870 dx.doi.org/10.1021/jf200482a |J. Agric. Food Chem. 2011, 59, 6864-6870



