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Abstract: β-N-Oxalyl-l-α,β-diaminopropionic acid (β-ODAP) is a non-protein amino acid present in
Lathyrus sativus (grass pea) and other Lathyrus species, in parallel with its nontoxic isomer, α-ODAP.
When consuming grass pea for several months as staple food, β-ODAP may cause neurolathyrism,
a motor neuron degeneration syndrome. Therefore, the independent quantification of both ODAP
isomers instead of only the total amount in grass pea allows the identification of less toxic varieties and
the development of tools to support breeding for improving grass pea quality. In this work, a simple
and fast HPLC-MS/MS method was developed without sample derivatization, using a hydrophilic
interaction chromatography (HILIC) column and an isocratic gradient of eluents for 18 min, which
allowed the determination of both α- and β-ODAP. The proposed method was fully validated and
applied to the determination of α- and β-ODAP contents in a diverse collection of 107 grass pea
accessions representative of the main grass pea-growing geographical regions in the world, with the
prompt identification of contrasting accessions. β-ODAP content in the analyzed grass pea samples
ranged from 0.45 ± 0.02 to 6.04 ± 0.45 mg g−1. The moderate correlation found between α- and
β-ODAP contents (0.65) in this collection reinforces the importance of the independent quantification
of both ODAP isomers.
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1. Introduction

Grass pea (Lathyrus sativus) is the most cultivated Lathyrus species [1,2], particularly in South
Asia and Sub-Saharan Africa [1], and has been used as human food and animal feed since ancient
times as an important source of carbohydrates, proteins, and also antioxidant compounds [3]. It is
resistant to both flood and drought, and thrives on poor soils that do not support many other crop
species growth [2]. However, Lathyrus species have been implicated as the cause of a neurological
disorder, called neurolathyrism, in both men and animals [2]. Neurolathyrism is characterized by an
irreversible neurodegeneration of motor neurons, resulting in a spastic paraparesis of the legs that can
vary from mild walking difficulties to bedridden state [4–6]. Neurolathyrism is caused by an excessive
consumption of grass pea seeds as staple food for several months [5,6] and it is intricately linked to
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poverty, malnutrition, and periods of famine [2,4,5,7]. Importantly, grass pea is harmless to humans
and animals when consumed as part of a balanced diet [1].

The discovery of the neuroexcitatory potential of β-N-Oxalyl-l-α,β-diaminopropionic acid
(β-ODAP), a non-protein amino acid present in grass pea [7], led to proposing a role as the neurotoxin
responsible for the disease [5,6]. The mechanism of its action has not been conclusively elucidated [6].
Nevertheless, potential pharmacological benefits ofβ-ODAP should not be neglected [1]. The activation
of protein kinase C (PKC) by β-ODAP adds a new dimension to explore its possible therapeutic
potentials in areas such as Alzheimer’s disease, hypoxia, and long-term potentiation [7]. Interestingly,
β-ODAP was also found to be present in the non-leguminous plants Panax species, and it is considered
a bioactive therapeutic amino acid component in Panax notoginseng, commonly referred as dencichine.
Studies have reported β-ODAP as the component responsible for the medicinal herb’s main haemostatic
and platelet-increasing properties in vivo [8,9]. It has also been described that the haemostatic effect is
present at a low dose of β-ODAP, while neurotoxicity occurs at higher doses [8,9].

In Lathyrus seeds, β-ODAP is accompanied by lower concentrations of its isomer α-ODAP [2,5].
Unlike β-ODAP, α-ODAP is considered non-toxic, and technological processing of Lathyrus seeds
or flour, such as cooking, fermentation, or pre-soaking in alkaline solutions, can decrease β-ODAP
concentration and increase the concentration of its α isomer, reducing Lathyrus toxicity [1,2,10].
Diaminopropionic acid (DAP) can also be formed by steaming, presumably resulting from hydrolysis
of the oxalyl compound, decreasing β-ODAP content [8,11].

Given the increasing need for resilient food crops, grass pea breeding has gained importance,
and major efforts have been aimed at reducing β-ODAP content, with the development of low β-ODAP
varieties through selective breeding [1,2]. High-throughput accurate quantification methods for this
specific compound are extremely important for these breeding programs, where a large number
of samples need to be quantified in a simple and fast way. Several analytical methodologies have
been suggested for β-ODAP quantification, but some were not able to distinguish the toxic β-ODAP
from its non-toxic α isomer, such as colorimetric methods [12], GC-MS (gas chromatography-mass
spectrometry) after sample derivatization [9] and TLC (thin layer chromatography) [13]. Some other
methodologies have been successful in analyzing both α- and β-ODAP, namely by NMR (nuclear
magnetic resonance) [14] and CZE (capillary zone electrophoresis). However, the high operation pH
(9.2) in CZE may result in β-ODAP hydrolysis to diaminopropionic acid (DAP) [13,15,16].

Although these methods have been employed, HPLC (high performance liquid chromatography)
has been the most used for β-ODAP quantification [8,9,12,13,15,17–21]. However, the analysis of
ODAP by HPLC is a challenge due to its high polarity and weak UV absorption [8]. The majority
of the currently available HPLC based methods for β-ODAP quantification involve the use of a
reversed phase C18 column and UV detection, after a multi-step derivatization of the sample [17–19,22].
However, poor derivative stability, side reactions, and reagent interferences may occur, which may
lead to interference signals [8,13,20]. Furthermore, these methods are usually laborious, inconvenient,
and time-consuming [8,13]. More recently, a UHPLC-MS/MS method using a C18 column has been
developed for the quantification of β-ODAP, L-homoarginine, and asparagine in Lathyrus sativus [21].
However, since α-ODAP has not been analyzed, it is possible that both isomers had been quantified
simultaneously. Similarly, Gresta et al. (2014) have developed a HPLC-ELS (evaporative light scattering)
method for the quantification of both isomers, using a reversed-phase column [14].

Despite the frequent use of reversed phase chromatography for ODAP analysis, hydrophilic
interaction chromatography (HILIC) is suitable for analyzing compounds in complex systems that
elute near the void (highly polar) in reversed-phase chromatography [23]. HILIC is a variant of normal
phase chromatography [8] and typical stationary phases consist of classical bare silica or silica gels
modified with many polar functional groups [23]. The predominant retention mechanism in HILIC
separation is not always easily predictable [24] and it is commonly accepted that the partitioning of
the analyte occurs between two layers [23,24]: the water-deficient mobile phase and water-enriched
layer on the surface of the polar stationary phase which is partially immobilized onto the surface
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of the stationary phase. Nonetheless, other interactions, such as hydrogen-bonding, hydrophobic,
and ion-exchange, may also be involved [24]. Precisely defining which mechanism prevails is currently
a complex and difficult task [23]. The number of HILIC-compatible columns has increased in the
last few years. Generally, stationary phases are silica-based and can often be charged in some pH
region [25]. Considering the various types of stationary phases and the poorly understood retention
mechanism in HILIC, the choice of an appropriate column for simultaneous analysis of α- and β-ODAP
is a challenge [25,26]. Previous HILIC studies have also shown that different selectivities and retention
times were obtained using the same mobile phase on different stationary phases [25,26]. Therefore,
the possible secondary interactions between the stationary phase and the analytes have to be considered
for the column choice [25,26].

HILIC can be conveniently coupled to mass spectrometry (MS), especially in the electrospray
ionization (ESI) mode [23]. HPLC-MS/MS is a powerful tandem method for quantification of analytes
in complex matrices, providing retention time, mass/charge ratios, and relative abundance (intensity)
data [27]. MS/MS detectors are preferred over other chromatographic detectors, due to the better
sensitivity, specificity, and wide range applicability [21]. Some authors have employed HILIC
columns using MS/MS (tandem mass spectrometry) detectors [8,20] for ODAP analysis. However,
these methodologies were not able to distinguish both ODAP isomers.

In this work, a procedure proposed by McKeown (2015) for the selection of the best HILIC-type
column was followed [28]. A simple and fast HPLC-ESI-MS/MS method for quantification of both
α- and β-ODAP, without sample derivatization, was developed and validated according to the most
recent guidelines (European Communities, Food and Drug Administration, European Medicines
Agency and Harmonized Tripartite Guideline), and applied to the analysis of 107 grass pea and two
red pea (Lathyrus cicera) accessions representative of the main grass pea-growing geographical regions
in the world, using a neutral HILIC column (chemically bonded diol phase).

2. Results and Discussion

2.1. Optimization of the Extraction Procedure

Different ratios of ethanol:water (60:40 [29], 30:70 [16], 70:30 [19]) have been used in the extraction
of β-ODAP from grass pea samples). In this work, a higher concentration of ODAP was obtained
when samples were extracted with 100% water (higher peaks for both α- and β-ODAP were obtained),
and therefore this was the selected solvent for the extraction procedure from grass pea samples.
These results are according to Koh et al. (2005), who reported that water was a better solvent than
methanol, due to ODAP solubility characteristics [8].

2.2. HPLC-MS/MS Method Development

In this work, a HPLC-ESI-MS/MS method was developed, optimized, and validated, for the
quantification of both α- and β-ODAP, employing an HILIC column, without sample derivatization.
The MS/MS conditions were optimized using a pure β-ODAP standard and the method was tested for
its specificity. The positive ionization mode (ESI+) was selected because higher signals were obtained
for the precursor ion. Similar findings were obtained by other authors [8,20,21]. Two transitions were
used in order to quantify ODAP in samples: MRM (multiple reaction monitoring) 1: 177 > 116 (used
for quantification) and MRM2: 177 > 87 (used for qualification). A postulated fragmentation pathway
of protonated ODAP was proposed by Koh et al. (2005) [8].

The HPLC method was optimized following the procedure proposed by McKeown (2015) for the
selection of the best HILIC column [28]. Three HILIC columns were tested: HILIC-A (acidic character),
HILIC-B (basic character), and HILIC-N (bonded neutral character phase), using the mobile phases
at the suggested pHs (A: 10 mM ammonium formate in acetonitrile:water 94:6 v/v and B: 10 mM
ammonium formate in acetonitrile:water 50:50 v/v, at pH 3.0, 4.7, and 6.0) [28].
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When using HILIC-A and HILIC-B, it was not possible to separate α- and β-ODAP. With HILIC-B
column, which is characterized by a positive charge on the surface, ODAP was very strongly retained
(>120 min, at a flow rate of 0.3 mL min−1) when using an isocratic method with 100% eluent B at the
three referred pHs. In fact, acidic compounds, such as ODAP, show an increased affinity for positive
charged columns, which can sometimes even lead to irreversible adsorption [23]. It was still not
possible to separate the two isomers with HILIC-A. When using HILIC-N, however, it was possible
to separate α- and β-ODAP, and a very good peak shape was obtained for both compounds. α- and
β-ODAP were strongly retained in this column, and the retention times varied according to the mobile
phase pH. When using an isocratic method of 100% eluent B at pH 6.0, β-ODAP showed a retention
time of 39 min and α-ODAP showed a retention time of 45 min; at pH 4.7, the retention times increased:
42 min for β-ODAP and 50 min for α-ODAP; and at pH 3.0, the retention times decreased, and there
was a switch in the elution order of both isomers: α-ODAP showed a retention time of 22 min, while
the retention time of β-ODAP was 27 min. The neutral character of HILIC-N suggests there is no
change in bonded phase ionization, so it is likely that changes in the analyte ionization states and
increasing silanol activity across the pH range explored are responsible for the retention times [28].
Neutral phases demonstrate a high degree of hydrogen bonding with analytes as a principle mode
of interaction [23,28]. Changes in eluent pH are also likely to alter the weighting of the hydrogen
bonding and other mechanisms with the neutral phase and are the most likely cause of differences
in the retention times observed [28]. The pka of β-ODAP is 2.1, which means that, at pH 4.7 and 6.0,
the compound has a negative charge, whereas at pH 3.0, some ODAP is unionized, possibly decreasing
the hydrogen bonding between the analyte and the column neutral phase, therefore reducing its
retention time. In order to further decrease the retention time of ODAP, the eluents pH was decreased
until around 1.7, adding 2% HCOOH to eluent A and B, and the acetonitrile concentration of the mobile
phase was reduced to 40%, at a flow rate of 0.4 mL min−1. It was possible to reduce the retention time
of both isomers, without compromising their resolution. Even though it is described that increasing
water content (>50%) in the mobile phase results in no longer retention, similarly to that experienced
in reversed phase liquid chromatography [24], both ODAP isomers were still retained in the HILIC-N
column. In fact, β-ODAP eluted at 12.25 ± 0.21, considering all the control standards and calibration
curves analyzed in the present study, in different batches (n = 8), for several days. α-ODAP eluted at
8.27 ± 0.01 min (average of six β-ODAP standard solutions after conversion to α-ODAP) (Figure 1).
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Figure 1. Representative TIC (total ion chromatogram) from MRM (multiple reaction monitoring)
chromatograms (m/z 177 > 116 and m/z 177 > 87) of (1) a fresh β-N-Oxalyl-l-α,β-diaminopropionic
acid (β-ODAP) solution at 1 mg L−1 and (2) after isomerization to α-ODAP by heating the β-ODAP
solution at 120 ◦C.
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The retention time of the analytes should be at least twice the retention time corresponding to the
void volume of the column [27,30]. The void volume of the column used was approximately 2.5 min,
therefore, the retention time of α-ODAP was more than three times the retention time corresponding
to the void of the column.

Furthermore, with 2% formic acid, higher signals were obtained for the precursor ion in positive
ionization mode (ESI+), causing an increase in the MS/MS signal intensity. This is probably because at
this low pH, ODAP is mostly in its nonionized form, being therefore easier to be protonated. At higher
pH, more ODAP is in its negatively charged ionized form. Even though the column manufacturer
recommends working at two pH units away from an analyte’s pka for robust method developments,
this method was selected and validated, due to the shorter run times and the increased sensitivity of
ODAP detection.

A similar HPLC-MS/MS method was developed for the quantification of dencichine (β-ODAP) in
Panax medicinal plant species and in rat plasma, but using 200 mM ammonium formate at pH 3.0 [8].
However, this method, as well as the MS method described by Qian et al. (2012), were used for the
quantification of dencichine alone [8,20], which was quantified in the multiple reaction monitoring
(MRM) mode using only one transition or product ion (m/z 177 > 116) [8,20]. The selection of two
product ions (MRM1 and MRM2) allows the determination of ion ratio (MRM1/MRM2), which should
be within 30% for the confirmation of the compound [27]. MRM1/MRM2 for β-ODAP was 1.55 ± 0.06
(average of all the standards analyzed in different batches), whereas MRM1/MRM2 for α-ODAP was
2.94 ± 0.12 (average of six β-ODAP standard solutions after conversion to α-ODAP), which allows the
confirmation of the identification of these compounds in grass pea’s extracts. It is therefore possible
that both isomers had been quantified simultaneously in previous works.

After method development, the HILIC-N column was selected, and the mobile phases were 2%
HCOOH in acetonitrile (eluent A) and 2% HCOOH in Milli-Q H2O (eluent B). An isocratic method
consisting of 40% eluent A and 60% eluent B, at a flow rate of 0.40 mL min−1, for 18 min, was
validated and used for the separation and quantification of α- and β-ODAP in different grass pea
accessions. Chromatograms of three samples (LS 104, LS 025, and LS 035), corresponding to different
CLs (concentration levels) of β-ODAP, are represented in Figure 2.
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2.3. Method Validation

2.3.1. Specificity and Selectivity

No peaks were detected when blank assays (40% acetonitrile in water) and other legumes’
extracts (namely faba bean, common bean, chickpea, pea, and lentil extracts) were analyzed using the
same HPLC-MS/MS conditions. Carry-over was also assessed, and no peaks were detected after six
injections of a β-ODAP standard solution at 3100 ng mL−1, corresponding to the ULOQ (upper limit
of quantification).

Within sample batches (sample sequences), the retention time of β-ODAP in the extracts
corresponded to that of the standard within a tolerance of 0.1 min, which is according to the
most recent SANTE/SANCO validation guidelines [27]. The average retention time of β-ODAP in
all samples (six batches) was 12.30 ± 0.25 min, and the relative standard deviation (RSD) was 2.3%,
whereas the retention time of α-ODAP was 8.51 ± 0.17 min, and the RSD was 2.0%.

MRM1/MRM2 ratio was also determined for both isomers in all samples analyzed, and its deviation
was always lower than 9%, which is below the 30% described in the most recent SANTE/SANCO
validation guidelines [27]. Considering all the samples studied, the RSD of the MRM1/MRM2 ratio for
β-ODAP was 1.3%, and 2.7% for its α-isomer. Hence, the method was considered specific for α- and
β-ODAP analysis.

2.3.2. Limit of Detection (LOD) and Lower Limit of Quantification (LLOQ)

The limit of detection is the lowest amount of analyte in a sample which can be detected but not
necessarily quantified as an exact value [31]. A signal-to-noise ratio of 2:1 or 3:1 is generally considered
acceptable for estimating the detection limit [31]. In this work, a signal-to-noise ratio (S/N) of 3:1 was
obtained when six independent β-ODAP solutions at 10 ng mL−1 were analyzed using the analytical
conditions of the implemented method (Figure 3).
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(limit of detection—LOD) and (b) β-ODAP solution at 25 ng L−1 (lower limit of quantification—LLOQ).
PtP—Peak to Peak.

The lower limit of quantification (LLOQ) of an individual analytical procedure is the lowest
amount of analyte in a sample which can be quantitatively determined with suitable precision and
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accuracy [32,33], with typical S/N ratio of 5:1 to 10:1 [31–33]. A S/N around 9:1 was obtained when six
β-ODAP solutions at 25 ng mL−1 were analyzed using the analytical conditions of the implemented
method (Figure 3).

The limit of detection (LOD) and LLOQ obtained were lower than those reported by Koh et al.
(2005) for the analysis of dencichine in Panax medicinal plant species by HPLC-MS/MS, using an
HILIC column (LOD of 300 ng mL−1 and LLOQ of 1500 ng mL−1) [8,20], and similar to the values
reported by Qian et al. (2012) for the analysis of dencichine in plasma by HPLC-MS/MS, using a C18
column (LLOQ of 20 ng mL−1) [20]. However, in the latter method, the compound seems to be eluting
in the void volume, and did not distinguish β- from α-ODAP. Higher LOD and LLOQ were obtained
for the analyses of β-ODAP by HPLC without derivatization (5.6 and 16.9 µg mL−1) [13], by GC-MS
after derivatization (0.5 and 2.0 µg mL−1) [9], by HPLC after derivatization (26.4 and 88 ng mL−1) [18],
by UHPLC-MS/MS (1.51 µg mL−1) [21], and by capillary electrophoresis (2.0 and 6.6 µg mL−1) [16].

The low quantification limit obtained in our work may be useful for future experiments which
aim to quantify trace amounts of α- or β-ODAP, such as pharmacokinetic assays in biological samples,
or for the possible detection of α-ODAP in Panax medicinal plant species, which present lower amounts
of ODAP (3 µg g−1) [8].

2.3.3. Linearity and Linear Range

The linearity of the method for β-ODAP was verified, and the determination coefficient (r2) was
calculated using the least-square regression method. A linear calibration curve was obtained over the
quantification range, for each batch of analysis (including validation assays): y = (42.85 ± 1.90) x –
284.27 ± 120.52, with determination coefficients higher than 0.9998. The back calculated concentrations
of all calibration standards (n = 9) were within ±10% of the nominal value, except the LLOQ which
was within ±14%. Therefore, all calibration curves met the validation criteria specified in different
guidelines: back calculated concentrations of at least 75% of a minimum of six calibration standards
within ±15% of the nominal value and ±20% of the nominal value for the LLOQ [32,33].

2.3.4. Precision and Accuracy

The precision was evaluated at three different levels: injection repeatability, experimental
repeatability, and inter-day precision. Results are reported in Table 1. The relative standard deviation
of each concentration level (CL) analyzed was below 6.5%, lower than the reference values of 15% and
20% for the LLOQ [32,33]. Other developed methodologies for ODAP quantification by HPLC-MS/MS
reported a precision below 6.7% [8,20]. Injection repeatability in three real samples (LS 104, LS 035,
and LS 025), corresponding to different CLs of α- and β-ODAP, was below 1.7% for β-ODAP and 5.4%
for α-ODAP.

Table 1. Intra-day and inter-day precision and accuracy of β-ODAP. Results are expressed as %.

Concentration
(ng mL−1)

Intra-Day Precision
Inter-Day
Precision

Intra-Day
Accuracy

Inter-Day
AccuracyInjection

Repeatability
Experimental
Repeatability

25 5.3 4.5 4.4 0.7 1.1
75 3.3 5.8 6.5 3.5 0.4

1300 0.6 2.0 5.5 2.2 1.3
2500 1.0 0.6 5.1 0.9 0.1

The developed method presented a remarkable accuracy, within ±3.5% of the nominal values,
below the reference values of ±15% and ±20% at LLOQ described in different guidelines [31–33].
The method was therefore considered precise and accurate for the detection of β-ODAP.
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2.3.5. Matrix Effect

Matrix effect (ion suppression or enhancement) may be caused by the presence of unintended
analytes or other interfering substances in the sample [33]. The slope value of six calibration curves
prepared in matrices (grass pea extracts) were compared to the slope of calibration curve prepared in
solvent (calibration curve of the respective sample batch). The matrix effect was considered negligible
(Table 2), since the highest deviation of the slopes obtained in the matrix was 14%, and the average
matrix factor was 95% ± 6.49%. Therefore, it was decided to prepare the calibration curve for β-ODAP
quantification in solvent (acetonitrile:water 40:60).

Table 2. Matrix effect on β-ODAP determination in different samples. MF—Matrix Factor.

Solvent LS 043 LS 067 LS 076 LS 104 LS 114 LS 118 Average
(Matrix)

Slope 45.32 40.26 41.19 45.20 39.16 46.79 44.40 43.16 ± 2.94

MF (%) 100 86 103 98 100 95 89 95 ± 6.49

2.3.6. Dilution Integrity

Dilution (1:50) of samples in acetonitrile: water (40:60) did not affect the method accuracy (Table 3),
and all the spiked samples were within ±13% of their nominal concentrations.

Table 3. β-ODAP dilution integrity (accuracy, %) in different grass pea samples.

LS 103 LS 104 LS 114 LS 076 LS 067 LS 043

3 13 12 6 3 2

2.3.7. Method Recovery

Recovery refers to the extraction efficiency of an analytical process [30,33]. Recoveries were
between 91% ± 4% and 104% ± 9% (Table 4). Other methods for ODAP quantification report ODAP
recoveries of 85%–106.09% [8,13,20].

Table 4. Method recovery of β-ODAP extraction in different samples, at 75 (low concentration level
(CL)), 1300 (mid CL), and 2500 (high CL) ng mL−1. Results expressed as %.

Concentration
(ng mL−1)

LS 059 LS 075 LS 104 LS 114 Average

75 94 107 99 114 104 ± 9
1300 94 100 86 107 97 ± 9
2500 90 92 86 95 91 ± 4

2.3.8. Stability Assays

A study on the stability of β-ODAP is mandatory, once a spontaneous isomerization to
α-ODAP [2,5,14] and a hydrolysis to DAP [8,11,13,15,16] may occur. It is known that these reactions
are strongly influenced by pH and heating and, at equilibrium conditions, a mixture of 40% α- and 60%
β-ODAP is developed [5,11,14]. In order to verify if isomerization and hydrolysis took place during
the experimental procedures used in this study, a stability study was performed with pure β-ODAP
standards, as well as with grass pea extracts. According to criteria described in different guidelines,
a maximum accuracy of 15% was considered for measuring β-ODAP stability [32,33].

The possibility of hydrolysis of ODAP to DAP in grass pea extracts was investigated by
HPLC-MS/MS, using the MRM transitions m/z 105 > 88 and 105 > 59, and comparing to a pure
DAP standard. The MS/MS instrumental parameters used were similar to those used for ODAP.
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A similar experiment was done by Koh et al. (2005), but using different transitions: m/z 105 > 88 and
105 > 70 [8]. The fragment m/z 70 was also found in DAP standard, but its intensity was lower than m/z
59 (Figure 4).Molecules 2019, 24, x FOR PEER REVIEW 9 of 20 
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Figure 4. Collision-induced dissociation (CID) spectra of diaminopropionic acid (DAP).

β-ODAP solutions were stable (stock solution of 40 mg L−1 in water and working solutions), at all
conditions tested: room (23 ◦C), autosampler (10 ◦C), and freezer (−20 ◦C) temperatures (Table 5).
The isomerization of β- to α-ODAP only started to occur after one week at room temperature. Only a
small amount of β-ODAP, 4.5% ± 0.3%, was converted to its α isomer when using acetonitrile:water
(40:60) as solvent. In water, β-ODAP stability was lower, and 7.3% ± 0.7% isomerized to α-ODAP. After
two months in water, at room temperature, the content of α-ODAP was around 27.1% ± 0.31% of the
total ODAP content. These findings are according to those reported by Gresta et al. (2014), and show
that the isomerization of β- to α-ODAP is very slow and did not occur during the experimental period of
the current study [14]. Stock β-ODAP solutions remained stable after three complete freeze-thaw cycles.

Table 5. β-ODAP stability determined as accuracy and expressed as %, for β-ODAP stock solution (S)
and working solutions (W). TC—Theoretical Concentration, expressed as ng mL−1. Values in bold:
accuracy > 15%.

Theoretical Concentration (ng mL−1) 75 1300 2500

Freshly prepared solutions
Solution 1 0 1 1

Solution 2 7 1 3

Room temperature (23 ◦C)

1 week
W 1 10 1 1
W 2 0 3 5

1 week
S 1 3 10 9
S 2 41 9 9

2 months
S 1 16 21 22
S 2 19 20 19

Autosampler (10 ◦C)

3 days W 1 6 8 7
W 2 2 6 5

1 week
W 1 11 1 2
W 2 3 1 1

Freeze-thaw (−20 ◦C)

Cycle 1 S 1 3 6 5
S 2 5 5 6

Cycle 2 S 1 10 11 13
S 2 8 9 11

Cycle 3 S 1 3 3 3
S 2 3 5 7

Freezer (−20 ◦C) 3 months
S 1 8 5 4
S 2 6 4 4
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A complete stability study was also carried out with sample extracts, to ensure that every step
taken during sample preparation and sample analysis, as well as the storage conditions used, do not
affect the concentration of α- and β-ODAP in grass pea extracts [32].

β- and α-ODAP showed a very good stability in the matrix, before acetonitrile:water (40:60)
dilution, in all the conditions tested: room temperature (23 ◦C), fridge (4 ◦C), and freezer (−20 ◦C)
(Table 6). Grass pea extracts (before dilution) remained stable after three complete freeze-thaw cycles.
On the other hand, ODAP content in the extract corresponding to the low CL (LS 104) showed some
differences when stored in acetonitrile:water (40:60), i.e., after dilution, after freezing, and after one
week in the fridge (Table 6). Diluted extracts presented a good stability in the autosampler (10 ◦C), after
one week, and at room temperature, after 24 h. Therefore, grass pea extracts should be stored at −20 ◦C
in water, before acetonitrile:water (40:60) dilution, diluted before HPLC-MS/MS analysis, and kept
at 10 ◦C in the autosampler, for a maximum of one week. The stability assays confirm that α- and
β-ODAP contents detected are the real amounts of the two isomers in the grass pea accessions studied.

Table 6. β-ODAP stability determined as accuracy and expressed as % for sample extracts before
dilution (water extracts, W) and after dilution with acetonitrile:water (40:60) (A:W). Values in bold:
accuracy > 15%.

Samples LS 104 LS 035 LS 025

α and β-ODAP α β α β α β

Room temperature (23 ◦C)

24 h

W 1 2 2 1 5 2 0
W 2 2 1 5 11 6 6
W 3 6 1 8 12 4 10

A:W 1 3 2 0 2 2 3
A:W 2 2 0 3 8 6 8
A:W 3 0 1 5 10 8 12

1 week

W 1 10 66 7 3 97 22
W 2 23 6 4 4 80 18
W 3 22 5 5 2 48 22

A:W 1 21 10 16 7 25 17
A:W 2 25 9 14 1 21 9
A:W 3 25 11 15 10 35 27

Autosampler (10 ◦C) 1 week
A:W 1 1 4 5 8 2 2
A:W 2 3 5 8 14 4 7
A:W 3 7 2 8 12 4 5

Fridge (4◦C) 1 week

W 1 3 1 6 8 2 1
W 2 6 1 7 12 7 6
W 3 4 1 9 13 7 12

A:W 1 20 19 4 5 13 11
A:W 2 22 16 2 3 7 4
A:W 3 37 30 1 1 2 2

Freeze-thaw (−20 ◦C)

Cycle 1

W 1 2 3 1 1 1 1
W 2 0 2 2 8 5 6
W 3 6 3 5 9 9 11

A:W 1 6 12 1 2 3 3
A:W 2 16 9 0 5 6 5
A:W 3 17 7 0 2 1 2

Cycle 2

W 1 14 5 3 0 5 5
W 2 12 2 0 6 1 0
W 3 11 8 3 7 2 5

A:W 1 15 9 6 3 5 2
A:W 2 13 14 3 4 8 5
A:W 3 28 21 3 3 6 0

Cycle 3

W 1 7 2 1 0 11 10
W 2 12 5 0 6 10 9
W 3 13 11 6 3 7 4

A:W 1 11 5 3 4 1 3
A:W 2 10 2 6 11 1 1
A:W 3 33 18 5 8 2 6

Freezer (−20 ◦C) 3 months
W 1 7 4 1 3 4 3
W 2 8 7 0 7 1 2
W 3 13 6 2 6 3 6
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2.4. Determination of ODAP Content in Lathyrus sativus Accessions

The LC-MS/MS method described in the present work was considered adequate for the intended
purposes and was used to analyze α- and β-ODAP contents in 107 grass pea and two red pea accessions.
The quality controls (QCs) used to assess the inter-day precision and accuracy of the assay met the
calibration acceptance criteria, and all the QCs were ±14% of the nominal values, which therefore
proved the integrity and validity of the results [33].

The average β- and α-ODAP contents in grass pea samples (n = 107) were 3.49 ± 0.84 mg g−1 and
1.09 ± 0.27 mg g−1 (expressed as β-ODAP equivalents), respectively, corresponding to a total ODAP
content of around 4.58 ± 1.04 mg g−1.

The content of β-ODAP in Lathyrus cicera (red pea) is usually reported as being lower than in
L. sativus [18,29]. The two red pea accessions analyzed (LS110 and LS118) showed β-ODAP contents
of 1.32 ± 0.06 and 0.94 ± 0.03 mg g−1, which are according to the values described in the literature
(0.79–3.02 mg g−1) [18,29] and lower than the L. sativus average values (3.49 mg g−1). However,
the grass pea sample LS 104 presented a lower β-ODAP content (0.45 ± 0.02 mg g−1). This was not
surprising, since this accession is a L. sativus line derived from the accession LS87124 developed by
Clayton Campbell (Agriculture and Agrifood Canada, Morden) and known for its lower ODAP content
(F. Lambein, personal communication) (Figures 5 and 6).
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An indicative β-ODAP content lower than 1.5 mg g−1 in seeds of L. sativus has been proposed as
safe for human consumption [34]. β-ODAP content on the remaining 106 grass pea samples ranged
from 1.94 ± 0.11 to 6.04 ± 0.45 (Table S1). Other studies using grass pea accessions from different origins,
have detected β-ODAP concentrations from 0.9 to 10.2 mg g−1 [14,16–19,29]. LS 104 also showed the
lowest α-ODAP content (0.16 ± 0.005 mg g−1) of all grass pea samples analyzed in the present study,
and the level of this isomer in the other samples ranged from 0.56 ± 0.02 to 1.84 ± 0.14 mg g−1. We can
conclude that the high genetic diversity among the grass pea accessions under study was reflected by a
high diversity in ODAP isomers content.

ODAP content in Lathyrus species can be affected by a wide range of environmental
conditions [35], which include water stress [19], soil pH, soil potassium level, and sunshine hours
(which cause an increase in the concentration of the toxin) [36] and salinity (which decreases
β-ODAP concentration) [2,19,35]. Different results have been obtained for environments with higher
altitudes [14,36]. On the other hand, it has been established that a low β-ODAP genotype maintained
the lowest β-ODAP concentration at all levels of water availability [19]. In the present study, all grass
pea samples were exposed to the same edapho-climatic conditions, therefore, the differences in α-
and β-ODAP content among samples should be a consequence of genetic factors of the different
accessions. The detected interesting sources of low β-ODAP may be used in future breeding
programs as pre-breeding material to improve grass pea quality. Nevertheless, further trials in
different environments will be fundamental to estimate the environmental effects and the genotype ×
environmental interaction on the β-ODAP content for the potential development of broad or locally
adapted higher quality varieties.

It has been described that the natural abundance of α-ODAP is approximately 5% of the total
ODAP in seeds of L. sativus [5,17]. However, in a recent study published by Megías et al. (2015), it was
found that the content of β-ODAP was about four to seven times higher than that of α-ODAP in L. cicera,
and around eight times higher in L. sativus [18], meaning that more than 5% of total ODAP was in its α
form and that the natural abundance of α-ODAP may vary. Although in the current study α-ODAP
was expressed as β-ODAP equivalents, it was possible to confirm these results, and differences in the
natural abundance of α-ODAP in grass pea seeds were detected. In fact, β-ODAP content was two to
seven times higher than that of α-ODAP, and β-ODAP represented around 69% ± 0.2% to 86% ± 0.2%
of the total ODAP content. These results were also similar to the results obtained by Gresta et al. (2014),
who have also quantified α-ODAP as β-ODAP equivalents (the β-ODAP content was four to seven
times higher than that of α-ODAP in the 10 Sicilian accessions of grass pea) [14]. The relative standard
deviations obtained for the total of β-ODAP of sample triplicates were always below 1.1%. Indeed,
a moderate correlation (Pearson correlation coefficient: 0.6528) was found between the α- and β-ODAP
contents (Figure 7).

Additionally, no significant differences in the β-ODAP contents were found between grass pea
seed size groups (large and small, p-value = 0.712), seed color groups (light and dark, p-value = 0.196)
or varietal groups (Mediterranean, Indian, or intermediate types, p-value = 0.086) contrary to the
broadly described association of large seed Mediterranean varietal types and lower ODAP content [37].
This lack of differentiation highlights the possibility to select identical β-ODAP content accessions
within different varietal groups.
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3. Materials and Methods

3.1. Chemicals and Materials

For extract preparation and HPLC-MS/MS analysis, Milli-Q water (18.2 MΩ.cm resistivity) was
obtained from a Millipore-Direct Q3 UV system (Millipore®, Burlington, MA, USA); formic acid ≥ 95%
was from Sigma-Aldrich®, St Louis, MO, USA; and acetonitrile HPLC Plus Gradient was from
Carlo Erba®, Val de Reuil, France. β-ODAP standard was obtained from Lathyrus Tecnhologies,
Hyderabad, India.

Since the isomerization of β- to α-ODAP increases with increase in temperature [38], six solutions
of β-ODAP in water, at 40 mg L−1, were heated at 120 ◦C for 120 min. These solutions were used for
HPLC-MS/MS method development.

3.2. Samples

A collection of 107 grass pea accessions representative of the main grass pea-growing geographical
regions of the world plus two L. cicera accessions, kindly provided by Prof. Fernand Lambein
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(IPBO, Ghent, Belgium), USDA-ARS (Pullman, WA, USA), INIA-CRF (Madrid, Spain), IAS-CSIC
(Córdoba, Spain), ICARDA, HAO-DEMETER (Thermi, Greece), and IFVC (Novi Sad, Serbia) germplasm
collections, were analyzed for their α-ODAP and β-ODAP contents under the scope of the European
FP7 project LEGATO-LEGumes for the Agriculture of TOmorrow. Accessions were grouped in big
(>20 g/100 seeds weight) or small seed size, light or dark seed color, and as a combination of both traits
into varietal groups [39]: Mediterranean type (big light seeds), Indian type (small dark seeds), and all
the other size and color combinations in an Intermediate group (Table S2).

All the accessions were multiplied under the same edapho-climatic conditions at the IAS-CSIC
experimental farm (Córdoba, Spain) and kindly provided by Prof. Diego Rubiales. Dry mature seeds
of grass pea were milled (Falling n◦ 3100–Perten, Sweeden) to a particle size of 0.8 mm and flour stored
at −20 ◦C until analysis.

3.3. Optimization of the Extraction Procedure

In order to achieve a higher ODAP extraction efficiency, water and different ethanol:water solvent
ratios (60:40, 30:70, 70:30) described in the literature for ODAP extraction [8,14,16,19,29] were tested,
using commercial grass pea samples, based on methods previously described [8,14,16,22,38]. Water
was selected as the best extraction solvent. Briefly, samples were accurately weighed (48 mg) and ODAP
(α and β) was extracted with 2 mL of solvent, vortexed for 90 s, and extracted for 2 h, in ice, using a
Selecta® Rotabit orbital shaker and centrifuged (20 min, 10,000 rpm). Extracts were kept at −20 ◦C
until analysis, for a maximum of two months. Before HPLC-MS/MS analysis, extracts were diluted
(1:50) in acetonitrile:water 40:60, in order to match the mobile phase, and filtered through a 0.20 µm
PTFE syringe filter (Chromafil® Macherey-Nagel, Germany). Extracts were prepared in triplicate.

3.4. HPLC-MS/MS Method Development

The HPLC-MS/MS analyses were performed on a Waters Alliance HPLC system (Waters®,
2695 separation module, Dublin, Ireland) comprising a quaternary pump, an on-line solvent degasser,
autosampler, and column oven. The HPLC method was optimized following the procedure proposed
by McKeown (2015) for the selection of the best HILIC column: HILIC-A, HILIC-B, and HILIC-N
(100 Å, 5 µm 3.0 × 150 mm), ACE®, Scotland, using the mobile phases A: 10 mM ammonium formate,
pH 3.0, 4.7 or 6.0 in acetonitrile:water (94:6 v/v) and B: 10 mM ammonium formate, pH 3.0, 4.7, or 6.0 in
acetonitrile:water (50:50 v/v) [28].

The MS/MS conditions were optimized using a pureβ-ODAP standard. Tandem mass spectrometry
(MS/MS) detection was performed on a Micromass® Quattro Micro triple quadrupole (Waters®, Ireland)
using an ESI source operating at 140 ◦C, applying a capillary voltage of 2.7 kV and a cone voltage of
10 V, in positive ion mode. MassLynx software (version 4.1) was used to control the system, for data
acquisition and processing. High purity nitrogen (N2) was used both as drying gas and as a nebulizing
gas. Ultra-high purity argon (Ar) was used as collision gas. Collision energies were optimized using a
β-ODAP standard solution and was set at 10 eV. The analysis was performed in MRM mode in order
to achieve a higher selectivity and sensitivity.

After method optimization, validation and application to real samples were performed in a
HILIC-N (bonded neutral character phase), column at 25 ◦C, using an injection volume of 10 µL.
The mobile phase consisted of an isocratic method of 40% of 2% HCOOH in acetonitrile (eluent A) and
60% of 2% HCOOH in Milli-Q H2O (eluent B) at a flow rate of 0.40 mL min−1, for 18 min. Autosampler
temperature was set at 10 ◦C.

3.5. Method Validation

Validation was carried out by determination of specificity, limit of detection (LOD), and
quantification (LLOQ), linearity and linear range, precision, accuracy, matrix effect, dilution integrity,
recovery, and stability assays.
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3.5.1. Specificity

Since ODAP is an endogenous compound of grass pea, it was not possible to determine the
specificity in grass pea extracts. Extracts of other legumes were prepared and analyzed, namely faba
bean (Vicia faba) (n = 1), common bean (Phaseolus vulgaris) (n = 1), chickpea (Cicer arietinum) (n = 1), pea
(Pisum sativum) (n = 2), and lentils (Lens culinaris) (n = 2), and analyzed as blank assays.

A standard solution of β-ODAP at 100 mg L−1 was infused into the mass spectrometer in order
to determine the two product ions with the highest signals. These transitions were used as the
quantification transition (MRM1) and the confirmation transition (MRM2), in order to evaluate the
method specificity. The same transitions were used for the quantification of α-ODAP. MRM1/MRM2
signal transition ratio was determined for α- and β-ODAP and compared with the values obtained
for the sample extracts. The retention time of both isomers in solution and samples was also
compared. Carry-over was addressed by injecting blank samples after six injections of a high
concentration calibration standard of β-ODAP at 3100 ng mL−1, corresponding to the upper limit of
quantification (ULOQ).

3.5.2. Limit of Detection (LOD) and Lower Limit of Quantification (LLOQ)

A β-ODAP solution of 40 mg L−1 was prepared in water and diluted in acetonitrile:water (40:60),
until a signal-to-noise ratio of 3:1 (LOD) and 10:1 (LLOQ). The LOD and LLOQ values were confirmed
by the analysis of six solutions at these concentrations, prepared from six independent stock solutions
(around 40 mg L−1).

3.5.3. Linearity and Linear Range

The linearity study was performed using nine calibration standards, in order to cover the
quantification of α- and β-ODAP simultaneously, with the concentrations of 25 ng mL−1 (LLOD),
75, 100, 300, 700, 1300, 1900, 2500, and 3100 ng mL−1 (ULOQ). All the calibration standards in the
different batches (n = 8) were prepared from fresh β-ODAP standard solutions of around 40 mg L−1

in water, and diluted in acetonitrile:water (40:60), in order to match the mobile phase constitution.
The determination coefficient (r2) was calculated. Since no commercial standard is available, α-ODAP
was quantified using the β-ODAP calibration curve and expressed as β-ODAP equivalents.

3.5.4. Precision and Accuracy

Accuracy (intra-day and inter-day accuracy) and precision (experimental precision, injection
repeatability, and inter-day precision) were determined at the LLOQ (25 ng mL−1), low (75 ng mL−1),
mid (1300 ng mL−1), and high (2500 ng mL−1) β-ODAP concentration levels (CLs).

For the determination of intra-day accuracy and experimental repeatability, six β-ODAP solutions
at approximately 40 mg L−1 were prepared in water, and diluted to the LLOQ, low CL, mid CL and
high CL in acetonitrile:water (40:60), and their concentrations were calculated against a calibration
curve. In order to determine the injection repeatability, one solution at the LLOQ, low CL, mid CL,
and high CL was injected 10 times in the equipment.

To evaluate the inter-day accuracy and precision, two β-ODAP solutions were prepared for each
sample batch (sequence of analysis) and diluted to the same CLs described above (LLOQ, low, mid,
and high). All the quality control (QC) standards analyzed in all sample batches (n = 8) were used
for the determination of inter-day accuracy and precision. Their concentrations were determined
against the calibration curve of the respective sample batch, and compared with their nominal values.
Accuracy was reported as percent of the nominal value [32,33], and precision was expressed as relative
standard deviation (RSD) [30,32,33].

Injection repeatability was also evaluated analyzing three real samples (LS 104, LS 035, and LS
025), corresponding to different CLs of α- and β-ODAP, and results were expressed as relative standard
deviation (%).
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3.5.5. Matrix Effect

To address matrix effects, ion suppression, or enhancement, six calibration curves were prepared
in six grass pea’s extracts. Since β-ODAP is an endogenous compound of grass pea, slopes of the
curves in pure solvent (acetonitrile:water (40:60)) and in sample matrix were compared, and the matrix
factor (MF) was quantified as the ratio between the slope of the matrix calibration curve and pure
solvent [40].

Extracts of six samples (LS 043, LS 067, LS 076, LS 104, LS 114, and LS 118) were selected to study the
matrix effect, since they have different endogenous CLs of β-ODAP. Water extracts were diluted (1:50)
in acetonitrile:water (40:60), and 180 µL were spiked with 20 µL of different CLs (0.25 to 31 µg mL−1)
of β-ODAP standards in solvent (acetonitrile:water (40:60)), to obtain spiked concentrations of 25, 75,
100, 300, 700, 1300, 1900, 2500, and 3100 ng mL−1 of β-ODAP in the samples. The background peak
areas (endogenous peak areas) of β-ODAP in the matrices were determined adding 20 µL of solvent
to 180 µL of each extract. In order for this method to be reproducible, only the CLs which gave an
increase of >20% in the matrix peak areas (endogenous β-ODAP content of the samples mentioned
above) after spiking with β-ODAP were considered for the calibration curve in the matrices [41].

3.5.6. Dilution Integrity

Six grass pea extracts randomly chosen (LS 043, LS 067, LS 076, LS 103, LS 104, and LS 114)
were spiked with 10 mg L−1 of β-ODAP in water, before dilution. Samples were diluted 1:50
in acetonitrile:water (40:60), analyzed in the HPLC-MS/MS, and compared to non-spiked extracts.
The accuracy was determined for each sample. Results were expressed as %.

3.5.7. Method Recovery

To address method recoveries, 48 mg of four different samples (LS 059, LS 075, LS 104, and LS 114)
were extracted with 2 mL of β-ODAP aqueous solutions of 3.75, 65, and 125 mg L−1. Thus, after extracts
dilution (1:50), β-ODAP concentrations corresponded to 75 ng mL−1 (low CL), 1300 ng mL−1 (mid CL),
and 2500 ng mL−1 (high CL), respectively. Peak areas of the extracted samples were compared to the
peak areas of samples spiked with the analyte post-extraction. Recovery was reported as a percentage
of the known amount of the analyte carried through the sample extraction and processing steps of the
method [30,33].

3.5.8. Stability Assays

The stability of β-ODAP in solution (stock solution and working solutions) was evaluated.
Two fresh β-ODAP stock solutions were prepared in water (40 mg L−1), diluted to a high, mid, and low
CL (2500, 1300, and 75 ng mL−1) in acetonitrile:water (40:60) (working solutions) and analyzed by
HPLC-MS/MS. The stability of the β-ODAP stock solutions was evaluated at −20 ◦C, up to three
months. Autosampler stability of β-ODAP working solutions in acetonitrile:water (40:60) was also
evaluated, up to one week. The stability of stock solutions (40 mg L−1) and working solutions of
β-ODAP was also evaluated at room temperature (23 ◦C), up to two months. Freeze-thaw stability
of the two β-ODAP stock solutions was also verified after three cycles: stock solutions were stored
and frozen in the freezer at −20 ◦C for at least 24 h, and thereafter thawed at room temperature. After
complete thawing, β-ODAP stock solutions were refrozen again, in the same conditions. Control
standards were analyzed against fresh calibrations curves prepared in solvent, and the obtained
concentrations compared to the nominal concentrations.

The stability of α- and β-ODAP in the sample matrix (grass pea extracts in water and after 1:50
dilution in acetonitrile:water (40:60)) was evaluated in the freezer (−20 ◦C), up to three months; fridge
(4 ◦C), up to one week; and room temperature (23 ◦C), up to two months. Freeze-thaw stability (three
cycles) was also evaluated. The autosampler stability was verified in the diluted extracts, up to one
week. Three samples were chosen for the stability assay, corresponding to a low (LS 104), mid (LS 035),
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and high (LS 025) CLs of ODAP, and were analyzed as triplicates. Samples were analyzed against
fresh calibrations curves prepared in solvent, and the obtained concentrations compared to the fresh
extracts’ initial concentrations.

3.6. Application of the Method

ODAP was extracted from 107 grass pea and two red pea accessions, and its content was
analyzed by HPLC-MS/MS following the developed methodology, using freshly prepared extracts.
The HPLC-MS/MS analysis was performed for all the extracted samples (triplicates of extraction),
and a calibration curve was analyzed for each batch of analysis (n = 8), to ensure accuracy. Blanks
(acetonitrile:water (40:60)) and duplicates of QCs standards at three CLs (75, 1300, and 2500 ng mL−1

of β-ODAP), were also run between every 20 injections to verify the instrument response. Summary
statistics and correlations were calculated (GenStat, 19th Ed.).

4. Conclusions

In this study, a HPLC-MS/MS method for the quantification of α- and β-ODAP in grass pea
samples was developed, optimized, and validated. The method was validated according to the most
recent guidelines (European Communities, Food and Drug Administration, European Medicines
Agency and Harmonised Tripartite Guideline), and applied to the analysis of 107 grass pea and two red
pea accessions. The developed methodology allows a simple and fast quantification of the neurotoxin
β-ODAP along with its non-toxic α isomer, in several grass pea samples, since it does not involve
sample derivatization steps. The method is able to detect low amounts of both compounds, with a
good precision and accuracy, which may be useful in future analysis of Panax medicinal plant species
or bioavailability studies. In the samples analyzed in the present study, β-ODAP content ranged from
0.45 ± 0.02 to 6.04 ± 0.45 mg g−1, and β-ODAP content represented around 69% ± 0.2% to 86% ± 0.2%
of the total ODAP content. Results showed the presence of contrasting accessions in what concerns the
α- and β-ODAP contents. The moderate correlation found between α- and β-ODAP contents (0.65)
reinforces the importance of the independent quantification of both ODAP isomers.

Supplementary Materials: The following are available online, Table S1: α and β-ODAP content (mg g−1) in
Lathyrus sativus accessions, Table S2: Germplasm bank, geographical origin, and seed size, color, and varietal
group characterization.

Author Contributions: Conceptualization, M.d.R.B. and M.C.V.P.; methodology, A.B.S.; software, A.B.S.;
validation, M.R.B. and M.C.V.P.; formal analysis, A.B.S. and M.C.V.P.; investigation, A.B.S., L.G., E.M. and F.P.;
resources, M.d.R.B. and M.C.V.P.; data curation, A.B.S.; writing—original draft preparation, A.B.S.; writing—review
and editing, M.d.R.B. and M.C.V.P.; supervision, M.d.R.B.; project administration, M.d.R.B. and M.C.V.P.; funding
acquisition, M.d.R.B. and M.C.V.P.

Funding: This research was funded by EUROPEAN UNION’S SEVENTH FRAMEWORK PROGRAMME
for research, technological development and demonstration under grant agreement number 613551 and by
FUNDAÇÃO PARA A CIÊNCIA E TECNOLOGIA (IF/01337/2014, PTDC/AGR-TEC/0992/2014) and PORTUGAL
2020 to the Portuguese Mass Spectrometry Network, grant number LISBOA-01-0145-FEDER-402-022125.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Vaz Patto, M.; Rubiales, D. Lathyrus diversity: Available resources with relevance to crop improvement—L.
sativus and L. cicera as case studies. Ann. Bot. 2014, 113, 895–908. [CrossRef] [PubMed]

2. Bell, E.A. Nonprotein amino acids of plants: Significance in medicine, nutrition, and agriculture. J. Agric.
Food Chem. 2003, 51, 2854–2865. [CrossRef] [PubMed]

3. Fratianni, F.; Cardinale, F.; Cozzolino, A.; Granese, T.; Albanese, D.; Di Matteo, M.; Zaccardelli, M.;
Coppola, R.; Nazzaro, F. Polyphenol composition and antioxidant activity of different grass pea (Lathyrus
sativus), lentils (Lens culinaris), and chickpea (Cicer arietinum) ecotypes of the Campania region (Southern
Italy). J. Funct. Foods 2014, 7, 551–557. [CrossRef]

http://dx.doi.org/10.1093/aob/mcu024
http://www.ncbi.nlm.nih.gov/pubmed/24623333
http://dx.doi.org/10.1021/jf020880w
http://www.ncbi.nlm.nih.gov/pubmed/12720365
http://dx.doi.org/10.1016/j.jff.2013.12.030


Molecules 2019, 24, 3043 18 of 19

4. Enneking, D. The nutritive value of grasspea (Lathyrus sativus) and allied species, their toxicity to animals
and the role of malnutrition in neurolathyrism. Food Chem. Toxicol. 2011, 49, 694–709. [CrossRef] [PubMed]

5. Lambein, F.; Kuo, Y.-H.; Kusama-Eguchi, K.; Ikegami, F. 3-N-oxalyl-L-2, 3-diaminopropanoic acid, a
multifunctional plant metabolite of toxic reputation. Arkivoc 2007, 45–52.

6. Van Moorhem, M.; Lambein, F.; Leybaert, L. Unraveling the mechanism of β-N-oxalyl-α, β-diaminopropionic
acid (β-ODAP) induced excitotoxicity and oxidative stress, relevance for neurolathyrism prevention.
Food Chem. Toxicol. 2011, 49, 550–555. [CrossRef] [PubMed]

7. Rao, S. A look at the brighter facets of β-N-oxalyl-l-α, β-diaminopropionic acid, homoarginine and the grass
pea. Food Chem. Toxicol. 2011, 49, 620–622. [CrossRef] [PubMed]

8. Koh, H.L.; Lau, A.J.; Chan, E.C.Y. Hydrophilic interaction liquid chromatography with tandem mass
spectrometry for the determination of underivatized dencichine (β-N-oxalyl-L-α, β-diaminopropionic acid)
in Panax medicinal plant species. Rapid Commun. Mass Spectrom. 2005, 19, 1237–1244. [CrossRef]

9. Xie, G.-X.; Qiu, Y.-P.; Qiu, M.-F.; Gao, X.-F.; Liu, Y.-M.; Jia, W. Analysis of dencichine in Panax notoginseng by
gas chromatography–mass spectrometry with ethyl chloroformate derivatization. J. Pharm. Biomed. Anal.
2007, 43, 920–925. [CrossRef]

10. Padmajaprasad, V.; Kaladhar, M.; Bhat, R.V. Thermal isomerisation of β-N-oxalyl-L-α, β-diaminopropionic
acid, the neurotoxin in Lathyrus sativus, during cooking. Food Chem. 1997, 59, 77–80. [CrossRef]

11. Abegaz, B.M.; Nunn, P.B.; De Bruyn, A.; Lambein, F. Thermal isomerization of N-oxalyl derivatives of
diamino acids. Phytochemistry 1993, 33, 1121–1123. [CrossRef]

12. Rao, S. A sensitive and specific colorimetric method for the determination of α, β-diaminopropionic acid
and the Lathyrus sativus neurotoxin. Anal. Biochem. 1978, 86, 386–395. [CrossRef]

13. Ghosh, B.; Mitra, J.; Chakraborty, S.; Bhattacharyya, J.; Chakraborty, A.; Sen, S.K.; Neerathilingam, M. Simple
Detection Methods for Antinutritive Factor β-ODAP Present in Lathyrus sativus L. by High Pressure Liquid
Chromatography and Thin Layer Chromatography. Plos ONE 2015, 10, e0140649. [CrossRef] [PubMed]

14. Gresta, F.; Rocco, C.; Lombardo, G.M.; Avola, G.; Ruberto, G. Agronomic characterization and α-and β-ODAP
determination through the adoption of new analytical strategies (HPLC-ELSD and NMR) of ten Sicilian
accessions of grass pea. J. Agric. Food Chem. 2014, 62, 2436–2442. [CrossRef] [PubMed]

15. Piergiovanni, A.R.; Damascelli, A. L-homoarginine accumulation in grass pea (Lathyrus sativus L.) dry seeds.
A preliminary survey. Food Nutr. Sci. 2011, 2, 207. [CrossRef]

16. Onar, A.N.; Erdoğan, B.Y.; Ayan, I.; Acar, Z. Homoarginine, β-ODAP, and asparagine contents of grass pea
landraces cultivated in Turkey. Food Chem. 2014, 143, 277–281. [CrossRef] [PubMed]

17. Yan, Z.; Jiao, C.J.; Li, F.; Liang, Y.; Li, Z. Analysis of Toxin β-N-Oxalyl-α, β-diaminopropionic Acid (β-ODAP),
Its Isomer α-ODAP and Other Free Amino Acids in Lathyrus sativus. Chin. Chem. Lett. 2005, 16, 627–630.

18. Megías, C.; Cortés-Giraldo, I.; Alaiz, M.; Girón-Calle, J.; Vioque, J.; Santana-Méridas, O.; Herraiz-Peñalver, D.;
Sánchez-Vioque, R. Determination of the Neurotoxin 3-N-Oxalyl-2, 3-Diaminopropionic Acid and Other
Free Amino Acids in Lathyrus cicera and L. sativus Seeds by Reversed-Phase High-Performance Liquid
Chromatography. Food Anal. Methods 2015, 8, 1953–1961.

19. Xiong, J.-L.; Xiong, Y.-C.; Bai, X.; Kong, H.-Y.; Tan, R.-Y.; Zhu, H.; Siddique, K.H.; Wang, J.-Y.; Turner, N.C.
Genotypic variation in the concentration of β-N-Oxalyl-L-α, β-diaminopropionic acid (β-ODAP) in Grass
Pea (Lathyrus sativus L.) seeds is associated with an accumulation of leaf and pod β-ODAP during vegetative
and reproductive stages at three levels of water stress. J. Agric. Food Chem. 2015, 63, 6133–6141.

20. Qian, C.; Yuan, Y.; He, X.; Liu, J.; Shao, Q.; Wu, H.; Qiao, H. A Sensitive HPLC-MS/MS Analysis of Dencichine
in Rat Plasma and Its Application to Pharmacokinetics. Am. J. Anal. Chem. 2012, 3, 596. [CrossRef]

21. Arslan, M.; Oten, M.; Erkaymaz, T.; Tongur, T.; Kilic, M.; Elmasulu, S.; Cinar, A. β-N-oxalyl-L-2,
3-diaminopropionic acid, L-homoarginine, and asparagine contents in the seeds of different genotypes
Lathyrus sativus L. as determined by UHPLC-MS/MS. Int. J. Food Prop. 2017, 20, S108–S118. [CrossRef]

22. Wang, F.; Chen, X.; Chen, Q.; Qin, X.; Li, Z. Determination of neurotoxin 3-N-oxalyl-2, 3-diaminopropionic
acid and non-protein amino acids in Lathyrus sativus by precolumn derivatization with 1-fluoro-2,
4-dinitrobenzene. J. Chromatogr. A 2000, 883, 113–118. [CrossRef]

23. Buszewski, B.; Noga, S. Hydrophilic interaction liquid chromatography (HILIC)—A powerful separation
technique. Anal. Bioanal. Chem. 2012, 402, 231–247. [CrossRef] [PubMed]

24. Hao, Z.; Xiao, B.; Weng, N. Impact of column temperature and mobile phase components on selectivity of
hydrophilic interaction chromatography (HILIC). J. Sep. Sci. 2008, 31, 1449–1464. [CrossRef]

http://dx.doi.org/10.1016/j.fct.2010.11.029
http://www.ncbi.nlm.nih.gov/pubmed/21112364
http://dx.doi.org/10.1016/j.fct.2010.03.054
http://www.ncbi.nlm.nih.gov/pubmed/20510327
http://dx.doi.org/10.1016/j.fct.2010.06.054
http://www.ncbi.nlm.nih.gov/pubmed/20654679
http://dx.doi.org/10.1002/rcm.1928
http://dx.doi.org/10.1016/j.jpba.2006.09.009
http://dx.doi.org/10.1016/S0308-8146(96)00166-5
http://dx.doi.org/10.1016/0031-9422(93)85034-O
http://dx.doi.org/10.1016/0003-2697(78)90762-5
http://dx.doi.org/10.1371/journal.pone.0140649
http://www.ncbi.nlm.nih.gov/pubmed/26524073
http://dx.doi.org/10.1021/jf500149n
http://www.ncbi.nlm.nih.gov/pubmed/24559213
http://dx.doi.org/10.4236/fns.2011.23005
http://dx.doi.org/10.1016/j.foodchem.2013.07.051
http://www.ncbi.nlm.nih.gov/pubmed/24054240
http://dx.doi.org/10.4236/ajac.2012.38078
http://dx.doi.org/10.1080/10942912.2017.1289961
http://dx.doi.org/10.1016/S0021-9673(00)00264-8
http://dx.doi.org/10.1007/s00216-011-5308-5
http://www.ncbi.nlm.nih.gov/pubmed/21879300
http://dx.doi.org/10.1002/jssc.200700624


Molecules 2019, 24, 3043 19 of 19

25. Xiong, X.; Liu, Y. Chromatographic behavior of 12 polar pteridines in hydrophilic interaction chromatography
using five different HILIC columns coupled with tandem mass spectrometry. Talanta 2016, 150, 493–502.
[CrossRef] [PubMed]

26. Chirita, R.-I.; West, C.; Finaru, A.-L.; Elfakir, C. Approach to hydrophilic interaction chromatography column
selection: Application to neurotransmitters analysis. J. Chromatogr. A 2010, 1217, 3091–3104. [CrossRef]
[PubMed]

27. SANTE/11813/2017. Guidance Document on Analytical Quality Control and Method Validation Procedures for
Pesticides Residues Analysis in Food and Feed; European Commission: Geneva, Switzerland, 2017.

28. McKeown, A.P. A Simple, Generally Applicable HILIC Method Development Platform Based Upon Selectivity.
Chromatography Today, December 2015.

29. Sacristán, M.; Varela, A.; Pedrosa, M.M.; Burbano, C.; Cuadrado, C.; Legaz, M.E.; Muzquiz, M. Determination
of β-N-oxalyl-l-α, β-diaminopropionic acid and homoarginine in Lathyrus sativus and Lathyrus cicera by
capillary zone electrophoresis. J. Sci. Food Agric. 2015, 95, 1414–1420. [CrossRef] [PubMed]

30. European Commission. European Commission Decision 2002/657/EC implementing Council Directive
96/23/EC concerning the performance of analytical methods and the interpretation of results. Off. J.
Eur. Commun. 2002, L221.

31. ICH Harmonised Tripartite Guideline. Validation of analytical procedures: Text and methodology Q2 (R1).
In Proceedings of the International Conference on Harmonization, Geneva, Switzerland, 2005.

32. European Medicines Agency. Guideline on bioanalytical method validation. Committee for Medicinal Products
for Human Use (EMEA/CHMP/EWP/192217/2009), 2011.

33. U.S. Department of Health and Human Services. Bioanalytical Method Validation Guidance for Industry; Food
and Drug Administration: Silver Spring, MD, USA, 2018.

34. El-Moneim, A.M.A.; Van Dorrestein, B.; Baum, M.; Bejiga, J.R.G. Role of ICARDA in improving the nutritional
quality and yield potential of grasspea (Lathyrus sativus L.), for subsistence farmers in dry areas. Lathyrus
Lathyrism Newsl. 2001, 4, 55–58.

35. Jiao, C.-J.; Jiang, J.-L.; Ke, L.-M.; Cheng, W.; Li, F.-M.; Li, Z.-X.; Wang, C.-Y. Factors affecting β-ODAP content
in Lathyrus sativus and their possible physiological mechanisms. Food Chem. Toxicol. 2011, 49, 543–549.
[CrossRef]

36. Fikre, A.; Negwo, T.; Kuo, Y.-H.; Lambein, F.; Ahmed, S. Climatic, edaphic and altitudinal factors affecting
yield and toxicity of Lathyrus sativus grown at five locations in Ethiopia. Food Chem. Toxicol. 2011, 49, 623–630.
[CrossRef] [PubMed]

37. Lambein, F.; Travella, S.; Kuo, Y.-H.; Van Montagu, M.; Heijde, M. Grass pea (Lathyrus sativus L.): Orphan
crop, nutraceutical or just plain food? Planta 2019, 250, 821–838. [CrossRef] [PubMed]

38. Zhao, L.; Li, X.; Li, G.; Chen, X.; Hu, Z. Kinetics studies on thermal isomerization of β-N-oxalyl-L-α,
β-diaminopropionic acid by capillary zone electrophoresis. Phys. Chem. Chem. Phys. 1999, 1, 3771–3773.
[CrossRef]

39. Hanbury, C.; Siddique, K.; Galwey, N.; Cocks, P. Genotype-environment interaction for seed yield and ODAP
concentration of Lathyrus sativus L. and L. cicera L. in Mediterranean-type environments. Euphytica 1999, 110,
45–60. [CrossRef]

40. Mata, A.; Ferreira, J.; Oliveira, B.; Batoréu, M.; Crespo, M.B.; Pereira, V.; Bronze, M. Bottled water: Analysis
of mycotoxins by LC–MS/MS. Food Chem. 2015, 176, 455–464. [CrossRef] [PubMed]

41. Thakare, R.; Chhonker, Y.S.; Gautam, N.; Alamoudi, J.A.; Alnouti, Y. Quantitative analysis of endogenous
compounds. J. Pharm. Biomed. Anal. 2016, 128, 426–437. [CrossRef] [PubMed]

Sample Availability: Not available.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.talanta.2015.12.066
http://www.ncbi.nlm.nih.gov/pubmed/26838435
http://dx.doi.org/10.1016/j.chroma.2010.03.001
http://www.ncbi.nlm.nih.gov/pubmed/20338567
http://dx.doi.org/10.1002/jsfa.6792
http://www.ncbi.nlm.nih.gov/pubmed/24954190
http://dx.doi.org/10.1016/j.fct.2010.04.050
http://dx.doi.org/10.1016/j.fct.2010.06.055
http://www.ncbi.nlm.nih.gov/pubmed/20655975
http://dx.doi.org/10.1007/s00425-018-03084-0
http://www.ncbi.nlm.nih.gov/pubmed/30719530
http://dx.doi.org/10.1039/a902229e
http://dx.doi.org/10.1023/A:1003770216955
http://dx.doi.org/10.1016/j.foodchem.2014.12.088
http://www.ncbi.nlm.nih.gov/pubmed/25624256
http://dx.doi.org/10.1016/j.jpba.2016.06.017
http://www.ncbi.nlm.nih.gov/pubmed/27344632
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Optimization of the Extraction Procedure 
	HPLC-MS/MS Method Development 
	Method Validation 
	Specificity and Selectivity 
	Limit of Detection (LOD) and Lower Limit of Quantification (LLOQ) 
	Linearity and Linear Range 
	Precision and Accuracy 
	Matrix Effect 
	Dilution Integrity 
	Method Recovery 
	Stability Assays 

	Determination of ODAP Content in Lathyrus sativus Accessions 

	Materials and Methods 
	Chemicals and Materials 
	Samples 
	Optimization of the Extraction Procedure 
	HPLC-MS/MS Method Development 
	Method Validation 
	Specificity 
	Limit of Detection (LOD) and Lower Limit of Quantification (LLOQ) 
	Linearity and Linear Range 
	Precision and Accuracy 
	Matrix Effect 
	Dilution Integrity 
	Method Recovery 
	Stability Assays 

	Application of the Method 

	Conclusions 
	References

