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Abstract

In this work it has been evaluated the effectiveness of near-infrared reflectance spectroscopy (NIRS) for the estimation
of two constituents affecting the nutritional quality of the seeds of one-flowered vetch (Vicia articulata Hornem.): protein
and L-canavanine, a toxic non-protein amino acid. The NIRS calibrations showed good statistics with coefficients of mul-
tiple determination (R2) of 0.97 for total protein and 0.95 for L-canavanine. The developed equations were further used to
estimate the contents of protein and L-canavanine of a set of unknown samples (external validation). The equation for total
protein was able to predict with an accuracy similar to that of the reference method showing a correlation (r2) between the
reference and predicted values of 0.95. In the case of L-canavanine, r2 was only 0.72 and the equation was only effective
to discriminate samples into groups of low, medium and high contents.
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Resumen

Aplicación de la espectroscopía de reflectancia en el infrarrojo cercano para la estimación de los contenidos de pro-
teína y L-canavanina en semillas de algarroba (Vicia articulata Hornem.)

En este trabajo se ha evaluado la eficacia de la espectroscopía de reflectancia en el infrarrojo cercano (NIRS) en la cuan-
tificación de dos componentes que afectan a la calidad nutricional de las semillas de algarroba (Vicia articulata Hornem.):
proteína y L-canavanina, un aminoácido tóxico no proteico. Las calibraciones NIRS mostraron unos buenos estadísticos,
con coeficientes de determinación múltiple (R2) de 0,97 para la proteína total y 0,95 para la L-canavanina. Las ecuaciones
desarrolladas fueron posteriormente utilizadas para estimar los contenidos en proteína y L-canavanina de un grupo de
muestras desconocidas (validación externa). La ecuación para proteína total fue capaz de predecir con una exactitud simi-
lar a la del método de referencia, mostrando una correlación (r2) entre los valores de referencia y los predichos de 0,95. En
el caso de la L-canavanina, r2 fue sólo de 0,72 y la ecuación sólo sirvió para discriminar las muestras en grupos de bajo,
medio y alto contenidos.

Palabras clave adicionales: alimentación animal, cultivos abandonados, factores antinutricionales, leguminosas, mejo-
ra genética vegetal, NIRS.
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Introduction

A combination of advantages such as speed, versatil-
ity, reliability, low cost, the non-destructive character of
the technique, etc, has favoured the use of near-infrared
reflectance spectroscopy (NIRS) in many research labo-
ratories and industries in a variety of fields like petro-
chemicals, food and feed, agriculture, pharmaceuticals
and cosmetics, biological and medical applications, etc
(Williams, 2001). Protein, fat, starch, humidity and
fibre contents are nowadays routinely analysed in agri-
culture and food science, and the number of new appli-
cations of NIRS continuously increases. The technique
has become very useful for the analysis of the large
number of samples issued from the plant breeding pro-
grams or from agronomic studies due to its speed and to
the fact that reagents are not required.

One-flowered vetch (Vicia articulata Hornem.) has
been grown in a large scale in several Mediterranean
countries for animal feeding and as green manure. It has
been the most important feed legume in Spain but in
recent years its area has been reduced up to the nearly
disappearance. Main reasons of this situation are the
marginalization of the crop from the agricultural subsi-
dies and its scarce domestication, which results in an
absence of commercial varieties of one-flowered vetch
in Spain. Despite of this neglect, one-flowered vetch is
very suitable to the regions of south Europe because of
its frost and drought tolerance, good adaptation to infer-
tile soils, and adequate growth against prostrate weeds
(López Bellido, 1994; Franco Jubete, 1996). The poten-
tial of this species and of other underutilized crops as
feed has attracted the attention of researchers to enhance
some characteristics of these plants like harvestability,
seed production, improved quality and reduced toxicity,
etc (Francis et al., 1999; Janick, 1999).

The nutritional quality of seeds of one-flowered
vetch largely depends on its contents of total protein and
L-canavanine. As in many other crops, the content of
protein is one of the most important traits to be consid-
ered for animal feeding. One-flowered vetch seems ade-
quate to compete with other feed legumes as source of
protein although there is a wide range of protein per-
centage among accessions that points to the interest of
selecting the seeds with higher contents (Sánchez
Vioque et al., 2008). On the other hand, L-canavanine is
an undesirable compound in animal diets, responsible
for both toxic effects and the reduction of feed intake
observed mainly in non-ruminants. In the plant this non-
protein amino acid is assumed to be a source of nitrogen

for embryo growth and its toxicity is related to the com-
petition with arginine in many enzymatic reactions
because of their similar structure. (Rosenthal, 1991;
Enneking et al., 1993).

The objective of this work is to evaluate the effective-
ness of NIRS for the estimation of total protein and L-
canavanine in seeds of one-flowered vetch. To our
knowledge, this is the first work on the use of NIRS for
the estimation of the chemical composition of this
species and, as mentioned earlier, can largely facilitate
such a task especially when the number of samples to
analyse is high.

Material and methods

Plant material. Accessions of one-flowered vetch
presently preserved in the germplasm collection of the
Banco de Germoplasma Vegetal de Cuenca (BGV-
Cuenca, Spain) have been used. This collection has been
established by means of donations of other institutions
(see acknowledgments). Around 600 seeds of each
accession were ground (0.08 mm mesh) in a Ultra Cen-
trifugal ZM 1000 mill (Retsch, Haan, Germany) and
kept in a dessicator until analysis for reference methods
and NIRS scanning.

Reagents. L-canavanine and sodium amminepenta-
cyanoferrate (II) hydrate were obtained from Sigma-
Aldrich (St. Louis, MO, USA), and potassium perox-
odisulphate from Panreac (Barcelona, Spain). All other
chemicals were of analytical grade.

Reference method for the analysis of protein. The
nitrogen content was determined in a Kjeldahl system
(Gerhardt, Königswinter, Germany) and expressed in
terms of protein content.

Reference method for the analysis of L-canavanine.
The L-canavanine content was determined according to
Cacho et al. (1989) with some modifications as follows.
Samples (400-500 mg) were extracted twice by stirring
with 5 mL of 0.1 N HCl for 1h. The slurries were cen-
trifuged at 5,000 rpm for 30 min, the supernatants
recovered and the volume completed up to 10 mL. One
hundred and fifty microlitres of each extract were added
with 350 µL of distilled water, 2.1 mL of 0.2 M sodium
phosphate pH= 7.0, 300 µL of potassium peroxodisul-
phate (10 g L-1) and 150 µL of sodium amminepenta-
cyanoferrate (II) hydrate (10 g L-1). This mixture was
incubated at room temperature in the dark for 1 h and
the absorbance measured at 520 nm in a Beckman Coul-
ter DU 640 spectrophotometer (Fullerton, CA, USA).
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The amount of L-canavanine was calculated from a cal-
ibrating curve made with the standard product.

NIRS scanning. Ground seed samples were placed in
a ring cup and scanned in reflectance mode in a Foss
NIRSystems model 6500 equipped with the ISIscan
software (Foss Tecator AB, Höganäs, Sweden). Spectral
data were recorded as log 1/R from 400 to 2500 nm at 2
nm intervals. One sample from each accession was
scanned once for protein calibration and three times for
L-canavanine by rotating the position of the ring cup in
the sample cup holder, which resulted in 96 spectra for
protein calibration and 240 for L-canavanine (i.e. 80
accessions, three times). A standard of L-canavanine
was also scanned to help us in the selection of the more
appropriate range of wavelength to calibrate. Calibra-
tion equations for protein and L-canavanine were vali-
dated using respectively 25 and 37 accessions not
included in the calibration sets (external validation).

NIRS calibration and validation. Calibrations were
carried out using the WinISI III 1.50e software (Foss
Tecator AB, Höganäs, Sweden). The populations used
for the NIRS calibrations and validations were selected
randomly with no outlier or any other selection algo-
rithm. Predictive equations were developed using mod-
ified partial least square (MPLS) regression and cross
validation. In the cross validation method each sample
in the calibration is predicted using the remaining sam-
ples of the set and it is used to prevent overfitting of the
equations. Data pretreatments as multiplicative scatter
correction (MSC) and standard normal variate and
detrend (SNVD) have been used mainly to overcome
problems associated with radiation scattering by a solid
sample. MSC calculates the average spectrum from all
the data in the training set and uses it as an “ideal” spec-
trum from which linearizes each spectrum. SNVD is
actually two separate algorithms that are usually applied
together. SNV is applied first to correct for the effects
of the multiplicative interferences of scatter and particle
size, similar to MSC. Detrending usually follows to
attempt to remove the additional variations in baseline
shift and curve linearity typically present in diffuse
reflectance spectra. First and second derivatives of the
original spectra have been assayed in this work and
combined with a gap over which the derivative is calcu-
lated from 1 to 12, with smoothings ranging from 1 to
10, and with a second smoothing always set at 1. First
derivative of a spectrum is a measure of the slope of the
spectral curve at every point and is used to remove base-
line offsets among samples. Second derivative is simply
obtained by calculating the slopes from the first deriva-

tive. Calibration equations were evaluated on the basis
of their coefficients of multiple determination (R2),
standard errors of calibration (SEC), coefficients of
determination of cross validation (1-VR) and standard
errors of cross validation (SECV). SEC is the standard
deviation of the differences between the reference labo-
ratory data and the predicted values of the samples with-
in the calibration set whereas SECV accounts for the
standard deviation of the differences between the refer-
ence laboratory data of a sample and the predicted value
generated during the cross validation method. Because
the predicted values of a sample used in the SECV are
calculated from a regression curve generated without
using such sample, SECV is higher than SEC but gives
a better estimation than this latter on the robustness of
the equation. The value of 1-VR corresponds to the
coefficient of determination obtained in the cross vali-
dation method.

The external validation process was evaluated by
means of the coefficient of determination (r²), standard
error of prediction (SEP) and the ratio between the SD
and the SEP (RPD). SEP calculation is similar to those
of SEC or SECV but in this case the samples predicted
are those of the external validation set.

Results

The distribution of protein and L-canavanine con-
tents in the populations used for the NIRS calibrations
and validations are shown in Table 1. For calibrations
protein content ranged from 184.7 to 283.1 g kg-1 with
a mean value of 234.9 g kg-1 (SD=13.26), whereas the
content of L-canavanine ranged from 2.8 to 5.8 g kg-1

with a mean of 4.2 g kg-1 (SD=0.61). External valida-
tions were carried out using a set of samples that ranged
from 172.3 to 281.2 g kg-1 with a mean value of 226.4 g
kg-1 (SD=27.93) for protein, and from 3.0 to 5.5 g kg-1

with a mean value of 4.2 g kg-1 (SD=0.62) for L-cana-
vanine.

Best calibration equation for protein was obtained
using the spectral information from 1108 to 2492 nm
with MSC and 1,8,1,1 as mathematical treatment, that
is, first derivative (digit 1), a gap over which the deriv-
ative is calculated of 8 (digit 8), a smoothing of points
of 1 (digit 1) and a second smoothing of 1 (digit 1). As
a standard product, L-canavanine showed the main
absorptions within the ranges of 408-800 nm and 1480-
2476 nm and this range was used to develop an equation
for the estimation of the contents of this compound by
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using a mathematical treatment of 1, 4, 4, 1 (i.e. first
derivative, gap 4, smooth 4 and second smooth 1) (Fig-
ure 1).

In the calibration process, the coefficients of multiple
determination (R2) were 0.97 and 0.95 for protein and
L-canavanine, respectively, and were also close to 1 in
cross validation (1- VR): 0.96 for protein and 0.91 for
L-canavanine. The standard error of calibration (SEC)
and standard error of cross validation (SECV) were,
respectively, 2.09 and 2.70 for protein, and 0.14 and
0.19 for L-canavanine (Table 2 and Figure 2).

Statistics of the external validations of the equations
for the estimation of protein and L-canavanine are
shown in Table 2 and Figure 3. Equation for protein
showed a coefficient of determination (r2) of 0.95
between the reference and predicted values and a RPD
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of 2.8, and in the case of L-canavanine the r²= 0.72 and
RPD= 1.9, respectively.

Discussion

The applicability and accuracy of a NIRS calibration
depend on the population used to calibrate. Some fac-
tors such as growing season and growing location
result in different environmental factors that may affect
the composition of the samples and decrease the accu-
racy of the calibrations. These influences are well
known in the case of grass mixtures where the compo-
sition of samples may change from one season to
another depending on the percentage of each grass
(García Ciudad et al., 1999; Gislum et al., 2004). In the
case of grains, it has been also observed an influence of
the environmental conditions on the developing of
NIRS calibrations in triticale (Igne et al., 2007) and
mustard (Velasco et al., 1997). A mean to avoid the
influence of such factors is to select calibration sets as
homogeneous as possible by using samples grown dur-
ing the same season and location to minimize the envi-
ronmental influence. Nevertheless, this approach usu-
ally results in models with a narrow applicability due to
the scarce plant variation included in the calibration set
and that consequently fail when they attempt to predict
samples belonging to different natural populations
(Shenk and Westerhaus, 1991). That is, there is a bal-
ance between accuracy and applicability (Locher et al.,
2005). In this work, accessions from a plant germplasm
bank have been directly used without any previous mul-
tiplication step of the material in the field and conse-
quently, the seeds were not homogeneous neither in
growing season nor location. A priori, this should be
advantageous to the application of the developed cali-
brations in further agronomic studies where the result-
ing seeds are usually grown under different environ-
mental conditions. Samples of calibration sets showed
a rather wide range of variability in both protein and L-

n Mean SD Range (min-max)

Protein Calibration 96 234.9 13.26 184.7 – 283.1
Validation 25 226.4 27.93 172.3 – 281.2

L-canavanine Calibration 240 4.2 0.61 2.8 – 5.8
Validation 37 4.2 0.62 3.0 - 5.5

Table 1. Distribution of protein and L-canavanine contents (g kg-1) in the populations used for the NIRS calibrations and valida-
tions

Figure 1. Visible and near-infrared spectrum of standard L-
canavanine: (A) Log 1/R, (B) Corrected using mathematical
treatment 1,4,4,1 and multiplicative scatter correction (MSC).
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canavanine but as a consequence of the natural genetic
diversity of seeds the values were not evenly distributed
and the samples having extreme values of protein and
L-canavanine were scarce. Nevertheless, similarities

between the ranges of calibration and validation sets
suggest a good depiction of the variation existing in
both constituents and a wide applicability of the cali-
brations developed (Table 1).
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Calibration Validation

R2 SEC SECV 1-VR r2 SEP RPD

Protein 0.97 2.09 2.70 0.96 0.95 10.09 2.8
L-canavanine 0.95 0.14 0.19 0.91 0.72 0.33 1.9

Table 2. Calibration and validation statistics for the analysis of protein and L-canavanine by NIRS. Coefficient of multiple deter-
mination (R2), standard error of calibration (SEC), standard error of cross validation (SECV), coefficient of determination of
cross validation (1- VR), coefficient of determination (r2), standard error of prediction (SEP) and ratio between the standard devi-
ation and the SEP (RPD)
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Figure 2. NIRS predicted versus reference method values (g
kg-1) of protein (A) and L-canavanine (B) for the calibration
sets.
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Figure 3. NIRS predicted versus reference method values (g
kg-1) of total protein (A) and L-canavanine (B) for the exter-
nal validation sets.



The best equation for the estimation of total protein
by NIRS was obtained without the visible part of the
spectral information. Some authors have also discarded
the visible region for the estimation of protein contents
in seeds of sorghum or rapeseed claiming an increase of
noise of the models when it is included (Velasco and
Möllers, 2002; De Alencar Figueiredo et al., 2006). For
the estimation of L-canavanine the best equation was
obtained by selecting to calibrate the regions where the
standard L-canavanine displayed the main bands of
absorption, which included both visible and infrared
regions (Figure 1).

The statistics of the calibrations for the analysis of
total protein and L-canavanine pointed to a good appli-
cability of the equations developed on the basis of the
values of R2, SEC, SECV and 1-VR (Table 2 and Figure
2). The statistics R2 and SEC were not very different
from their equivalents statistics in cross validation 1-VR
and SECV, respectively, which suggests a good robust-
ness of a calibration.

An external validation by using a set of samples inde-
pendent of those used for calibrating has been carried
out to test the accuracy of the calibration equations. The
external validation for protein estimation showed a good
coefficient of determination (r2 = 0.95) between the ref-
erence and the predicted values and the RPD ratio was
close to 3, which indicates that the equation is able to
predict with a satisfactory accuracy (Williams, 2001;
Locher et al., 2005). In contrast, the model for L-canava-
nine showed a limited accuracy for the prediction of the
external validation set as can be deduced from the values
of r2 (0.72) and the RPD ratio (1.9) (Table 2 and Figure
3). The increases of the SEP values in comparison with
the SECV can be attributed to the fact that unlike SECV,
the predicted samples in the SEP calculation are not
included in the calibration set. In fact, cross validation
may be too optimistic to test the quality of a NIRS cali-
bration and performing an external validation is the best
way to obtain a more realistic idea of its accuracy and
applicability (Fontaine et al., 2001; Igne et al., 2007).

The results shown in this work indicate that NIRS
technique could be used to estimate the content of pro-
tein and L-canavanine in one-flowered vetch. Neverthe-
less, some remarks must be done. The model for protein
was much more accurate than that of L-canavanine as
observed from a better statistics of the external valida-
tion. In contrast, the prediction of L-canavanine con-
tents was poor and according to the classification of the
r2 of the equations by Shenk and Westerhaus (1996), the
model is only effective to grade samples into groups of

low, medium and high content of L-canavanine. The
accuracy of the equation could be limited by the low
contents of L-canavanine of the samples which probably
affects the sensitivity of NIRS (Pasquini, 2003). In sum-
mary, protein calibration can be used for quantitative
purposes and L-canavanine calibration for qualitative
purposes for example in plant breeding programs to
improve the nutritional quality of the seeds by selecting
those with a low content of L-canavanine. It is possible
that the accuracy of the calibration model of L-canava-
nine can be improved by adding new samples to
increase the plant variability and by using the algo-
rithms of the software to select calibration sets resulting
in models giving better predictions.
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